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Abstract 
 

 

 

HeLa is and always has been the most widely used model cell line for studying 

human cellular and molecular biology, and has thus defined our current 

understanding of human cells. However, no genomic or transcriptomic references 

exist for this cell line, and studies thus far have relied on the undoubtedly different 

human reference genome. This knowledge is essential to guide the increasing 

number of molecular and genetic studies being done in this cell line, both for design 

and interpretation. During my doctoral work, I performed deep DNA and RNA 

sequencing of a HeLa-Kyoto cell line and analyzed its mutational portfolio and gene 

expression profile. We generated a comprehensive description of the genomic and 

transcriptomic landscape of this cell line. A segmentation of the genome according to 

copy number revealed an astonishingly high level of aneuploidy and numerous large 

structural variations at unprecedented resolution. Remnants of catastrophic 

chromosome shattering, known as chromothripsis, were evident. Comparison of the 

HeLa expression profile to the physiological range of human gene expression reveals 

that several pathways, including cell cycle and DNA repair mechanisms, are 

'abnormally' expressed. These results provide the first detailed account of the extent 

of variations in the HeLa genome, yielding insight into their impact on gene 

expression, cellular function, and their origins during the evolution of this cell line. 

This study demonstrates the importance of accounting for the strikingly aberrant 

characteristics of HeLa cells when designing and interpreting experiments. The 

important resources provided will help to reevaluate the way HeLa is used to model 

human biology. 

 

 

 





 

 

Zusammenfassung 
 

HeLa ist momentan die in der menschlichen Zell- und Molekularbiologie am 

weitesten verbreitete Modell-Zelllinie und hat unser Verständnis menschlicher 

Zellen maßgeblich beeinflusst. Da weder ein Referenzgenom noch ein 

Referenztranskriptom für HeLa verfügbar ist, verwendeten bisherige Studien das 

zweifelsohne unterschiedliche humane Referenzgenom zur Datenanalyse. 

Ein verfügbares Referenzgenom für HeLa ist essentiell um das Design und die 

Interpretation einer wachsenden Anzahl molekularer und genetischer Studien an 

dieser Zellline zu ermöglichen. In meiner Doktorarbeit habe ich DNA und RNA einer 

HeLa-Kyoto Zellline sequenziert und ihr Mutationsportfolio und 

Genexpressionsprofil analysiert, sowie eine umfassende Charakterisierung der 

genomischen und transkriptomischen Landschaft dieser Zellline erstellt. 

Die Segmentierung des Genoms nach “copy number” enthüllt ein erstaunlich hohes 

Maß an Aneuploidie sowie zahlreiche große strukturelle Variationen mit einer bisher 

nicht verfügbaren Auflösung. Die Spuren von katastrophalen chromosomalen 

Umlagerungsereignissen, bekannt als Chromothripsis, sind evident in dieser 

Segmentierung. Der Vergleich des Expressionsprofils von HeLa mit dem 

physiologischen Spektrum menschlicher Genexpression offenbart mehrere 

Signalwege, unter anderem Zellzyklus und DNA Reperaturmechanismen, deren 

Expressionslevel stark von diesem Spektrum abweichen. 

Diese Resultate liefern den ersten detaillierten Katalog genetischer Variationen in 

HeLa, und geben Einsicht in deren Einfluss auf Genexpression, zellulare Funktionen 

sowie die evolutionäre Herkunft während der Evolution dieser Zellinie. Diese Studie 

verdeutlicht, wie wichtig es ist, die abweichenden Charakteristika von HeLa beim 

Design und der Interpretation von Experimenten zu Berücksichtigen. Die von uns 

zur Verfügung gestellten Ressourcen werden dabei helfen, die Art und Weise in der 

HeLa als Modell humaner Biologie verwendet wird, neu zu bewerten. 
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1.1 HeLa origins 

1.1.1 Henrietta Lacks 

The cells, that gave rise later to the HeLa cell line, were taken from a cervical cancer 

tumor of a patient called Henrietta Lacks. This 30-year-old woman was admitted in 

the Johns Hopkins Hospital in Baltimore, Maryland in 1951 for severe abdominal 

pain. The pain became intractable, even after several therapeutic attempts and she 

died of her cancer 2 months after her admittance to the hospital. 

A few months earlier, she was diagnosed for cervical cancer subsequent to a cervix 

examination that revealed lesions of limited size [1]. A biopsy of the cervical tissue 

was performed and the pathology department diagnosed a epidermoid carcinoma, 

cervix uteri, spinal cell type with invasion of the stroma [2]. Even with radium and x-

ray treatment during the following months, the cancer grew rapidly and aggressively 

and eventually caused her death. Her autopsy of the body confirmed the presence of 

different tumor nodules across different parts of the body with an enrichment of 

tumor in the pelvic area affecting the abdominal wall, the bladder, the kidney, the 

ureter, the cervix, the uterus, fallopian tubes, the ovaries and the vagina.  

1.1.2 Cervical cancer 

Cervical cancer accounts for 13% of all female cancers and represents the third most 

common cancer occurring in women and the seventh overall, with an estimated 530 

000 new cases in 20081. The highest incidence rates are in Eastern and Western 

Africa (30 per 100,000), Southern Africa (26.8 per 100,000), South-Central Asia 

(24.6 per 100,000), South America (23.9 per 100,000) and Middle Africa (23.0 per 

100,000 respectively) and lowest are in Western Asia, Northern America and 

Australia/New Zealand (less than 6 per 100,00). Overall, the mortality: incidence 

ratio is 52%, and cervical cancer was responsible for 275 000 deaths in 2008.  

In the 1970’s, an association between cervical cancer and human papillomavirus 

(HPV) infections was postulated [3] and in the 1980’s, HPV16 and HPV18 were 

identified from cancer biopsies of the cervix [4,5]. The HPV family contains 120 

members and they are sexually transmitted. 15 viruses of these are categorized as 
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high risk and are considered causative agents of most cervical cancers, with over 99% 

of cervical lesions containing viral sequences [6]. 

Three HPV genes (E5, E6 and E7) are mainly participating for the origination and 

the progression of the cervical cancer. Their action are interrupting the negative 

growth regulation by host cell proteins as well as inducing instability of the genome 

of the infected cell [7]. The viral life cycle contains different steps including the 

infection of epithelial cells. HPV genomes (8 kb in length) are then established in the 

cells as extrachromosomal elements. The HPV genome does not encode any enzymes 

essential for its replication. The HPV infected cells are still replicating and in parallel 

to replicate its own genome, ensure the viral DNA synthesis. Capsid protein 

synthesis, virion assembly and release follow afterward.  

The E5, E6 and E7 proteins are interacting with specific cellular factors. One of the 

protein family regulated by those viral proteins are the members of the 

retinoblastoma (Rb) family, consisting of p105 (RB), p107 and p130. The HPV E7 

targets them for degradation, which result of the release and activation of E2F 

transcription factors that drive expression of S phase genes but also to inhibit cell 

growth and apoptosis mediated by p53-dependent pathway. To balance this cell 

growth arrest, E6 protein targets the tumor suppressor p53 for degradation. The 

combinatorial action of E6 and E7 proteins disrupt many cell cycle checkpoints. As a 

consequence, cells infected with HPV are exhibiting accumulation of cellular 

mutations over time and favoring progression to cancer ([8-10]) [9]. Persistent HPV 

infections can lead to the development of cervical cancer after several decades [11]. In 

many cases HPV genome are found integrated into the host chromosome. 

Integration of viral DNA usually silences E2 expression, which activates expression 

of early viral genes, including E6 and E7. The outcome of this activation is an 

augmentation of the proliferative capacity, which promotes the progression to cancer 

[12]. 
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Figure 1: HPV oncoproteins 

 
Molecular mechanisms by which the human papillomavirus oncoproteins cooperate to induce cervical 
carcinogenesis [4,5,7,13]. 
 

A crucial step toward the cell immortalization is the expression of telomerase, 

responsible for the DNA replication of the end of chromosomes. This activation is 

often present in cancers. E6 and E7 proteins contribute to this process by activating 

the transcription of telomerase reverse transcriptase (TERT) and inactivate RB, 

respectively, which together contribute to cell immortalization [14]. 

Viral gene expression, especially of the early genes E6 and E7, maintains tumoral cell 

phenotype, however they are not the only cause of this transformation. Genomic 

instability is one important factor. E6 and E7 proteins increase genomic instability in 

HPV-associated tumors, resulting in numerous chromosomal rearrangements and 

aneuploidy, which encompass gains or losses of whole chromosomes [15].  

This genomic instability has been associated with mitotic defects, induced by the 

same two proteins, E6 and E7 [16]. In particular, the two early proteins induce 

centrosome abnormalities leading to chromosomal missegregation and the 

development of aneuploidy [17]. Potentially, E6 and E7 also bypass cells with 

abnormal mitoses to be targeted for cell death by inhibiting p53, which regulates G2-

M checkpoints [18] as well as inhibition of apoptotic signal [19]. The tumorigenesis 

of the cells is taking many years and therefore reflecting the accumulation over time 

of minor chromosomal aberrations, which likely enable one cell subclone to have 

selective advantage over the cell population and ultimately drive the development of 

the tumor. Another way, leading to this observed genomic instability in HPV-infected 

cells, is the activation of one of the DNA damage pathway: the ATM–ATR pathway 

(ataxia telangiectasia- mutated–ATM and RAD3-related DNA damage repair 

pathway) by E6 and E7 induced-DNA damage. Indeed E6 and E7 induce DNA 
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damage [20] and favor the integration of exogenous DNA to the host genome [21]. 

This viral DNA integration could target the activation of ATM-ATR DNA damage 

response resulting in the amplification of integrated copies of HPV sequences. 

Moreover in cells containing both episomal and integrated viral genome forms, DNA 

re-replication triggers this DNA damage response due to the production of double 

and single strand breaks (DSBs and SSBs). A defective repair results in chromosomal 

aberrations and genomic instability [22]. Furthermore, E7 inhibits the cycle 

checkpoints at S or G2-M, induced by the ATM-ATR DNA damage, thus promotes 

mitotic entry despite DNA damage and leads to genomic instability through defective 

DNA repair. 

Proliferation and DNA synthesis aberrations, under deprivation of growth factors 

trigger apoptosis mediated by P53 [23]. Rb inactivation via E7 proteins exposes the 

cells to p53 mediated apoptosis, and P53 itself been degraded by E6. In summary, E6 

and E7 counteract the various stimuli that can induce programmed cell death. 

Another apoptotic pathway, associated with anchorage-independent growth and 

called anoikis, is also targeted by HPV proteins and allows HPV-immortalized cells to 

proliferate in the absence of adherence to the extracellular matrix [24]. 

E6 and E7 also interfere with the effects of various growth inhibitory cytokines that 

are induced following infection. In response to viral entry, cells produce 

inflammatory mediators such as tumor necrosis factor–α (TNFα). 

 Another layer of HPV-protein mediated deregulation targets the interferon antiviral 

response. E6 and E7 repress transcription of key players in the interferon pathway 

such as 2′-5′-oligo-adenylate synthetase 2 (OAS2) and signal transducer and 

activator of transcription 1 (STAT1) [25]. p53 is not only important for controlling 

cell cycle progression in response to genotoxic stress but also for mediating the 

antiproliferative effects of the IFN response. E6 overcomes the growth-suppressive 

effects of IFN through the formation of a complex with p53 and p300 associated with 

CREB-binding protein (CBP), preventing the acetylation of p53, and blocks the 

activation of p53-target genes, allowing continued viral replication in the presence of 

IFN [26]. Importantly, the binding of E6 to p300 or CBP may facilitate viral escape 

from immune surveillance and establish long-term persistence. 

In conclusion, the occurrence of cervical cancers implies a coordinate action of HPV 

oncoproteins to evade normal cellular defense pathways. All these multiple-pathway 

targeting mechanisms are triggering cell malignancy. HPV protein actions allow the 
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maintenance of infected cells in proliferation in order to insure viral replication and 

long-term integration. In consequence, HPV-positive cells are accumulating 

mutations and are subject to chromosomal instability, which achieve the 

transformation of the infected cells to cancer cells. E6 and E7 proteins are playing a 

major role in this process, by disrupting p53 and Rb function as well as affecting 

other cellular targets such as telomerase, members of the DNA damage pathway, 

factors important for centrosome duplication and specific signaling proteins and in 

particular in immune surveillance. 

1.1.3 Establishing the 1st cell line 

Since the beginning of the 20th century, researchers tried to grow human cells in 

culture and the competition among the scientific community was extremely fervent. 

Animal cells were able to grow in vitro [27] but human cells were only proliferating 

for a limited amount of time. 

While Henrietta Lacks was staying at the hospital, George Gey, MD, who was 

directing the Tissue culture laboratory and devoting his research to the 

establishment and maintenance of normal and patient-derived cells in vitro [28] and 

collaborators collected biopsy tissues throughout the institute. Ms Lacks’ were the 

only cells to grow successfully in culture by using the roller-tube technique and 

became the first human cell line immortalized in tissue culture [29]. The cell line was 

named HeLa using the initial 2 letters of Henrietta Lacks’ first and last names. For 

many years the real donor of the cell line was hidden, probably because of a missing 

consent form to use her cells for research purposes and the secret persisted for 

number of years by using names like Harriet Lane or Helen Lane [30]. The Lacks’ 

family only discover of the existence of those cells, years after their worldwide 

distribution for research purposes. The evolution of the patient awareness regarding 

the potential use of their tissue for such applications as well as the requirement of 

formal patient content form is also a consequence of the HeLa history [31]. 
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1.1.4 Dissemination and cross-contamination of 
cell culture 

The HeLa breakthrough was considered as a major revolution in cancer research by 

providing unlimited cell supply. As such, the entire cancer research community 

coveted it and Dr Gey shipped cell samples all around the world. Many groups used 

this cell material to establish cell culture conditions, study how external 

contaminants (bacteria, virus and others) could infect human cells. The fact that the 

human cell culture conditions as well as the tools to discriminate the nature of two 

cell lines of similar morphology were not very well established allowed cross 

contamination of cell lines to happen in quite a number of labs. The degree of the 

phenomenon was revealed in 1967 by introducing genetic markers to trace cell line 

origins [32] and proved that HeLa was actually contaminating 18 other cell lines 

labeled by a different name and provided by the American Type Culture Collection 

(ATCC) [33]. In the 1970’s, with the improvement of cell line authentication 

techniques and the influence of Walter Nelson-Rees, who resisted opposition from 

the scientific community pressures, the massive extent of the HeLa contamination 

across cell lines, which cast doubts upon many studies using these lines [34-36]. The 

problem persists and applies also to other type of cell lines. In a recent study, among 

252 human cell lines, 45 (18%) of the contaminated lines were disseminated across 

27 of 93 originators (29%) [37] and the problem seems to continue even today [38]. 

Technical developments, such as minisatellite amplification [39] and short tandem 

repeat profiling [40] could prevent misidentification of cell lines.  

Recent examples in the literature show that this debate is still not close [8,10] and 

indicate that a better identification of cell line, especially of HeLa, which remains one 

of the major cell culture contaminant is necessary [41]. Genomic characterization of 

its genome could provide such markers and will potentially reduce the possibility of 

long-term contamination in cell culture. 
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1.2 60 years of research with cancer model cell 
lines 

1.2.1 Research milestones using HeLa 

Since the accessibility to cells able to grow in vitro in 1951 and the establishment in 

culture of numerous other human cancer cells, HeLa has been the most widely used 

human cell line in biological research. To date more than 60000 papers mention 

HeLa over the last 60 years of research, with roughly 4500 citations only for last year 

(Figure 2). The use of HeLa cells cover a wide research spectrum and its application 

as a model organism has contributed greatly to the characterization of important 

biological processes. Major milestones of HeLa use in history are presented below, 

before focusing on more recent works using high-throughput technologies. 

 

 

Figure 2: HeLa in the literature
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In the 1950’s and as the first human cell line, HeLa cells were used to develop 

standardized tissue culture good practices and rules. Cryogenics and conservation of 

frozen stocks were developed with HeLa. Later, cell division was closely inspected 

and chromosomes stained using hematocyclin to make them visible. This crucial 

technique allows an accurate chromosome count in human and allowed researchers 

to link diseases such as Down syndrome, Klinefelter syndrome, or Turner syndrome 

to genetic and especially chromosome number abnormality. This thus led to the 

development of genetic tests by amniocentesis for these particular chromosomal 

aberrations as well as preimplantation genetic screens applying to in vitro 

fertilization. The very rapid proliferation rate of HeLa also enabled scientists in 1954 

to expand cell clones to clonal populations, which later on was derived for isolating 

stem cells, cloning entire animals, and in vitro fertilization. The same year, the 

company Microbiological Associates started to commercialize HeLa cells and mass-

produce them.  

At the beginning of the 1960’s, HeLa cells traveled to space in a Soviet space capsule 

and NASA later also transported HeLa in their first manned mission and found that 

these cells grow faster in space. Five years later, the fusion of a HeLa cell with a 

mouse cell created the first cross-species hybrid [42]. Gene mapping thus became 

possible using the genetic hybrid. When the cells have fused, the nuclei fuse to form a 

uninucleate cell line composed of both human and mouse chromosome sets. Because 

the mouse and human chromosomes are recognizably different in number and 

shape, the two sets in the hybrid cells can be readily distinguished. However, during 

subsequent cell divisions, for unknown reasons the human chromosomes are 

gradually eliminated from the hybrid at random. The cells used are mutated for some 

biochemical function; therefore, if the cells are to grow, the missing function must be 

supplied by the other genome. At that time, HeLa applications also had a major 

impact on medical ethics. After the injection of HeLa cancer cells into patients in 

order to analyze how cancer develops, medical review boards were initiated and 

informed patient consent was institutionalized. 

In the following decades, scientists used HeLa cells to better understand the 

invasiveness and infectiousness of salmonella, as well as the behavior of salmonella 

inside human cells [43]. Major breakthroughs, using HeLa cells, have related viral 

infections to disease. Nobel prizes have been awarded to Harald zur Hausen, 

Françoise Barré-Sinoussi and Luc Montagnier, in 2008, and to Elizabeth Blackburn, 
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Carol Greider, and Jack Szostak, in 2011, on research done at this period. Harald zur 

Hausen demonstrated that the human papilloma virus (HPV) infection played a 

central role in cervical cancer. Françoise Barré-Sinoussi and Luc Montagnier 

identified the infection mechanism of the human immunodeficiency virus (HIV). 

Finally Elizabeth Blackburn, Carol Greider, and Jack Szostak uncovered how 

telomerase prevents chromosome degradation and initiated the use of telomerase 

inhibitors for cancer treatment. Moreover, HeLa cells were exposed to a non-

pathogenic E. coli strain containing M. tuberculosis in order to dissect the 

mechanisms by which the bacteria invade the cells, augment macrophage 

phagocytosis and survive for at least 24 hours inside the human macrophage [13], 

and to get insight into the infection of M. tuberculosis in human causing 

tuberculosis.Recently, the toxicity of nanoparticles [44,45] were tested on HeLa. 

In summary, researchers made significant advances using HeLa cells in all of the 

following areas: virology, polio, scientific standards, live cell transport, genetic 

medicine, clones, for profit distribution of cells, space biology, genetic hybrids, 

ethics, salmonella, HPV, HIV, telomerase, tuberculosis, and nanotechnologies. These 

cells have were essential for major breakthroughs in biological and biomedical 

research and are still heavily depended on today. 

1.2.2 The omics era 

Over the last ten years, HeLa has been applied more frequently to molecular genetics 

studies. In particular, this cell line has been used to pioneer omics approaches such 

as microarrays, RNAi screens and sequencing approaches. 

The evolution of DNA microarrays enabled the identification of active genes (i.e. 

expressed gene) at any given time or under any specific condition. The microarray is 

composed of a large number of gene sequences spotted on microscope glass slides. 

The cellular mRNA, produced during transcription, is complementary to its original 

portion of the DNA strand from which it was copied. The RNAs of the cells are 

collected, and then labeled using a reverse transcriptase enzyme, which generates a 

complementary DNA sequence to the mRNA. The two samples to compare are 

labeled using different dyes. The labeled cDNAs are hybridized to their 

complementary DNAs attached on the microarray slide. Each labeled cDNAs can be 

hybridized independently or on a common microarray. The intensity signal of each 
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dye is proportional the number of molecules of messenger RNA, thus, more labeled 

cDNAs, which hybridize to the DNA on the microarray slide. The comparison of 

those signals indicates in which sample the gene is more or less expressed for a 

specific condition. 

The association of this technology and HeLa cells was used to dissect specific 

expression pattern involved in cell cycle, i.e. the transition between G1 and G2 phases 

[46]; to identify the coexpressed groups of genes involved in DNA replication, 

chromosome segregation, and cell adhesion [47]; to examine how histone 

deacetylation enzymes impact the alternative splicing of human genes [48]. Gene 

expression response have also been quantified in HeLa cells after exposure of the 

cells to stresses including heat shock, endoplasmic reticulum stress, oxidative stress, 

crowding, [49] and viral infection [50]. Genetic perturbations, for instance gene 

insertion [51] and gene overexpression or siRNA-mediated gene silencing [52], have 

also been assessed using microarrays. 

RNA interference (RNAi) has become a widely used method for studying gene 

function in higher eukaryotes by silencing gene expression using synthetic antisense 

oligonucleotides. It exploits a physiological mechanism that represses gene 

expression, primarily by causing the degradation of mRNA transcripts. In mammals, 

RNA is processed into shorter fragments (siRNAs) by dicer enzymes. These siRNAs 

are unwound and one strand of the siRNA duplex, called the guide strand, is 

integrated within the multi-protein RNA-induced silencing complex (RISC). When 

the guide strand binds to a complementary mRNA sequence and triggers its 

degradation by Argonaute. Argonaute contains the catalytic activity of the RISC 

complex, which results in a post-transcriptional gene silencing. 

RNAi mechanism has been exploited as a research tool, both in cell culture and in 

living organisms, by selectively and robustly inducing suppression of specific genes 

of interest. It therefore can be used to identify genes involved in biological pathways. 

An example of its application is the characterization of receptor-associated protein 

80 (RAP80) as a BRCA1-interacting protein in humans, by recruiting BRCA1 to DNA 

damage sites and which functions in G2/M checkpoint control [53]. RNA 

interference screens in HeLa have led to the functional classification of pathways 

involved in cell division [54], mitosis/cytokinesis [55], and endocytosis [56].  

RNAi can also be used for high-throughput screening (HTS) that systematically shuts 

down each gene in the cell, which can help identify the genes associated with specific 
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biological phenotypes. One of the major advantages of the genome-scale RNAi 

screening is its ability to simultaneously interrogate thousands of genes. This 

approach have yielded catalogs of genes that mediate cell division [57] as well as an 

array of basic cellular phenotypes ranging from apoptosis to proliferation [58].  

The human genome sequence was sequenced by the automated Sanger method [59]. 

This method is considered a ‘first-generation’ technology and more recent methods 

are referred to as next-generation sequencing (NGS). The new generation of methods 

parallelizes the sequencing process, producing massive amount of sequences 

simultaneously for low costs. Different strategies are on the market, which use a 

combination of template preparation, sequencing and imaging [60]. The template 

preparation implies common steps between the different technologies, including 

randomly genomic DNA fragmentation into smaller sizes from which either fragment 

templates or mate-pair templates are created. The two template libraries differ in the 

length of the DNA fragmented during the sequencing process (<1 kb for fragment 

templates and >2 kb for mate-pair library - Figure 6). The template is usually 

immobilized to a solid surface to be subsequently sequenced. The sequencing 

methods also differ between platforms. The application of NGS covers many different 

areas in biology. These include variant discovery, de novo assemblies, analysis of the 

cell transcriptome, tissues and organisms (RNA-seq) [61], genome-wide profiling of 

epigenetic marks and chromatin structure using other sequencing-based methods 

(ChIP-seq, methylseq and DNase-seq) [62], and metagenomics studies [63]. The 

transcriptome of HeLa has also been characterized with next generation sequencing 

technologies (e.g. poly(A) RNA [64] and small RNAs [65]), and analysis by deep RNA 

sequencing has enabled the first comparison of the proteome and transcriptome for a 

single cell type [66]. These genome-wide technologies have changed the type of 

biological question that we can ask and they became central in research nowadays. 

While such studies have led to breakthroughs in modern molecular biology, they 

were designed and analyzed in the absence of genomic sequence information for the 

HeLa cell line. Rather, researchers have been forced to use the human reference 

genome, despite its clear differences from that of a cancer cell line that has been 

evolving in the laboratory for several decades. Indeed, compared to the human 

reference genome, substantial chromosomal aberrations in the HeLa cell line have 

been revealed by cytogenetic methods [67-76]. A combination of these techniques 

(comparative genomic hybridization (CGH), fluorescence in situ hybridization 
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(FISH) and spectral karyotyping (SKY)) has been used to determine the karyotype of 

a CCL2 HeLa cell line [75]. This cell line contained 2 subclonal populations, which 

were both hypertriploid (3n+) and contained a variable total number of 

chromosomes (76-80) and a variable number of abnormal chromosomes (22-25) per 

cell. The comparison of their spectral karyotype with previously published G-banding 

karyotypes [67-72,74,76] and FISH study [73] indicates high concordance between 

independent measurements of chromosomal aberrations in HeLa. These well-

documented genomic aberrations underscore the need for a HeLa reference in the 

age of genomics. 

1.3 Genomic variations 

Human genetic variations can be classified according to their respective base pair 

length impacted (Figure 3). Structural variations (SVs) were originally described as 

insertions, deletions and inversions larger than 1 kb in size [77,78]. In addition, with 

the recent development of sequencing technologies, SVs also include much smaller 

events (>50 bp) representing deletions, novel insertions, inversions, mobile-element 

transpositions, duplications and translocations as well as unbalanced structural 

variations, which are defined as variations changing the number of base pairs, 

resulting from an abnormal number of copies of one or more fragments of the DNA 

(copy number variations - CNVs), [79,80]. Smaller events (<50bp) are considered as 

short insertion-deletion variants (indels) and single-nucleotide variations (SNVs).  

The discovery and genotyping of the full spectrum of genomic variations has been 

extensively developed in the past years, with the use of sequencing technologies 

notably, and is currently central to understanding their impact on human disease, 

complex traits and evolution. 
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Figure 3: Genomic variant classes 
 

 

 
 
The different types of genomic 
variants are classified as single-
nucleotide variation (SNV); 
insertion or deletion of several 
nucleotides (indel); insertion or 
deletion of thousands of nucleotides 
(SV); and duplication or 
multiplication of DNA segments 
more than 1,000 nucleotides long 
(CNV). Adapted from [81]  
 
 
 
 
 
 
 

1.3.1 Structural variants  

SVs play a role in evolution and, currently, it is demonstrated that two human 

individual differ by 5000–10,000 inherited SVs [82,83]. Acquisition of specific SVs 

leads to disease phenotypes. In cancer for example, most of the tumoral tissues 

present numerous genomic rearrangements [84-88]. Among SVs, CNVs remain 

challenging to call, despite the identification of different CNVs across individuals 

[80,89,90]. Those difficulties arise due to the multiplicity of the approaches used 

that can greatly modify the outcome [91]. Numerous CNV genotypes have been 

associated with complex traits, such as a 20 kb deletion upstream of the IRGM gene 

with Crohn’s disease [92], a 45 kb deletion upstream of NEGR1 with body mass index 

[93], a 32 kb deletion that removes two late-cornified envelope genes with psoriasis 

[94], and a 117 kb deletion of UGT2B17 with osteoporosis [95]. The mechanisms 

causing CNV incorporate meiotic recombination, homology-directed and non-

homologous repair of double-strand breaks, and errors in replication [96].  

Microarrays have been a method of choice to identify CNVs. One of the methods is 

the array comparative genomic hybridization (array CGH), which is based on 

competitively hybridizing fluorescently labeled test and reference samples to a 

known DNA sequence spotted on a solid glass support and then analyzing the 

Single-nucleotide variation (SNV)

Insertion-deletion (indel)

Structural variation (SV)

Copy-number variation (CNV)
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hybridization ratio [79]. Another technology used is the SNP microarrays, in which 

the target DNA sequences are discriminated on the basis of a single base difference. 

Each sample is hybridized on an independent array, followed by SNP genotyping and 

copy-number analysis [97]. These hybridization-based microarray approaches are 

limited in sensitivity as they cannot provide information on the location of the 

duplicated copies and it is very difficult to map nucleotide-resolution breakpoints. 

Both array CGH and SNP platforms assume a diploid reference genome, which is not 

verified in the presence of duplicated sequences. Moreover the diversity of array 

platforms as well as the different analysis pipelines confer significant result 

differences, depending on the methods used [98-101]. 

With the recent development of sequencing, NGS is commonly used in order to 

detect such SVs. The main advantage of NGS is the capacity to capture all possible SV 

classes with a single sequencing experiment. The detection methods can be 

summarized in four different approaches (read-pairs, read-depth, split-read and 

sequence assembly). They all first map of the sequenced reads to the human 

reference genome and second identify specific read signatures representative of 

different classes of SVs (Figure 4). Different approaches are used to identify SVs with 

NGS data, nevertheless each method is not comprehensive and a combination of 

different tools is required. 

When paired-end reads are generated by sequencing from the start and end of the 

same DNA molecule, read-pair methods use the span and orientation of the reads to 

identify aberrant pairs in which the distance between the reads and/or the 

orientation of the read pairs are discordant with the human reference genome. When 

aligning the reads on the human reference genome, pairs of read mapping too far 

apart, suggest deletions, whereas if the distance between the two reads is too close, 

insertions can be suspected. Read pair orientation inconsistencies identify inversions 

and tandem duplications.  

Read-depth analysis uses coverage values for each genomic position. The global idea 

is that duplicated regions will show significantly higher read depth and deletions will 

show reduced read depth when compared to diploid regions. Using multiple human 

individual genomes, the absolute copy number has been estimated using this 

approach [83]. 
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Detection of exact breakpoints of all SV classes is possible using split-read algorithm 

by scanning the reads alignment on the reference genome and identifying any break 

in the alignment and report a ‘split’ sequence-read signature [102]. 

Finally, assembly methods can potentially detect all classes of SVs with base-pair 

resolution breakpoints, but the assembly of short read sequences is not trivial and 

can result in complex contig fragmentation (especially in repetitive regions), which is 

very difficult to solve [103].  

 

Figure 4: Structural variant read signatures 

 
Read signatures used in SV detection (adapted from [104]) 
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1.3.2 Chromothripsis 

The possibility to sequence deeper and cheaper enables the discovery of a new type of 

complex genomic rearrangements such as chromothripsis. This phenomenon is 

characterized by numerous genomic rearrangements involving several chromosomes 

with alternation between a few CN states [85]. The mechanism generating such 

events is hypothesized to comprise double-strand breaks followed by reassembly 

through end-joining in a random manner (Figure 5). The occurrence of these 

multiple double-strand breaks is still under investigation and a possible explanation 

proposes a defect in mitotic chromosome segregation, mediated by the formation of 

micronuclei, resulting in chromosome pulverization [105]. Loss of DNA material 

could occur during the formation of this complete reshuffled chromosome segments. 

Chromothripsis seems to occur in 2–3% of all cancers [85]. Oncogene amplification 

could be also associated with rearranged segments and confer a selective advantage 

to the affected cancer cell. 

 

Figure 5: Chromothripsis 

 
A complex chromosomal rearrangement formed by chromothripsis, with shattered segments followed 
by stitching back process. Chromosomal segments are indicated as blocks with different letters and 
shading, and the orientation by an arrow in each block. Adapted from [106]. 

1.3.3 Single Nucleotide variants 

In human, two individuals differ in one base every kilobase [107,108]. These single-

nucleotide variations, depending on their location, could potentially impact the 

function or structure of the proteins, which could result in inherited monogenic 

disorders. However, most SNVs are located in non-coding regions of the genome, 
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and have no direct known impact on the phenotype of an individual. These SNVs are 

useful as markers in population genetics and evolutionary studies [109]. 

During the last decade genome-wide association studies (GWAS) have identified 

hundreds of common SNVs (with a frequency of ~5% or higher in the general 

population) associated with a couple of hundred traits or diseases. Nevertheless, 

most of the complex traits that have been studied using this approach have 

reasonable levels of heritability, but the proportion of that heritability explained by 

very common variants is surprisingly low [110]. Possible reasons have been 

proposed. One view considers that the genetic variation contributing to common 

traits has subtle effects, is context-dependent and specific combinations of common 

variants might have substantially greater effects on risks than individual common 

variants. Rarer variants (frequency of 1-5% in the general population) have also 

supporting evidence to play a role for certain diseases, including a prostate-cancer-

associated SNV that is upstream of a gene and is associated with expression level in 

cell lines [111], and breast-cancer-associated intronic SNVs, associated with 

expression and binding of transcription factors [112].  

The constitution of catalogs of very common variants in the population and less 

common variants contributing to common diseases has successfully been established 

[113]. If much of the causality is due to rare variants, such an approach is unlikely to 

uncover much more of the genetic control of diseases than has already been revealed 

by the current GWA efforts. The sequencing of entire genomes or entire exomes 

could solve the issue and has already begun to be used at a small scale. Such studies 

will eventually be carried out, depending on the affordability, similarly to GWA 

studies, with very large sample sizes, providing sufficient statistical evidence to 

implicate variants on the basis of association evidence alone. Applications of this 

concept have already been undertaken. The sequencing of the exomes of four 

unrelated cases with Freeman–Sheldon syndrome and eight controls showed that the 

causal variants contained at least one coding indel or non-synonymous or splice-site 

variant in all four cases that was not present in any of the controls, nor in SNV 

repositories [114]. Another example applied whole-exome sequencing of a patient 

with an undiagnosed disorder, to identify a few homozygous missense mutations 

sitting in a gene known to be associated with a congenital chloride-losing diarrhea, 

which correspond to the symptoms [115]. 
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Among the different improvements needed to make this approach feasible, methods 

for SNV detection will need to progress, as currently there are tens of thousands of 

false-positive variant calls per genome [116], which subsequently confuses the 

determination of the causal variants. In addition, one key remaining challenge is the 

association between SNVs and functional consequences on the impacted gene.  The 

SNV functional effect prediction methods are based on the assumption that disease-

causing mutations are more likely to occur at positions that are conserved 

throughout evolution, as compared with positions that are not conserved. This 

assumption suggests that prediction could be based on sequence homology or 

disease-causing amino-acid substitution. Therefore they have common structural 

features that distinguished them from neutral substitutions, indicating that structure 

could also be used for prediction. Based on these two approaches, different 

prediction software packages have become available to identify disease causal 

variants [117]. 
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The HeLa cell line is the very first and most used human cell line in current biological 

research and its application as a model organism generated major contributions to 

the characterization of important biological processes. Indeed, since the 1950’s, all 

type of studies have played a significant role in modern molecular biology. Yet their 

design and analysis have been carried out in the absence of sequence information for 

this cell line. Rather, researchers have been forced to use the human reference 

genome, despite the clear differences from a cancer cell line that has been evolving in 

the laboratory for several decades. In the light of this widespread application of 

HeLa, the absence of sequence information for this cell line is problematic, since it 

constrains scientists to use the human reference genome and transcriptome to design 

their experiments (probes) and analyze their data (alignments). Given the important 

use of this cell line in genetic, molecular or genomic studies, it is crucial to take into 

account the differences between the human reference genome and the HeLa genome 

concerning the design and the interpretation of any experiments using HeLa.  

The aim of my PhD project is to characterize in detail the genomic and 

transcriptomic landscape of a HeLa cell line, in order to provide the community with 

a comprehensive resource for this cell line. We used next generation sequencing to 

generate high-coverage DNA dataset and report the copy number (CN) for each 

position of the genome, as well as single nucleotide variants (SNVs) and structural 

variants (SVs). We also profile the HeLa transcriptome, and assess expression 

differences between HeLa and normal human tissues, by comparison to the Illumina 

Human Body Map 2.0. We explore the impact of CN heterogeneity on gene 

expression and show a significant shift in expression level profiles depending and the 

CN. We also investigate the cell cycle pathway and the DNA repair pathways in more 

detail, integrating different layers of information. The analysis suggests that key 

regulators involved in the checkpoint of the cell cycle are affected by mutations. 

Meanwhile the cells sense the unstable genome and activate the DNA repair 

pathways but they remain ineffective due to defective components. Taken together, 

these results constitute the first view of the genomic landscape of the most widely 

used cell line in molecular biology research. Our characterization of the HeLa 

genome and transcriptome yield a set of resources that will inform the design of 

future experiments and the re-interpretation of old studies. 
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All resources mentioned in the subsequent sections are available at the following 

URL, where accession numbers are updated: http://steinmetzlab.embl.de/helaseq/ 

In order to login, please use the following information: 

Username: helaseq / Password: helaseq 

3.1 Cell line, culture conditions and DNA/RNA 
preparation 

The cell line, HeLa H2B-mRFP and mEGFP-α-tubulin, was derived from HeLa Kyoto 

background [118]. The cell can be purchased in CLS Cell Lines Service GmbH 

(Catalog number 300670). It has been used to identify genes associated with cell 

division [57]. Cells were cultured in DMEM (Gibco) containing 4.5 g/l glucose 

(Sigma), 10 % heatinactivated foetal bovine serum (Sigma), 2 mM glutamine 

(Sigma), 100 U/ml penicillin and 100µg/ml streptomycin (Sigma), and incubated at 

37°C and 5% CO2. Cells were harvested at 80% confluency. RNA-free genomic DNA 

was prepared using Qiagen DNeasy Blood and Tissue kit (Qiagen). Total RNA was 

extracted using Trizol. 

The cell line was tested negatively for mycoplasma contamination using the 

MycoAlert® mycoplasma detection kit (Lonza). 

3.2 Library preparations 

3.2.1 DNAseq library preparation 

RNA-free genomic DNA was prepared using Qiagen DNeasy Blood and Tissue kit 

(Qiagen). For short insert size paired-end libraries (PE), the genomic DNA was 

sheared using Covaris S2. The sequencing library was prepared following the 

manufacturer's protocol (Illumina) [119] using NEBNext DNA Sample Prep Master 

Mix Set 1 (NEB). 

For long insert size mate-pair libraries (MP), 10ug of genomic DNA were sheared 

using the Hydroshear (GeneMachines) and libraries were prepared using the 

Illumina MP v2 reagents and protocol. 

The paired-end and the mate pair sequencing approaches are illustrated in Figure 6. 
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Figure 6: Paired-end and mate pair sequencing  

 

 

For paired-end sequencing, DNA is fragmented into smaller pieces (200 to 500 pb), adapters are 
linked to the extremities of the DNA fragment and the product is sequenced from both ends. After 
alignment of the generated reads against a reference genome, the mapped reads are pointing inwards.  
 
In the mate pair approach, the DNA is fragmented in larger fragment (2 to 5 kb). Biotins are added to 
both end of the fragment, which would be circularized. A fragmentation of these ligated fragments 
lead to the generation of smaller pieces (400 to 600 pb) containing the biotin label. Adapters are then 
linked to the extremities of those fragments and the sequencing is performed the same way as the 
paired-end method. After mapping, the reads are pointing outwards.   
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3.2.2 Strand-specific RNA-seq library preparation 

Poly-A RNA isolation, the RNA fragmentation and cDNA synthesis protocols are 

described by Yoon et al. [120]. The cDNA was processed for DNA library prep 

according to Parkhomchuk et al. [121]. In summary, the protocol includes RNA 

fragmentation, first strand synthesis followed by second strand synthesis using 

dNTPs and dUTPs. End repair, A-tailing and ligation are then achieved as well as size 

selection for a specific fragment size (300 to 350 bp). The second strand is cleaved by 

hydrolysis of uracil in the dsDNA. The resulting strand specific cDNA is amplified 

before sequencing. 

3.3 Sequencing and alignment 

3.3.1 DNAseq 

The PE library was sequenced on eight lanes of HiSeq 2000 (Illumina) using the 

manufacturer's recommended pipeline (v1.1). The raw reads were submitted to the 

European Nucleotide Archive (ENA) and the accession number is available from our 

website3. The resulting 101bp paired-end reads (1.1 billion) were mapped with 

GSNAP [122] to the human reference genome (GRch37). Only unique alignment for 

each read was reported (-n1 -Q), otherwise default parameters were used. 86 % of the 

total read number (946 millions) was aligned. 

 The MP library was sequenced on one lane of HiSeq 2000 (Illumina) as above. 81% 

of the total number (383 millions) was aligned, resulting in a 155x physical coverage 

after redundancy filtering. The MP raw read sequences are also available from our 

website3. 
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3.3.2 RNAseq 

The three libraries were sequenced on nine lanes of Genome Analyzer II (Illumina) 

using the manufacturer's recommended pipeline (Illumina - v1.18). Two paired-end 

read lengths were generated: 76bp and 105pb. The raw reads were deposited in 

Sequence Read Archive (SRA) and the accession number is available from our 

website3. RNA sequencing reads (450 millions) were mapped with GSNAP [122] to 

the HeLa genome. Accession numbers are available from our website3. Like the DNA 

alignment, we report only unique alignment (-Q -n 1) otherwise default parameters 

were used. 56 % of the total read number (253 millions) was aligned. 

Raw reads from the BodyMap 2.0, provided by Illumina (ENA number: ERP000546) 

were downloaded and aligned with GSNAP using the same parameters as above. 

3.4 DNAseq analysis 

From the fully preprocessed alignment (bam file) we computed the depth of coverage 

of the HeLa genome in 10 kb bins. To this we applied a mappability correction by 

dividing the count for each bin by the proportion of mappable positions in that bin. If 

this proportion was below 0.5 we discarded the counts for this bin and assigned it the 

value  ‘NA’. A position in the genome was called mappable if a simulated read of 

length 101bp   (the length we used in our DNAseq experiment) starting at that 

position had exactly one valid alignment when processed with our alignment pipeline 

as described in Section 4.3.  

We also corrected for the GC-content dependent coverage bias. We used a local fit to 

describe the relation of GC-count to coverage per bin and the ratio between that fit 

and the desired coverage of 60 bp as the correction factor. Figure 7 shows the effect 

of this correction. 

To describe the extent of CN aberrations of HeLa we created a track segmenting the 

genome according to integer CN, which was obtained with the R/Bioconductor 

package DNACopy [123] followed by mixture model fitting. 

Since DNACopy works with log2-ratios we transformed our corrected depth-of-

coverage data into a log2-ratio by dividing by 30 (an arbitrary choice) and taking the 

log2. We then normalized by subtraction of the median log2-ratio of a manually 

curated region of CN 2 from the HeLa genome (Chromosome 4). 
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Figure 7: GC correction effect on the coverage 

 
 

A. The panel describes the mean coverage value per 10 kb bin (y-axis) as a function of the GC mean 
value per 10 kb bin, before any correction was applied. The black line represent a robust local 
regression fitted on the data. 
B. The panel describes the corrected mean coverage value per 10 kb bin (y-axis) as a function of the 
GC mean value per 10kb bin.  
C.  Distribution of corrected mean coverage value per 10 kb bins along the genome. The dashed red 
line corresponds to the corrected coverage median value for the chromosome 4 used to normalize 
against the corrected mean coverage value for regions of CN 2.  
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3.4.1 Copy number segmentation with DNAcopy 

We used the standard workflow of DNACopy to generate a segmentation of our log2-

ratio data using the “sdundo” option to require at least 2-standard deviation 

difference between the medians of adjacent segments. 

From the segmented log2 ratio s we calculated the copy number track 𝑐 = 2 ∙ 2! to 

which we fitted a mixture model of m normal distributions: 

𝑋~    𝑤!𝒩(𝑖,𝜎!)
!

!!!

 

Each of those normal distributions corresponded to a CN state and has the CN as its 

mean. 

The following parameters define our mixture model: 

m – the number of components 

𝜎!   – the standard deviation of the i-th mixture component 

wi – the weight of the i-th mixture component  

 

We then assigned each segment an integer copy number based on its probabilities in 

the normal distributions given by our mixture model. To do so we calculate for each 

segment s the log-odds ratio for each possible CN state. 

Given 𝜑!,!(𝑥) as the probability density function of a normal distribution with mean 

  𝜇  and standard deviation 𝜎  and k  as the integer CN state, the probability of the 

segment in each of the normal distributions was defined as follows: 

Pr 𝑠 𝑘 = 𝜑!,!! 𝑠  

The probability of being in state k given value s is defined as (Bayes-Theorem): 

Pr 𝑘 𝑠 =
Pr 𝑠 𝑘 ∙ Pr  (𝑘)

Pr  (𝑠)  

Here Pr  (𝑠) can be omitted since it is a scaling factor only and using the weights w of 

the mixture model fit as prior-probability we get Pr 𝑘 𝑠 =   𝑤! ∙ 𝜑!,!! 𝑠  . 

 

The confidence of the highest probability call was assessed by its log odds ratio with 

the sum of probabilities in all other CN states, which we used as an estimate of the 

probability of s not to be in state k:  
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Pr ¬𝑘 𝑠 =   −Pr k s +    Pr 𝑖 𝑠
!

!!!

 

logodds k s = log!"  (
Pr 𝑘 𝑠
Pr ¬𝑘 𝑠 ) 

We accepted the highest probability CN as the state of segment s if the log odds ratio 

was higher than 1.27, which corresponds to a confidence in the call of at least 0.95; if 

the log odds were lower than this cut-off we assigned NA as the CN state. 

3.4.2 Single nucleotide variants and small indels 

In order to call SNVs, we used the pipeline described in the best practice variant 

detection with the GATK v32, which consists in duplicate removal, base quality score 

recalibration and indel realignment. We used a minimum confidence score threshold 

of 30 as filtering parameter for the GATK UnifiedGenotyper tool [124]. 

Short indels (1 to 50 bp) were called using the program PINDEL [102] with default 

parameters and insert size of 302 bp, estimated from a sample of a million read 

pairs. 

The loss of heterozygosity (LOH) track is based on the distribution of the allele 

frequencies of all SNVs called by GATK. To identify homozygous regions in the HeLa 

genome we calculate the proportion of homozygous SNV calls in 100kb bins and call 

a bin homozygous if the proportion of homozygous calls is > 0.5. To identify big 

blocks of homozygous regions we apply a segmentation algorithm to the binned 

proportions of homozygous calls (DNAcopy) and then classify the segments based on 

the same criterion as above (homozygous proportion > 0.5) to obtain a track that 

segments the genome into homozygous and heterozygous blocks. This approach was 

applied in the same way for our SNV calls as well as for the SNV calls performed by 

the HapMap consortium [125] on 3 individuals: NA12878, NA12891 and NA12891. 

3.4.3 Large structural variants 

Structural rearrangements were detected using paired-end mapping [126,127]. 

Paired-end methods rely on two key characteristics of a sequenced paired-end or 

mate-pair library: (1) the expected mapping distribution and (2) the default 

orientation of the read pairs with respect to each other.  
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The structural rearrangement calls were filtered using phase I 1000 Genomes Project 

(http://1000genomes.org) genome data as well as germline data of 30 additional 

whole-genome sequencing samples [128] to exclude polymorphic germline structural 

variants as well as rearrangement calls caused by mapping artifacts. We only 

considered for further analysis those rearrangements, which were present in at most 

0.5% of the 1000 Genomes Project samples assessed and not in the additional 

germline samples. Two rearrangement calls were considered to be identical, hence 

constituting a likely germline variant if they displayed an overlap in terms of genomic 

coordinates with their end coordinates differing by less than 5 kb. Furthermore, 

rearrangement calls with less than 3 supporting pairs as well as supporting pairs 

with average mapping quality less than 20 were excluded for further analysis.  

Three inversions, 93 deletions, 52 tandem duplications and 12 translocations were 

randomly picked in order to be validated by polymerase chain reaction (PCR). PCR 

primers were designed for predicted SVs with Primer3 (parameters: Tm=60ºC; 

Tmin=57 ºC; Tmax=63 ºC; optimum length=25bp; minlength=18bp; max-

length=26bp; mingc=40; maxgc=60). Primers matching to repeat database [129] 

were excluded. The primers designed for deletion, inversion and tandem duplication 

events are following the rules described on Figure 8. The primers validating 

translocations are spanning the breakpoint-junction-sequences of predicted SVs. 10 

ng each of HeLa DNA were amplified in 30 µl PCR reactions using 0.3 µl of Phire 

Polymerase (Thermo Scientific - F-122S), 5X Phire reaction buffer, 200 µM dNTPs 

and 0.5µM of primers for 36 cycles. PCR cycle includes initial denaturation at 98°C 

for 30s, denaturation at 98°C for 10s, annealing at 60°C for 10s, extension at 72°C for 

2min and final extension for 5min at 72°C. The products were run on 0.8-1% agarose 

for determining the size. 
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Figure 8: Primer design 

 

 

For deletions, the amplicons generated are smaller than expected size. The orientation of the primer 
targeting tandem duplication and inversion allow detection of an amplicon only if the event is present. 

3.4.4 Multicolor fluorescent in situ hybridization 
(M-FISH) 

Metaphase spreads of HeLa cells were performed as follows. Subconfluent HeLa cells 

were arrested in metaphase by adding colcemid (final concentration 0.270 µg/ml) to 

the culture medium for 2.5 h at 37° C in 5% CO2. Cells were washed with PBS, treated 

with trypsin-ethylenediaminetetraacetic acid (EDTA), resuspended into cell medium 

and centrifuged for 5 min at 1200 rpm. To the cell pellet in 3 ml of PBS, 7 ml of a 

prewarmed hypotonic 0.0375 M KCl solution was added. Cells were incubated for 20 

min at 37° C. Cells were centrifuged for 5 min at 1200 rpm and the pellet was 

resuspended in 3–5 ml of 0.0375 M KCl solution. The cells were fixed with 

methanol/acetic acid (3:1, vol:vol) by gently pipetting. Fixation was performed four 
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times prior to spreading the cells on glass slides. For M-FISH analysis, 

chromosome–specific painting probes were labeled using DOP-PCR amplified DNA 

using 7 different fluorochromes in a combinatorial manner and hybridized as 

previously described [130]. Twelve metaphase spreads were acquired by using a 

Leica DM RXA RF8 epifluorescence microscope (Leica Mikrosysteme GmbH, 

Bensheim, Germany) equipped with a Sensys CCD camera (Photometrics, Tucson, 

AZ). Camera and microscope were controlled by the Leica MCK-FISH software 

(Leica Microsystems Imaging solutions, Cambridge, United Kingdom). Metaphase 

spreads were processed on the basis of the Leica MCK software and presented as 

multicolor karyotypes. 

3.4.5 Virus integration detection 

We aligned the DNAseq reads obtained from HeLa to a genome consisting of the 

human reference (GRCh37) and a set of known whole virus genomes obtained from 

the viral genome resource (NCBI) [131]. Potential virus insertions are indicated by 

read pairs with one read mapping to a chromosome from the human reference and 

one read mapping to a virus genome. We extracted all those read pairs and 

performed a clustering based on overlap to find clusters of read pairs indicating virus 

insertions. To account for mapping artifacts introduced by similarities between virus 

genomes we also clustered read-pairs together where the reads on the human 

genome overlap and the reads on the virus genomes map to viruses from the same 

family (papillomavirus, herpesvirus, adeno-associated virus, adenovirus, lentivirus, 

poxvirus and retrovirus). 

3.5 RNAseq analysis 

3.5.1 Expression level and copy number 

The number of reads per gene were counted using HTSeq [Anders, http://www-

huber.embl.de/users/anders/HTSeq/]. The per gene counts were divided by the 

length of the gene and then we transformed these normalized counts per kb of genes. 

The  𝑙𝑜𝑔!" of the count per kb of genes is considered as a proxy of expression. 

We called SNV on the RNA sequencing data using the same pipeline used for the 

DNA sequencing data following the best practice variant detection with GATK v32. 
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Allelic SNV counts in genomic regions of CN 3, were extracted from the output of the 

GATK caller. 

3.5.2 Comparing HeLa to the Illumina Body Map 
2.0 

The BodyMap 2.0 data (ENA number: ERP000546), generated on HiSeq 2000 

instruments (Illumina), consist of 16 human tissue types, including adrenal, adipose, 

brain, breast, colon, heart, kidney, liver, lung, lymph, ovary, prostate, skeletal 

muscle, testes, thyroid, and white blood cells. The 16-tissue raw reads were 

downloaded and aligned by GSNAP with the parameters that were used for the HeLa 

transcriptome sequencing reads. To explore which functions are specific to HeLa 

compare to other human tissues, the number of reads per gene were counted like 

described in the previous section for both samples and compared using the DESeq 

package [132]. We used DESeq for normalization and preprocessing (variance 

stabilization, size factor correction) and estimated the physiological range of counts 

for each gene from the 16 body map samples. We obtained z-scores (𝑧) for our HeLa 

samples compared to the distribution described by the 16 Body Map samples. With 

the estimated standard deviation 𝜎 and mean 𝜇 of the 16 Body map samples and 𝑥 

being the vector of means of the three normalized HeLa RNASeq counts, the z-scores 

were computed as follows: 

z =
𝑥 −   𝜇
𝜎  

We used a cut-off of 3 to determine which genes were significantly overexpressed 

compared to the physiological range. We qualified non-expressed genes those with a 

mean of less than 1 count. 

We search for enriched terms using MGSA [133] with 10 independent runs of the 

Markov chain of 10! steps each. For every parameter, we used a regularly spaced grid 

with 11 points. Default search intervals for the model parameters turned out to be not 

appropriate because the maximum of the posterior was often reached at the bounds, 

implying that the most likely fits lied outside the search intervals. Thus, the search 

intervals for the parameters p, alpha, and beta were set to [0.001, 0.01], [0.001, 

0.05] and [0.7, 0.9] respectively for the highly expressed genes, and [0.0001, 0.02], 

[0.001, 0.2], and [0.7, 0.95] for the non-expressed genes. 
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All resources mentioned in the subsequent sections are available at the following 

URL, where accession numbers are updated: http://steinmetzlab.embl.de/helaseq/. 

In order to login, please use the following information:  

Username: helaseq / Password: helaseq 

4.1 Genomic Landscape 

Our analysis reveals the extent and nature of the differences between the human 

reference genome and the HeLa genome. We identified genetic changes including 

SNVs and SVs in the HeLa Kyoto genome by DNA shotgun sequencing and by 

comparing the resulting 1.1 billion sequence reads of length 101 nt to the human 

reference genome (GRch37). A genome-wide representation of our results is 

presented in Figure 9. 

Numerous CN changes, as well as sequence modifications, were observed at the 

single nucleotide level and in larger structural rearrangements; these variations are 

detailed in the following sections. We report a compendium of genomic variation 

(CN, SNVs and SVs) as well as the first HeLa genome draft is available as VCF and 

FASTA files respectively, available on our website3. By integrating a set of high-

confidence homozygous variant calls (SNVs, small indels as well as large deletions 

and insertions – Table 1) into the human reference (GRch37) we constructed a HeLa 

genome sequence, which is available on our website3. We retained the overall 

chromosome structure and encoded copy number aberrations in a separate file. We 

provide a tool to perform the translation of coordinates between GRch37 and our 

HeLa reference, and report our variant calls in both coordinate systems, also 

available from our website3.  

 

Table 1: Homozygous variants  

 

 

Summary table of 
homozygous calls (SNVs, 
large deletions, short 
deletions and short 
insertions) integrated in the 
Human reference genome to 
build the HeLa genome. The 
methods used are mentioned 
in brackets. 

Classes
Homozygous calls used to 

build the HeLa genome
SNVs 1733577

Large Deletions (DELLY) 748
Short Deletions (PINDEL) 14964
Short Insertions (PINDEL) 3446

Table1:
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Figure 9: Overview of the HeLa genome 

 
 

Each of the chromosomes (1-22 and X) is depicted along the outside of the circle as ideograms. Data 
tracks are depicted in concentric rings. The outermost track contains read-depth plots (10 kb-binned 
coverage) in colored dots. The color scheme is light green for CN1, green for CN2, and red colors, starting 
for light to dark are representing CN values from 3 to 10. The CN values (1 to 10) are depicted in circular 
grey lines. The homozygosity track indicates potential homozygous regions (darker purple) based on the 
allelic distribution of our SNV calls. The SNV density track indicates the distribution of SNV across the 
genome (darker blue for higher density). Connection lines are showing interchromosomal translocations 
called with paired end sequencing data (dark orange), called with mate-pair data (dark yellow) and called 
by both dataset (purple). We used Circos to generate this plot [134].  
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Figure 10: CN, SNV and functional impact  

 

 

A. CN distribution across the genome. 
The histogram depicts the proportion (in percentage) of genomic position associated with each CN value 
observed in HeLa. CN value 0 corresponds to positions in the genome with coverage less than half of what 
we expect for CN 1 (reasons can be either poor mappability or deletion events). A CN value of “NA” 
indicates a segment where the CN could not be determined with confidence ≥ 0.95 (see Methods Section). 
B. SNV and indel classification. 
Overlap of our SNV calls and indel calls with dbSNP, 1000 genome project. The y-axis shows the log2-
transformed counts. The four different classes of events represented on the x-axis are homozygous 
(“Hom.”) and heterozygous (“Het.”) SNVs (called by GATK) and homologous (“Hom.”) and heterozygous 
(“Het.”) short indels (called by PINDEL)  
C. Protein-coding gene classification. 
The subgroups are protein-coding genes containing SNVs, non-synonymous SNVs, damaging non-
synonymous mutations. 

4.1.1 Copy number by read depth analysis 

By inferring CN using sequencing read depth, we found extensive CN heterogeneity 

across the HeLa genome, with most loci present in three copies (Figure 9 and Figure 10-

A). We adjusted the observed coverage levels for systematic effects of GC-content and 

mappability. We then applied a segmentation algorithm coupled with a gaussian 

mixture model to assign each segment to its most probable integer CN state, resulting in 

an assignment of each region of the human reference genome to a discrete CN (Figure 

10-A). These results corroborate previous observations that the genome displays an 

unbalanced number of chromosomes (3n+) [75], while providing a high-resolution view 

of genome-wide CN state. A complex pattern of genomic rearrangements was expected 

from previously conducted karyotyping by low resolution FISH.  
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Interestingly, some genomic regions display frequent CN alternation, which is indicative 

of chromothripsis, a recently discovered phenomenon observed in some cancers that 

has never been reported for HeLa cells [135-137]. These results are described in further 

detail in the following sections. 

4.1.2 Single nucleotide variants and indels 

We next catalogued the SNVs in HeLa and used them to infer allelic variability and 

potential functional consequences of the variation in this genome. SNVs between the 

HeLa and reference genomes were called by applying the GATK [124] standard 

preprocessing steps (duplicate removal, base quality score recalibration and indel 

(insertion/deletion) realignment), followed by genotyping with the GATK 

UnifiedGenotyper. Short indels (1 to 50 bp) were called using the program PINDEL 

[102]; larger indels were classified as structural variants (SVs). 

We found 1,733,577 SNVs and 18,411 indels that were homozygous in HeLa. 97.1% and 

95.3% were already reported in dbSNP respectively (release 137). Among these 

homozygous calls classified in dbSNP, 96.4% of SNVs and 82.6% of indels were also 

contained in the 1000 genomes dataset (Figure 10-B). These variants thus represent 

common variants in the human population. The remaining 53,121 variants are either 

specific to Henrietta Lacks, somatic mutations of the tumor, or arose during 

transformation and propagation of the cell line. The lack of samples from the donor and 

tumor precludes us from distinguishing these possibilities. Among the SNVs classified 

in dbSNP, 1,121,149 overlap with Venter [138] and Watson [139] SNV lists (928,157 and 

855,005 respectively).  

In addition, extensive allelic variability exists in HeLa. We detected 2,924,297 

heterozygous SNVs and 397,969 heterozygous indels. 84.4% and 91.8% were 

respectively already reported in dbSNP. Among these, 91.6% heterozygous SNVs and 

44.9% heterozygous indels were contained in the 1000 genomes dataset, and thus 

represent common variants ([140]-B). 

We used SIFT [141] to predict the effect of our called SNVs on protein function. Among 

the 4,657,874 SNVs, 29,881 are localised in coding regions and within this subset 4865 

constitute nonsynonymous mutations, 1442 of those are predicted to alter protein 

functionality (Figure 10-C). These potentially damaging SNVs are overlapping 1250 

genes. The GO class “sensory perception of chemical stimulus” is enriched in this subset 

of genes. This could be the result of the deregulation of pathways that rely on external 
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chemical stimuli by constitutively activating enzymes downstream of the receptor, 

which is a common mechanism of cancer [140]. The list of mutations having an effect 

on protein function is available from our website3. 

Using the allele frequencies of our SNV calls, we created a classifier to identify 

homozygous regions of the genome (100 kb bins). The regions called homozygous 

indicate potential loss of heterozygosity (LOH). The validation would require 

comparison to the unavailable germline cells of Henrietta Lacks, which would filter out 

the constitutional genome variation. We analyzed the distribution of minor and major 

allele frequency of our SNV calls together with the average copy number. Overall, in 

HeLa, 23% of the genome is exhibiting LOH and therefore ¼ of the genome carry only 

one gene version, which could be still functional or impacted by disrupting event. The 

exact same approach was performed on genotyped individuals from the HapMap 

project [125] and could not reveal any LOH regions in their genome. Chromosome 3, 

which contains a large LOH region, is represented in Figure 11-A (all chromosome plots 

are available in the Appendix A). It is interesting to note that many of the homozygous 

segments in the HeLa genome correspond to previously reported LOH cervical cancer 

hotspots, namely on chromosomes 3p, 6p, 11q and 18q [142-147]. This suggests that 

these LOH events arose during the cervical cancer, prior to cultivation of the HeLa cell 

line. 
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Figure 11: SVs, CN, LOH for chromosome 3 and 11 

 
The top panels (Rearrangements) contain lines representing the predicted connections between 
fragments derived from SV calls based on read pair orientation and spacing. Different read pair 
signatures indicate the following event types: deletions (blue), tandem duplications (red), inversions 
(green), or interchromosomal translocations (purple). The center panel (Copy Number) represents the 10 
kb binned coverage (grey) overlaid by the segmentation for each bin (black) normalised to CN=2 in 
logarithmic scale. The associated CN is shown in the y-axis. Potential LOH events (Homozygosity) are 
indicated in dark purple. 
The bottom panel (Allele Frequencies) depicts a heatmap of the allele frequencies for each 10 kb bins.  
The region 11q13 is marked in shaded green.  

11q13

A. 

B. 
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4.1.3 SVs 

In order to maximize the detection of large SVs (>50 bp) in the HeLa genome, it was 

necessary to integrate paired-end and mate pair sequencing data. Our SV calls were 

made with the method DELLY [126] as well as PINDEL (for inversions and tandem 

duplications). The two sequencing technologies (paired-end and mate pairs) produce 

pairs of nucleotide sequences from both ends of a DNA fragment. The size of this 

fragment can vary depending on the technique used: paired-end reads effectively 

pinpoint short (around 300 bp) SVs at high resolution, while mate pair outperforms 

paired-end technology for identifying larger (2-10 kb) SVs.  

We obtained single-nucleotide resolution breakpoints for 2279 (paired-end) and 614 

(mate pair) of the SVs implicated by the merged clusters. A summary of all the called 

SVs using paired-end and mate pair data can be found in the Table 2.  

Our SV analysis reveals several highly interconnected regions of the HeLa genome 

coinciding with pronounced CN alternations; these features together strongly indicate 

chromothripsis [136].  

 

Table 2: Overview of the SVs 

 

 

Number of deletions, duplications, inversions and translocations called using two methods (DELLY and 
PINDEL) and two different sequencing data, paired-end (PE) and mate-pair (MP). For each category, the 
overlap is calculated as numbers of calls overlapping at least one of two other categories. 
 

Among the subset of deletions (93), tandem duplications (52), inversions (3) and 

translocations (12), 35%, 50%, 100% and 80% of the events are respectively validated by 

PCR. Multiplex fluorescent in situ hybridization (M-FISH) is a molecular cytogenetic 

technique allowing the simultaneous visualization of all human chromosomes in 

different colors (Figure 12). Chromosome-specific probe pools (chromosome painting 

probes) are generated by degenerate oligonucleotide-primed polymerase chain reaction 

and incorporating fluorescently labeled nucleotide. The use of combinatorial labeling 

number of calls overlap (%) number of calls overlap (%) number of calls overlap (%)

Deletions 1882 14.88 234 67.09 - -
Duplications 312 35.90 191 70.16 4488 19.52

Inversions 33 72.73 139 77.70 7140 13.03
Translocations 102 5.88 50 12.00 - -

DELLY calls using PE data DELLY calls using MP data PINDEL calls using PE data
Classes
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scheme permits to distinguish clearly chromosomes after in situ hybridization. Due to 

the resolution of the technique, only large (5 to 10Mb) chromosomal rearrangements 

can be detected. The chromosomal painting of 12 cells reveals common rearrangements 

but also events that are only occurring at the single cell level. In addition, the number of 

chromosomes by cells is on average is 64 with a minimum of 62 and a maximum of 68. 

In addition, 20 large interchromosmal translocations occurred on all of the 12 cells and 

11 of them are also present in the translocation calls from DNA sequencing data. These 

results emphases the number of large DNA rearrangements during the cell culture. It is 

important to note that this chromosomal snapshot of DNA content does not imply the 

fixation in the population of such DNA reshuffling. However those events could 

potentially provide a selective advantage specific for specific subclones. If this can be 

true, it is probably very rare. Indeed our genomic analysis of CN do not indicate that the 

population of cells sequenced was heteregenous as we could assign for most of the 

genome a specific CN state and we do not observe any coverage value in between two 

CN states for large DNA segments. 

 

Figure 12: Colored Karyotype by M-FISH 

 
 
Multicolor FISH karyotype of 12 HeLa cells in metaphase uncovers common events, which are found in 
the 12 cells analyzed (top panel) and single cell events (bottom panel).   

Single cell events 

Common events



 
 

43 

	  
4.	  Results	  

	  
	   	  

4.1.4 Viral insertions 

Cervical cancer is often associated with insertion of human papillomavirus and 

especially HPV16 and HPV18. We assessed if the integration was still present in the 

genome of cell line. We found an insertion of HPV18 on chromosome 8 (Appendix A), 

which corroborates with previous characterization of the integration site of HPV18 [75]. 

In addition we report insertions of 9 additional integration sites (Appendix B). The viral 

sequence similarity between the members of a specific family is adding difficulty to 

disentangle which virus is actually incorporated in the sequence. Among the 7 families 

(papillomavirus, herpesvirus, adeno-associated virus, adenovirus, lentivirus, poxvirus 

and retrovirus) investigated, only 3 viral types are reported: herpesvirus, poxvirus and 

papillomavirus. One of the potential integration sites for the human herpesvirus 5 on 

chromosome 12 disrupts the gene TUBA1C, a component of the protofilaments of the 

microtubule. 

4.1.5 Chromothripsis 

The massive rearrangements observed in some parts of the HeLa genome are a 

hallmark of chromothripsis, a phenomenon observed in cancer cells, where parts of 

chromosomes are shattered and re-arranged at random. Chromothripsis has been 

associated with 2 to 3% of all cancers [135]. The signature of chromothripsis includes: 

(i) high number of CN switches along a chromosome, (ii) alternation between 2 or 3 

different CN states (for instance on chromosome 11, the CN varies between 2 and 3), 

(iii) high interconnectivity among the fragments (i.e., regions which are usually far 

apart on a chromosome are connected), and (iv) double-minute chromosomes, 

indicated by small genomic regions of the same very high CN connected by aberrant 

read pairs [135-137]. Although we found no evidence for the presence of double-minute 

chromosomes in HeLa, chromosomes 5, 19, X and especially 11 clearly display 

properties (i)-(iii), indicating at least one chromothripsis event in the HeLa genome 

(Figure 11-B).  

The complex intrachromosomal rearrangements on chromosome 11 have previously 

been observed at low resolution using cytogenetic analysis (DAPI and G-banding) [75]. 

Furthermore, chromosome 11 presents indications of LOH according to our allelic 

distribution analysis (Figure 11-B). In previous studies where LOH on chromosome 11 
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was also observed, the introduction of a functional copy of chromosome 11 into HeLa 

suppressed its characteristic aggressive proliferation phenotype. This indicates the 

presence of tumor suppressor genes on chromosome 11, and has also been observed in 

other cervical cancer cell lines [74,148-152]. A potential cervical cancer-suppressor gene 

has been mapped to the 11q13 region [153], which in HeLa displays rearrangements 

symptomatic of chromothripsis (Figure 11-B). Deletions and LOH within this region 

have also been associated with neuroblastoma as well as breast, head and neck, and 

nasopharynx cancers [154-159]. It is therefore possible that chromothripsis and LOH on 

chromosome 11 contributed to the development of Henrietta Lacks’ cervical cancer. 

4.2 Transcriptomic Landscape 

In order to analyze in more details the expression of such genome, we sequenced polyA 

RNAs from HeLa cells which produced nearly 400 millions of 76 nt and 101 nt paired-

end reads. The raw reads are available in the ENA database under the accession number 

ERP001421. 63% of the total read number (250 millions) was aligned to the HeLa 

reference genome that we created and described previously. This resource is accessible 

in order to retrieve information on the expression of particular genes. 

4.2.1 Expression level and copy number 

How do HeLa cells deal with high CN? We see significant overall increase in expression 

levels as a function of gene copy number (Figure 13-A; Wilcoxon test p-value < 0.01). In 

the range of highly expressed genes (log10 read counts per kb of gene >=2), we can see a 

shift in the CN state for 3, 4 and 5 compared to CN 2. Furthermore, we studied regions 

with a CN of 3 and with a major allele frequency of 2, and measured the allele frequency 

in the corresponding transcripts. If dosage compensation was achieved by shutting off 

one of the three copies of each gene, allelic ratios of 1:1 or 2:0 would be expected for 

such genes. However, we found that the genomic ratio of 2:1 is maintained in the RNA 

expression data (Figure 13-B). These data suggest that there is no gene dosage 

compensation in HeLa, but if it occurs, then it would have to influence all alleles equally 

and not very strongly. Figure 13-A, however, suggests that this is not the general trend. 

In order to determine if particular gene expression levels are affected by CN and 

sequence variation in HeLa, it is necessary to compare these levels to a physiological 

reference.  
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Figure 13: Gene expression stratified by CN and 
allelic expression in CN3 

 

 

 

 

 

A- The plot shows the ecdf (empirical 
cumulative distribution functions) of the 
expression value for all genes present for 
each CN. The x-value show the log10 
read counts per kb of gene and the y-axis 
shows the corresponding cumulative 
density, which corresponds to the 
percentage of values smaller or equal to 
the given x-value. The shift right along 
the x-axis of all CN states greater than 2 
indicates that expression levels increase 
with CN overall. We perform Wilcoxon 
test to compare the distribution of 
expression between CN states and * 
indicates significant difference (p-value 
< 0.01).   
B- For each SNVs localised in CN3 
genome segments, we plotted the allele 
having the higher number of counts 
(major allele on the y-axis) as a function 
of the allele having the lower count 
(minor allele on the x-axis). The two 
dashed lines represent allelic count ratio 
2:1 and 1:1. 
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4.2.2 Comparing HeLa to the Illumina Body Map 2.0 

To gain a better understanding of the adaptation of the gene expression profile of HeLa 

through years of selective pressure towards fast proliferation, we compared our HeLa 

transcription data to publicly available RNASeq data from the Illumina Human Body 

Map 2.0 project (ENA number: ERP000546). We compared the gene expression levels 

(calculated as per gene counts) of the 16 tissues from the Body Map with those obtained 

from our three HeLa RNAseq libraries. 

We found 1907 genes that were more highly expressed in HeLa than in any tissue 

represented by the body map, and 19579 genes that were not expressed in HeLa. To 

functionally characterize the 2 sets of genes, we looked for over-represented Gene 

Ontology (GO) categories [160] using MGSA [133], a method which substantially limits 

the number of redundant enriched categories. The large number of genes that is not 

expressed by HeLa is consistent with the view that these are no longer utilized by HeLa 

or have been silenced by mutations that were not selected against. Among the GO terms 

enriched in the non-expressed genes (Table 3), we find terms related to response to 

stimulus (defense response, immune system response, G-protein coupled receptor 

signaling pathway), communication within a cell, or between cells (ion transport), or 

within a multicellular organism (multicellular organismal process) and protein cleavage 

(proteolysis). The genes that are more highly expressed are consistent with functions 

beneficial to the cell line, such as proliferation (cell cycle phase), transcription (RNA 

processing, rRNA transcription) and DNA repair (Table 4). 

Functions that are not expressed in HeLa are thus likely poor candidates for further 

study in this cell line. The transcriptome data reveals further insights that will be useful 

in design and interpretation of functional studies using HeLa. 

4.2.3 Cell cycle and DNA repair pathways analysis 

In the pool of genes highly expressed compare to normal physiological of 16 normal 

human tissues, an enrichment of genes playing a role in DNA repair mechanism is 

observed. A priori this statement is contradictory with regard to the sequence variation 

identified in HeLa especially SVs and CN variations. We integrated sequence variation 

information and expression value to describe in finer resolution what is happening for 
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individual player of this pathways. Figure 14 corresponds to the KEGG representation 

[161] of the cell cycle pathway. 

 

Table 3: GO term enrichment for non-expressed 
genes in HeLa. 

 

 

Table 4: GO term enrichment for highly expressed 
genes in HeLa. 

 

 
Globally, the players involved in the cell cycle network are most of the time expressed in 

high level compared to the physiological range of expression (when comparing to the 

BodyMap data). In addition, more than a dozen genes contain damaging NS mutations 

and are non-expressed in HeLa. These two indications likely reflect an inactivation of 

those players. Most of the genes in this subset are acting as negative regulators for 

different cell cycle phase entry such as mitosis (WEE [162]), S phase (E2F ORC, MCM 

and CDC7 [163]), G1 phase (P19 [164]). More global regulators are also part of this 

group like P53, P300, GADD45, TGFβ [165] and 14.3.3 protein complexes [166]). All 

together, these data suggest a potentially uncontrolled activation of the cell cycle leading 

to constant proliferation. 

Normally P53 integrates inputs, which evaluate genomic damage and stress conditions 

and subsequently trigger apoptosis if the conditions are not optimal. As observed in 

HeLa, a weaker P53 activity, due to an identify NS mutation, leads to inappropriate 

replication of cells and consequently allows cells containing genomic damages or 

inappropriate DNA content to replicate. In addition of this P53 alteration, the genes 

GO id GO term (Biological Processes) Total number of genes
Number of genes 

in highly 
expressed group

Posterior 
Probablity

Standard 
deviation

GO:0006281 DNA repair 382 75 0.94 0.00
GO:0006396 RNA processing 667 89 0.69 0.01
GO:0022403 cell cycle phase 807 163 0.68 0.02
GO:0009303 rRNA transcription 19 5 0.52 0.01

GO id GO term (Biological Processes) Total number of genes
Number of genes 

in lower 
expressed group

Posterior 
Probablity

Standard 
deviation

GO:0006952 defense response 1127 418 0.60 0.16
GO:0006508 proteolysis 964 269 0.60 0.16
GO:0007186 G-protein coupled receptor signaling pathway 1148 736 0.60 0.16
GO:0006811 ion transport 985 379 0.60 0.16
GO:0032501 multicellular organismal process 5708 2070 0.60 0.16
GO:0002376 immune system process 1710 524 0.54 0.15
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involved in DNA repair pathways are highly expressed compared to the physiological 

range of expression (Table 4), however each of those pathways contain at least one 

predicted non-functional gene (Figure 15 and Figure 16). These observations suggest 

that HeLa is still able to sense the damage occurring on its DNA and try to fix it by 

activating all dedicated pathways but they remain inefficient due the some damaged 

components. 

P53 mutations are reported to happen in almost every type of cancer at different frequency 

(from 6% in cervix to 42% for specific ovarian cancer - IARC P53; release R15; [167]) and it 

is likely that this mutation and perhaps others in this pathway can be attributed to the 

tumor development in vivo. 

Every repair mechanism is specialized for particular DNA damages [168]. Those 

pathways can be categorized in two groups depending on the type of DNA lesions that 

they are fixing. The first group, which contains homologous recombination (Figure 15-

A) and non-homologous end-joining (Figure 15-B) is specialized to fix toxic double-

strand DNA breaks (DSBs) [169] and the second group, formed by nucleotide excision 

repair (Figure 16-A), base-excision repair (Figure 16-B)  and mismatch repair (Figure 

16-C), tends to repair base impairing or DNA single-strand break (SSBs). Despite the 

fact that most of the players of the different pathways are expressed compared to the 

physiological expression range, we notice that at least one player for each the DNA 

repair mechanism is disrupted by a potential damaging NS mutations. This suggests 

that the cells sense the unstable genome and activate the pathway but the pathway 

remains ineffective due to defective components.  
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Figure 14: Cell cycle 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
These three figures present the KEGG representation for the cell cycle pathway (Figure 14), the double 
strand break repair pathways (Figure 15) and the single strand break pathways (Figure 16). The 
background color of each of the genes (represented as boxes) is color-coded depending of it is highly 
expressed (orange), normally expressed (white) or not expressed (blue) compare to its expression level 
across 16 different normal human tissues. The border of the box is color-coded depending if the gene is 
predicted to contain NS SNV (thick black) or NS damaging SNV (thick red).  
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Figure 15: Double strand breaks repair pathways 
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Figure 16: Single strand breaks repair pathways  
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4.2.4 Design and interpretation of RNAi reagents 

Validating RNAi screen results is one example of the usefulness of the dataset 

provided in this study. Most RNAi designs, particularly the commercially available 

ones, are based on the human reference genome [170]. The MitoCheck project 

developed a high-throughput RNAi screening method [57], which allows the 

systematic assessment of all genes involved in chromosome segregation and cell 

division in human (utilizing the same HeLa cell line we sequenced).  Out of the 600 

genes identified to play a role in mitosis, we took the example of the gene CABP7 

(www.mitocheck.org; MCG_0016344), which induced a mitotic defect phenotype 

that was rescued with mouse transgenes (i.e. a confirmed hit). It was targeted with 4 

siRNAs, out of which only 2 induced the defect (MCO_0033274 and 

MCO_0033284). In the HeLa RNA sequencing data, we found that only 

MCO_0033274 and MCO_0033284 matched exons from the CABP7 locus, whereas 

MCO_0056521 and MCO_0056522 (the two non-phenotype-inducing siRNAs) did 

not match any reads. This is one example of how an absence of phenotype can be 

explained by non-targeting siRNAs, which was validated by searching for perfect 

matches between siRNAs and reads. Incorporating HeLa genome sequence 

information into future design of siRNAs should therefore increase the efficiency of 

siRNA targeting, yielding more consistent and reliable results. 
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By performing deep DNA and RNA sequencing of a HeLa-Kyoto cell line, we provide 

resources of variation compared to the human genome, including SNVs, SVs, copy 

number, and additional complex rearrangements such as chromothripsis. We used 

this information, especially homozygous high-confidence calls, in order to build the 

first HeLa genome. In addition to the genomic resources, we also profiled the gene 

expression of this cell line and determined general pathways highly expressed 

compared to the physiological range of expression across 16 different tissues. In the 

following sections, these findings and their implications for reevaluate the way HeLa 

is used to model human biology are discussed. The discussion is focused on the 

resources provided and their impact, implications of the extensive variations 

observed in HeLa, and the challenges encountered during this work. 

5.1 Resources provided and usability 

5.1.1 The HeLa reference genome and accession 

In addition to the genome, we also deeply sequenced the transcriptome of the same 

cell line and give a snapshot of expression profile for this cell line in standard culture 

conditions. The raw sequencing reads are deposited in the ArrayExpress archive, 

which is a database of functional genomics experiments3. The integration of both 

types of data enables the possibility of analysing expression level related to genomic 

sequence variation and especially CN variation. The transcriptome coverage along 

our HeLa genome is also computed and available3. The data can be retrieved and 

researchers can process them on their own in order to be comparable to their specific 

expression profiles. By clarifying which genes are expressed in standard conditions, 

future RNAi screens can be designed taking into account information on which genes 

are not expressed or not. Indeed such functional classes cannot be well assayed in 

HeLa.  

5.1.2 The HeLa varyome 

In parallel, a complete catalog of all HeLa differences compared to the human 

reference genome including copy number, heterozygous deletions, heterozygous 

insertions, inversions and interchromosomal translocations are reported and 

deposited in the EMBL Nucleotide Sequence Database (also known as EMBL-Bank), 
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which constitutes Europe's primary nucleotide sequence resource under accession 

numbers available in our web page3. 

5.1.3 Transcriptome 

In addition to the genome, we also deeply sequenced the transcriptome of the same 

cell line and give a snapshot of expression profile for this cell line in standard culture 

conditions. The raw sequencing reads are deposited in the ArrayExpress archive, 

which is a database of functional genomics experiments3. The integration of both 

types of data enables the possibility of analyzing expression level related to genomic 

sequence variation and especially CN variation. The transcriptome coverage along 

our HeLa genome is also computed and available3. The data can be retrieved and 

researcher can process them in their own in order to be comparable to their specific 

expression profile. By clarifying which genes are expressed in standard conditions, 

future RNAi screens can be designed taking into account information on which genes 

are not expressed in standard conditions. Indeed such functional classes cannot be 

well assayed in HeLa.  

5.2 Variations in HeLa 

5.2.1 Extent of variations 

To date, these resources represent the most comprehensive genomic characterization 

of a HeLa cell line. While previous studies have indicated considerable variation 

between HeLa and the reference genome, this data clearly reveals the extent and 

nature of this variation. More than 70% of the genome is present in more than 2 

copies (Figure 10), and more than 20% present LOH. We identified around 4.5 

millions SNVs and around 0.5 million indels in addition to around 3000 SVs 

including deletions, insertions and interchromosomal translocations (Table 2). These 

variations affect 1250 genes and the functional impact of these mutations is 

discussed later. 

Over 80% of the identified SNVs and short indels are common variations, which are 

also present in SNV catalogs such as dbSNP [171] and the 1000 genomes project 

dataset [113] and which reflect the proportion of the normal short variations 

exhibited by Henrietta Lacks’ genome still present in this cell line. The pool of 
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variants not present among common variants could be either Henrietta Lacks-

specific or HeLa-specific. The Henrietta Lacks’ genome would be an advantage to 

untangle the different groups of variants, but is unlikely to become available to 

researchers [31]. 

5.2.2 Why is copy number state 3 favored in HeLa? 

Most of the HeLa genome is present in 3 copies. This evolution compared to the 

normal diploid human state likely reflects the adaptation of HeLa to specific 

environmental conditions, which could have either taken place during cancer 

progression or decades of cell culture. Copy number variation has been recently 

suggested to be an important player in human evolution and adaptation [172]. The 

authors described how regions exhibiting CN changes are likely to initiate the 

formation of new genes that could enlarge the pool of genes susceptible to create 

positive selection in response to environmental changes. An analysis of CN state 

across multiple tumor types shows a near-triploid CN associated with a high 

mortality prognosis such as lung, pancreas, gastric and colon cancer [173]. CN 3 

seems to favor aggressive tumors and have to some extent a role in fast proliferation 

and growth for cells grown in vitro. This feature could have been a property of the 

original tumor, described as extremely aggressive, and we can also speculate that it 

could be one of the reasons why these cells were the first to be successfully cultivated 

in vitro. However the question of how CN 3, and in general aneuploidy, could favor 

fast proliferation remains unanswered. 

5.2.3 Viral insertions 

The study presents the first potential set of 10 viral DNA integrations in the HeLa 

genome. This list compiles, on one hand the initial viral infection (namely the HPV 

infection), which most likely triggered the development of cervical cancer [174] and 

on the other hand, probably the result of years of genomic manipulation with 

integration of diverse viral vectors for experimental purposes such as the Herpes 

virus for example. The suspected presence of a sequence from the taterapox virus 

might also be du to genetic manipulation. Indeed this virus is part of the family of the 

poxviruses virus, which are commonly used in molecular biology to deliver genetic 
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material in cells (i.e. transduction) and usually contain an origin of replication, a 

multicloning site, and a selectable marker. A direct consequence of such integration 

could be the activation of expression of surrounding areas of the genome where the 

integration sites are localized could potentially impact cellular processes and could 

have repercussion at a phenotypic level. Instability of such inserts could also allow 

viral sequence to jump to one site to another and perturb locally the expression 

pattern of the corresponding genomic area. 

5.2.4 M-FISH reveals genomic instability in HeLa 

The M-FISH experiment reveals common rearrangements occurring in all cells 

tested, but it is also important to note that cell-specific events occur to quite a large 

extent (Figure 12). This observation reflects the great diversity of rearrangements 

occurring in HeLa and especially single-cell events. We assume that some of these 

chromosomal aberrations do not cause inviability but this could indicate a constant 

attempt at DNA shuffling, which could potentially provide a selective advantage for 

HeLa to respond faster to environmental changes. Although this indicates 

considerable heterogeneity among the cells sampled for these experiments, we do not 

observe such heterogeneity in our genomic analysis of CN, for example, indicating 

that the population of cells sequenced was indeed mostly homogeneous. 

5.2.5 HeLa vs. physiological range – lessons 
learned 

Our HeLa transcriptome data shows that only 20% of protein-coding genes are 

expressed in standard in vitro culture conditions. In Human, the Encyclopedia of 

DNA Elements (ENCODE) project analysed the repertoire of RNAs produced by 

human cells in order to describe in details functional elements buried in the human 

genome sequence. Their results [175] describe that the range of expression between 

the cell type and cell lines (including another HeLa cell line, i.e. HeLa-S3) is quite 

uniform and that more than 50% of the protein-coding genes are expressed across 14 

different human cell lines which is a higher proportion than what we find. The set of 

expressed genes is likely an essential subset for HeLa to be able to maintain 

proliferation. In addition, we found that only less than 2000 genes are more highly 
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expressed than the physiological range of the 16 different tissues from the Illumina 

BodyMap project (ENA number: ERP000546). The GO term enriched in this subset 

of genes are related to proliferation, transcription and DNA repair. The last term 

might indicate that even though HeLa displays a high level of chromosomal 

instability, specific DNA repair mechanisms are trying to compensate for the 

perturbations and minimize the damage. A closer examination of these pathways by 

integrating transcriptomic data and sequence variation data could highlight players 

involved and give rise to new insights of DNA repair mechanism. This aspect will be 

discussed in more detail in the next section. 

RNA sequencing protocol and analysis is still challenging. The library preparation 

contains steps, which can affect the analysis of those data. Regarding gene expression 

assessment, in theory, using a gene model and a set of mapped reads, the read counts 

can be summed up for each gene and the expression level can be deducted for every 

genes at this sequencing depth. The number of reads falling into gene exons  is a 

function of the length of the mRNA as well as the quantity of mRNA molecules 

present in the sample [176]. The reliability of the quantification of gene expression is 

correlated to the read mapping performance. The human genome contains repetitive 

and homologous regions, which cause mapping ambiguities and also add an 

additional complexity.  

5.2.6 Predicted non-functional proteins and 
impact on HeLa biology 

What are the functional implications of the extensive sequence variation we observe 

in the HeLa genome? Normal cells maintain and tightly control the availability of 

growth-inducing molecules, which drive the entry into and progression through the 

cell cycle. The deregulation of these controls is common in tumorigenesis [140]. 

Globally, the players involved in the cell cycle network are mostly expressed at higher 

level than the physiological range of expression (when comparing to the BodyMap 

data). In addition, more than a dozen genes involved in the cell cycle contain 

damaging NS mutations and are not expressed in HeLa, indicating inactivation of 

these players. Most of these genes are negative regulators for entry into different cell 

cycle phases, such as mitosis (WEE [162]), S phase (E2F ORC, MCM and CDC7 

[163]), G1 phase (P19 [164]). More global regulators are also part of this group, 
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including P53, P300, GADD45, TGFβ [165] and 14.3.3 protein complexes [166]). 

Altogether, these data suggest a potentially uncontrolled activation of the cell cycle 

leading to constant proliferation. 

Normally P53 integrates inputs that evaluate genomic damage and stress conditions 

and subsequently trigger apoptosis if the conditions are not optimal. P53 mutations 

are reported to happen in almost every type of cancer at varying frequencies (from 6% in 

cervix to 42% for specific ovarian cancer - IARC P53; release R15; [167]) and it is likely 

that these mutations and perhaps others in this pathway can be attributed to the 

tumor development in vivo. As observed in HeLa, a weaker P53 activity, due to an 

NS mutation, leads to inappropriate replication of cells, consequently allowing cells 

with genomic damages or inappropriate DNA content to replicate. In addition to this 

P53 alteration, the genes involved in DNA repair pathways are highly expressed 

compared to the physiological range of expression (Table 3), however each of these 

pathways contain at least one predicted non-functional gene (Figure 15 and Figure 

16). These observations suggest that HeLa is still able to sense the damage occurring 

in its DNA and tries to fix it by activating all dedicated pathways but they remain 

inefficient due to damaged components. Another possible explanation would be that 

the pathways are weakly preventing even worse damage from occurring. 

Over 1000 non-synonymous SNVs are predicted by SIFT to affect protein 

functionality and an enrichment of those SNVs in genes categorized in “sensory 

perception of chemical stimulus” probably reflects the deregulation of specific 

receptors and the constitutive activation of signaling pathway players operating 

downstream of these receptors. Mutations in negative-feedback mechanisms, which 

attenuate growth signaling, are therefore capable of enhancing proliferation. We 

observe in HeLa that an important integrator of such signals carries NS mutations in 

its sequence: the Ras oncoprotein. Mutations can affect its GTPase activity and then 

disrupt this negative-feedback mechanism resulting in constant activation of the 

signal transmission.  

Aside from the cell cycle and by integrating homozygous small indels and large 

deletions and insertions into the human genome, exons of 14 genes were disrupted. 

The gene group is formed of 5 pseudogenes, 3 RNA genes and 6 protein-coding 

genes. One of the genes affected is the alpha-tubulin (TUBA4B) protein. It is 

potentially a component of microtubules, which forms the spindle fibers for 
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separating chromosomes during mitosis. The disruption of such genes could, to some 

degree, affect missegregation of DNA material during this process. 

5.2.7 Chromothripsis and development of cancer 

Complex chromosomal rearrangements, referred to as chromothripsis [85], have 

recently been associated with 2–3% of all cancers, and specific examples have been 

described in many different cancer types [136,177-180]. This rather common 

phenomenon in cancer is also observed in HeLa. Two different interpretations of this 

observation could be made.  

The first view would consider chromothripsis as a cancer catalyst [137]. The impact 

of such a catastrophic single event is potentially far higher for the cell than the 

common progressive model of tumor development, which involves sequential 

mutational events randomly throughout the genome over time. The result of this 

large pattern of rearrangements or mutations might have triggered carcinogenesis 

pathways and resulted in Henrietta Lacks’ cancer. Another hypothesis would suggest 

that chromothripsis might have occurred over the years in cell culture and could 

potentially create new rearrangements in vitro.  

A mechanism by which chromothripsis arises [105] involving mitotic chromosome 

missegregation has been proposed. The Smc 1, Smc3, Separin, Securin, Polo protein 

family, Aurora B proteins, BubR1, Cdc14 and the anaphase-promoting 

complex/cyclosome (APC/C) protein complex are involved in cell spindle formation, 

the regulation of chromosome binding to spindle microtubules, guarantee spindle 

checkpoints, and enable daughter cells to achieve cytokinesis [181-184]. In HeLa, 

predicted NS SNVs and damaging NS SNVs have been localized in all the genes 

encoding the previously mentioned proteins, which could create anomalies during 

mitosis and a favorable environment for chromothripsis. As in vivo and in this 

context, the occurrence of chromothripsis could be seen as an evolutionary benefit 

for tumor-derived cell lines. It is hard to distinguish between the different 

hypotheses since we do not have access to Henrietta Lack's genome sequence. 

Independently of the origin of the phenomenon, there are clear indications of 

chromothripsis occurring on chromosome 11 in HeLa. This genomic interval also 

overlaps with regions presenting LOH and where tumor suppressor gene(s) have 

been predicted (11q13). These observations support a relationship between complex 
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chromosomal rearrangements and factors favoring cell development toward cancer 

phenotype and rapid proliferation. 

5.2.8 Loss of heterozygosity regions and cancer 

From our study, genomic instability is characteristic of the HeLa cell line. 

Aneuploidy is often caused by errors of chromosome segregation during mitosis. 

Some tumor cells are stably aneuploid and proliferate normally [185], however 

aneuploidy often results from chromosomal instability characterized by an increase 

in the rate of gain or loss of DNA material during cell division [186], using 

uncharacterized mechanisms. 

Some potential indications have been developed on how aneuploidy could have a role 

on genomic instability and mentioned three different directions [187]: aneuploidy 

could create protein disproportions and therefore stimulating genomic instability. A 

second hypothesis is that aneuploidy could promote loss of heterozygosity by 

duplicating DNA segments containing oncogenic alleles or allowing for the loss of the 

remaining wild-type copy of a tumor suppressor gene. An alternative explanation 

favors aneuploid cells to protect their DNA from deleterious mutations in essential 

and haplosufficient genes by allowing the cell to survive longer in order to 

accumulate crucial growth- promoting and transforming mutations. Overall, in 

HeLa, 23% of the genome exhibits LOH and therefore ¼ of the genome carries only 

one gene version, which can thus be easily impacted by disrupting events. 

5.2.9 Dosage compensation 

CN is expected to impact gene expression levels in a proportional manner unless 

dosage compensation occurs [188,189]. This mechanism plays an important role in 

Drosophila melanogaster. In this model and for autosomal genes, the expression of 

heterozygous loci is twofold less than the homozygous reference loci expression 

[190]. Our result shows, that in the genomic context of CN 3, the allelic ratio 2:1 is 

conserved and therefore either there is no dosage compensation or the compensation 

impacts all alleles equally and not very strongly. This finding also corroborates 

observations by Schlattl et al. [191], who evaluated the impact of CNVs on transcript 
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level across 129 individuals and found only 3 genes out of the 12 tested, possibly 

affected by dosage compensation.  

Potential lack of dosage compensation could contribute to protein imbalance 

observed in other aneuploidy cells in human [192]. It is proposed that cells respond 

to this protein overload by activation of autophagy to correct protein levels. The 

observation that genes exhibiting higher level of expression in HeLa are enriched in 

the GO term proteolysis could corroborate this hypothesis. 

5.3 What are the data useful for 

5.3.1 Use of the HeLa genome for molecular 
studies instead of the human reference 

When working with HeLa cells, scientists are currently limited to the use of the 

human reference genome since they lack more relevant sequence information about 

their cell line. This set of resources bridges the gap and provides for the first time a 

HeLa genome sequence available to anyone who requires specific sequence 

information in order to get insights about specific genes or the design of any 

experiment. The integration of high confidence sequence variation calls into the 

human reference genome constitutes a better representation of the genome of a 

HeLa cell.  

5.3.2 RNAi design and interpretation 

RNAi-based technology have been largely used with mammalian cells for studying 

gene function [193] and HeLa cells is frequently applied with these methods 

[54,57,58,194-202].  

Despite the publication of RNAi screen design guidance rules [203,204], large-scale 

RNAi screens tend to exhibit relatively high rates of false positives due to off-target 

effects and the possible reasons are still debated in the literature [205,206]. 

Commercial genome-wide RNAi libraries are designed based on the human reference 

genome and therefore the probes can overlap genomic variations between the two 

genomes. An example of such off-target effects has been discussed for the CABP7 

gene in our result section. The use of the HeLa genome sequence will enable better 

probe design and potentially reduce off-target effect. 
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The availability of genomic and transcriptomic data for HeLa might be useful to 

reinterpret data already produced using the cell line and could help anyone for the 

RNAi design for further experiments. This could apply to a larger extent to any 

model used for cell-based RNAi screens and filter any sequence variation, which 

could represent a potential off-target source.  

In HeLa, another layer of complexity for analyzing the data produced by RNAi 

screens is the CN variation along its genome. Despite the fact that we did not observe 

a general trend for dosage compensation in the expression levels of CN 3, 4 and 5 

regions, expression of certain genes may not be affected by CN variation. In the 

context of expression knockdown mediated by RNAi, the interpretation of expression 

value for a gene present more than twice in the genome has to be made carefully 

depending, for example, on the efficiency of the silencing for each copy by the RNAi 

probe. 

5.3.3 Recommendations for future studies 
involving HeLa 

Based on our observations in terms of genomic complexity and the narrow subset of 

genes still operating in HeLa, future molecular studies using this cell line, 

independently of their scale, should be carefully designed regarding the biological 

question asked, the experimental design and the interpretation of the results. Any 

experiment involving gene expression quantification should take into account CN for 

each specific gene. Genetic manipulation (gene replacement, integration) should be 

carefully validated to avoid incomplete penetrance of the genomic sequence, for 

example a case where a gene would have been replaced or deleted in 2 out of the 3 

copies of the original sequence. 

5.3.4 General comments on studies using cell lines 

Since 1952 and the establishment of the HeLa cell line, working with cell lines in 

research has offered a unique advantage in providing an infinite stock of cells, which 

continuously proliferate under standard in vitro conditions. 

Despite the extensive use of this particular cell line over the years, phenotypic and 

genotypic differences arise between clonal populations originating from the same cell 
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line. Different explanations for this phenomenon can be found. Firstly, cell lines 

naturally generate variants exhibiting phenotypic and genotypic differences from the 

original clone. If one of these subclones is a fast-grower, it will overtake the cell 

culture and will represent the largest proportion of the cell culture. Secondly, cells 

are subjected to different environmental conditions, which exert selection pressure 

on the variants and favor a subpopulation of variants better adapted to the 

environment. This mechanism has probably occurred for several decades and given 

rise to very different HeLa cell sublines. This is potentially also true for other cell 

lines grown indeterminately and passed between laboratories, which lost phenotypic 

and genomic traits from the original tumor. Those divergences can be exacerbated by 

genomic instability, as observed in HeLa and could likely affects other cancer cell 

lines due to the genomic features that they need to acquire in order to become 

tumoral.  

Cell lines can nonetheless remain very useful in the future given specific cell culture 

rules (for example limited number of passages, frozen cell stocks [207]). Based on 

our characterization of the HeLa genome, it seems that extra-precautions should be 

made when using any cell line and a full characterization at regular intervals would 

be recommended to ensure robust data and reliable results. 

Cell lines played an indispensible role in our understanding of biology and are still 

used by researchers to model human cells or human disease. They will become even 

more necessary in current efforts to bridge the gap between research and 

individualized therapies [208]. The production and the maintenance of those cell 

pools from individuals must be very standardized and controlled to avoid any 

phenotypic and/or genotypic changes from the native source. The recent 

development of induced pluripotent stem (iPS) cells could give a new impetus cell 

lines. iPS are the result of somatic cell reprogramming to an embryonic-like state 

with the potentiality to give rise to all differentiated cell lineages. This property 

seems to be associated with the epigenetic state of the cell comparable to embryonic 

stem cells [209]. Methods to achieve the transformation use transcription factors 

cocktails [209-213]. Among the possible applications of iPS [214], these cells can 

provide models for normal development , for cancer research and for human 

disease,. iPS-cell technology opens the production of cell lines from patients with 

various diseases [215]. Another application of iPS cells could be to model normal 

development in humans, which could help to understand disease mechanism and to 
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initiate and develop therapies in some cases [216]. The area of cancer research could 

also be impacted by the emergence of iPS cells. They can be derived from tumor cells 

in order to assess the importance of the genetic background of an individual 

developing the disease. iPS, therefore could be seen as the future of cell lines and 

could also benefit from the knowledge, established with “old” cell lines like HeLa, on 

the good practice of cell culture. 

5.4 Assembling an aberrant genome 

In order to characterize a genome, originated from human tumor cells, we performed 

deep sequencing and used the reads to establish a list of variants compare to the 

human reference genome. The standard approach that we used is to map the reads 

against the reference and extract positions where HeLa contains simple variant 

sequences. The fact that this HeLa genome contains a different copy number for 

most of its DNA segments complicate the analysis by adding another layer of 

complexity in order to reconstruct all haplotypes without any DNA information from 

Henrietta Lacks. 

Assembly could be potentially applied to short read sequences to align and overlap 

the DNA fragments of longer DNA distance to reconstruct the original sequence. The 

major problem for applying this approach is that DNA sequence reads may fit 

together in more than one way because of repetitive sequences within the genome. As 

the fraction of unique sequences increases with the read length, assembly would be a 

method of choice when eventually every sequence in the genome is unique.  

However, although there are established algorithms for de novo assembly from HTS 

shotgun data, which are based on overlap [217] or de Bruijn graphs [218-220], 

current approaches have limitations. Current assembly methods also typically ignore 

pre-existing information, such as a reference sequence or known variants. New 

development in de novo assembly algorithms, and especially an approach called 

Cortex [221], focused on detecting and characterizing genetic variation in one or 

more samples. This method, which extends classical de Bruijn graphs, could 

accommodate information from multiple samples, including one or more reference 

sequences and known variants and was already employed by the 1000 Genomes 

Project [113]. This new alternative approach might be tested on our dataset to try to 

reconstruct in more detail the genome of this cell line. 
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While HeLa is one of the most widely used model cell line for studying human 

cellular and molecular biology, a comprehensive characterization of its genome has 

not been described so far. Low-resolution cytogenetic approaches have highlighted 

the importance of the genetic rearrangements occurring in those cells [75]. We 

performed deep DNA and RNA sequencing in order to assess the mutational 

portfolio and the gene expression profile of a HeLa Kyoto cell line. We built the first 

HeLa genome and provide a list of resources directly usable for the community. In 

addition, the lists of SNVs, deletions, inversions and tandem duplications are made 

available for the community as well as the copy number along the HeLa genome. 

This set of information could be downloaded from public database repository for 

which all accession numbers can be found at this link3. 

In summary, more than 40 % of the genome is in 3 copies (Figure 9) and it contains a 

set of complex structural variants (Figure 10) including deletions, tandem 

duplications, inversions and translocations. We also emphasize the strong 

indications for the occurrence of chromothripsis (Figure 11) in the cell line. The 

multiple rearrangements observed during this analysis corroborate an extreme 

genomic instability, which is one of the main characteristics of cancer cells. We also 

present an integrative view combining SNVs predicted to impact directly the protein 

function, overlaid by gene expression levels, which give rise to numerous hypotheses 

on Hela cellular behavior. 

We investigate, in particular, the different DNA repair pathways and propose that 

despite an important genomic instability, which often leads to the occurrence of 

structural variants, HeLa is still able to sense the DNA damage and to activate gene 

expression for the players involved in DNA repair pathways (Figure 14, Figure 15 and 

Figure 16). Inside those pathways, we notice at least one player predicted to be non-

functional and therefore postulate that despite the activation of such pathways, they 

remain inefficient due to defective components. As a consequence of this inability to 

fix DNA abnormalities, severe sequence rearrangements could occur at a single cell 

level, as detected with M-FISH experiments. Nevertheless those events would confer 

specific growth advantage and therefore the appearance of subclonal populations, 

which is in opposition to what is perceived in the DNA segmentation analysis. Indeed 

while attributing a copy number state for each fragment of the genome, we could not 

isolate intermediate copy number states, confirming the homogeneity of the cell 

population. 
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The comprehensive view of this genome combined with transcription data (in 

standard conditions) enables to understand the biology underlying its phenotypic 

characteristics and the resource provided by this work could be a valuable resource 

to assess the genomic content or the standard expression profile of this cell line. The 

domains of application could be very wide, starting from low-throughput 

experiments of genes of interest to large-scale approaches such as genome-wide 

RNAi or proteomic screens, through analysis of specific pathways using HeLa cells.  

This is probably one of the first steps to catalog the differences between the human 

reference genome and the HeLa genome. In the future, the development of short-

read assembly technology might provide an alternative option to resolve in an even 

higher resolution to approach better the complexity of this genome. 
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Appendix A: SVs, CN, LOH along chromosomes 
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Appendix B: Viral insertions 

Chr Start End Strand 
Read 

support VirusType Virus mapped 

1 10002 10118 + 12 herpesvirus 
Human	  herpesvirus	  

6B,	  complete	  
genome 

1 10002 10118 + 12 herpesvirus Equid	  herpesvirus	  2,	  
complete	  genome 

1 10002 10118 + 12 herpesvirus 
Human	  herpesvirus	  

6A,	  complete	  
genome 

1 10002 10118 + 12 herpesvirus Human	  herpesvirus	  
7,	  complete	  genome 

1 10002 10118 + 12 herpesvirus Gallid	  herpesvirus	  2,	  
complete	  genome 

1 10002 10118 + 12 herpesvirus Gallid	  herpesvirus	  3,	  
complete	  genome 

1 10002 10118 + 12 herpesvirus 
Meleagrid	  

herpesvirus	  1,	  
complete	  genome 

1 10002 10118 + 12 herpesvirus Ovine	  herpesvirus	  2,	  
complete	  genome 

1 10002 10118 + 12 herpesvirus Cyprinid	  herpesvirus	  
3,	  complete	  genome 

1 10002 10118 + 12 herpesvirus 
Saimiriine	  

herpesvirus	  1,	  
complete	  genome 

8 128189764 128190032 -‐ 552 papillomavirus 
Human	  

papillomavirus	  -‐	  18,	  
complete	  genome 

8 128189764 128190032 -‐ 552 papillomavirus 
Human	  

papillomavirus	  type	  
32,	  complete	  genome 

8 128192272 128192499 + 23 papillomavirus 
Human	  

papillomavirus	  -‐	  18,	  
complete	  genome 

8 128193167 128193435 + 174 papillomavirus 
Human	  

papillomavirus	  -‐	  18,	  
complete	  genome 

8 128200419 128200690 + 163 papillomavirus 
Human	  

papillomavirus	  -‐	  18,	  
complete	  genome 

12 49659073 49659136 -‐ 6 herpesvirus Human	  herpesvirus	  
5,	  complete	  genome 
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Chr	   Start	   End	   Strand	   Read 
support	   VirusType	   Virus mapped	  

12 95467 95567 + 9 herpesvirus Human	  herpesvirus	  
6B,	  complete	  genome 

12 95467 95567 + 9 herpesvirus Human	  herpesvirus	  
6A,	  complete	  genome 

12 95467 95567 + 9 herpesvirus Human	  herpesvirus	  7,	  
complete	  genome 

12 95467 95567 + 9 herpesvirus Gallid	  herpesvirus	  2,	  
complete	  genome 

12 95467 95567 + 9 herpesvirus Gallid	  herpesvirus	  3,	  
complete	  genome 

12 95467 95567 + 9 herpesvirus Meleagrid	  herpesvirus	  
1,	  complete	  genome 

12 95467 95567 + 9 herpesvirus Cyprinid	  herpesvirus	  
3,	  complete	  genome 

13 19648667 19648780 + 7 poxvirus Taterapox	  virus,	  
complete	  genome 

13 19649043 19649209 -‐ 8 poxvirus Taterapox	  virus,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Human	  herpesvirus	  
6B,	  complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Equid	  herpesvirus	  2,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Human	  herpesvirus	  
6A,	  complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Human	  herpesvirus	  7,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Gallid	  herpesvirus	  2,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Gallid	  herpesvirus	  3,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Meleagrid	  herpesvirus	  
1,	  complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Ovine	  herpesvirus	  2,	  
complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Cyprinid	  herpesvirus	  
3,	  complete	  genome 

X 155185203 155185362 -‐ 8 herpesvirus Saimiriine	  herpesvirus	  
1,	  complete	  genome 
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Accession numbers are available on our website: 
http://steinmetzlab.embl.de/helaseq/  
Username: helaseq 
Password: helaseq 
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