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ABSTRACT 

Ovarian cancer is one of the most common gynecological malignancies in the world. The 

prevalence of a microbial signature in ovarian cancer has been reported by several studies till date. 

In these microorganisms, Human herpesvirus 6 (HHV-6) and Chlamydia trachomatis (C.tr) are 

especially important as they have significantly high prevalence rate. Moreover, these pathogens 

are directly involved in causing DNA damage and thereby disrupting the integrity of host genome 

which is the underlying cause of any cancer. 

This study focuses on how the two pathogens, HHV-6 and C. trachomatis can affect the genome 

integrity in their individual capacities and thereby may drive ovarian epithelial cells towards 

transformation. HHV-6 has unique tendency to integrate its genome into the host genome at sub-

telomeric regions and achieve a state of latency. This latent virus may get reactivated during the 

course of life by stress, drugs such as steroids, during transplantation, pregnancy etc. The study 

presented here began with an interesting observation wherein the direct repeat (DR) sequences 

flanking the ends of double stranded viral genome were found in unusually high numbers in human 

blood samples as opposed to normal ratio of two DR copies per viral genome. This study was 

corroborated with in vitro data where cell lines were generated to mimic the HHV-6 status in 

human samples. The same observation of unusually high DR copies was found in these cell lines 

as well. 

Interestingly, fluorescence in situ hybridization (FISH) and inverse polymerase chain reaction 

followed by southern blotting showed that DR sequences were found to be integrated in non-

telomeric regions as opposed to the usual sub-telomeric integration sites in both human samples 

and in cell lines. Sanger sequencing confirmed the non-telomeric integration of viral DR sequences 

in the host genome. 
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Several studies have shown that C. trachomatis causes DNA damage and inhibits the signaling 

cascade of DNA damage response. However, the effect of C. trachomatis infection on process of 

DNA repair itself was not addressed. In this study, the effect of C. trachomatis infection on host 

base excision repair (BER) has been addressed. Base excision repair is a pathway which is 

responsible for replacing the oxidized bases with new undamaged ones. Interestingly, it was found 

that C. trachomatis infection downregulated polymerase β expression and attenuated polymerase 

β- mediated BER in vitro. The mechanism of the polymerase β downregulation was found to be 

associated with the changes in the host microRNAs and downregulation of tumor suppressor, p53. 

MicroRNA-499 which has a binding site in the polymerase β 3’UTR was shown to be upregulated 

during C. trachomatis infection. Inhibition of miR-499 using synthetic miR-499 inhibitor indeed 

improved the repair efficiency during C. trachomatis infection in the in vitro repair assay. 

Moreover, p53 transcriptionally regulates polymerase β and stabilizing p53 during C. trachomatis 

infection enhanced the repair efficiency. 

Previous studies have shown that C. trachomatis can reactivate latent HHV-6. Therefore, genomic 

instability due to insertions of unstable ‘transposon-like’ HHV-6 DR followed by compromised 

BER during C. trachomatis infection cumulatively support the hypothesis of pathogenic infections 

as a probable cause of ovarian cancer. 
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ZUSAMMENFASSUNG 

Eierstockkrebs ist eine der häufigsten gynäkologischen Bösartigkeiten weltweit. Bis heute haben 

verschiedene Studien gezeigt, dass bei Eierstockkrebs eine mikrobiologische Signatur 

vorherrschen kann. Unter diesen Mikroorganismen spielen das Humane Herpesvirus 6 (HHV-6) 

und Chlamydia trachomatis (C.tr) eine besonders wichtige Rolle, da sie mit einer hohen 

Signifikanz bei betroffenen Patienten vorkommen. Zudem können diese Pathogene DNA Schäden 

verursachen und damit die Integrität des Genoms zerstören, was die Grundlage jeder 

Krebsentstehung darstellt.  

Diese Studie fokussiert sich darauf, wie die beiden Pathogene HHV-6 und C. trachomatis die 

Genom Integrität beeinflussen und dadurch die Transformation ovarialer Epithelzellen antreiben 

können. HHV-6 besitzt die einzigartige Neigung sich an der Subtelomer-Region in das Genom des 

Wirts zu integrieren und einen latenten Zustand zu erreichen. Dieser latente Virus kann während 

verschiedener Lebensphasen reaktiviert werden, wie durch Stress, Pharmaka (z.B. Steroide) und 

während Transplantationen oder Schwangerschaften. Die hier beschriebene Studie begann mit 

einer interessanten Beobachtung, bei der menschliche Blutproben eine ungewöhnlich hohe Anzahl 

an sogenannten direct repeat (DR) Sequenzen, die die Enden des doppelsträngigen Virus Genoms 

flankieren, aufwiesen, verglichen mit der normalen Rate der DR Kopien pro Virus Genom. 

Bestätigt wurde diese Beobachtung durch in vitro Daten, wofür Zelllinien generiert wurden, um 

den HHV-6 Wert in menschlichen Proben zu imitieren.  

Interessanterweise konnten nachfolgende Experimente zeigen, dass die DR Sequenzen sowohl in 

menschlichen Proben als auch in Zelllinien-Proben, nicht in Subtelomer-Regionen integriert 
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waren. Durch Sanger Sequenzierung konnte die Integration der viralen DR Sequenzen außerhalb 

von Telomer Regionen in das Genom nachgewiesen werden.  

Verschiedene Studien konnten zeigen, dass C. trachomatis DNA Schäden verursacht und die 

Signal Kaskade von Antworten auf DNA-Schädigungen inhibiert. Allerdings wurde die 

Auswirkung einer C. trachomatis Infektion auf den Prozess der DNA Reparatur selbst noch nicht 

behandelt. In dieser Studie wird die Auswirkung einer C. trachomatis Infektion auf Basen-

Exzisionsreparatur (BER) thematisiert. Basen-Exzisionsreparatur ist ein Mechanismus, der dafür 

verantwortlich ist oxidierte Basen mit Unbeschädigten auszutauschen. Interessanterweise wurde 

herausgefunden, dass während einer C. trachomatis Infektion die Expression von Polymerase β 

herunterreguliert ist und dadurch die Polymerase β-vermittelte Basen-Exzisionsreparatur in vitro 

gestoppt wird. Der Mechanismus der Herunterregulierung von Polymerase β konnte mit 

Veränderungen in der microRNA des Wirts und mit einer Herunterregulierung des 

Tumorsuppressors p53 assoziiert werden. MicroRNA-499, die eine Bindungsstelle an der 

Polymerase β 3’UTR besitzt, wird während einer C. trachomatis Infektion hochreguliert. In vitro 

Reparatur-Assays haben gezeigt, dass die Reparatur-Effizienz während einer C. trachomatis 

Infektion durch die Inhibition von miR-499 tatsächlich verbessert wird. Darüber hinaus reguliert 

p53 auf transkriptioneller Ebene Polymerase β und eine Stabilisierung von p53 während einer C. 

trachomatis Infektion verbesserte die Reparatur-Effizienz.  

Vorangegangene Studien haben gezeigt, dass C. trachomatis die latente Form von HHV-6 

reaktiveren kann. Deshalb unterstützt die genomische Instabilität aufgrund einer Insertion von 

unstabilen `transposon-ähnlichen‘ HHV-6 DR, gefolgt von komprimierter BER während einer C. 

trachomatis Infektion, zunehmend die Hypothese, dass eine pathogene Infektion ein vermutlicher 

Auslöser von Eierstockkrebs ist. 
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1. INTRODUCTION 
 

1.1 Ovarian Cancer 
 

1.1.1 Overview of Ovarian Cancer 

Ovarian cancer is one of the most lethal gynecological malignancies with an extremely poor 5-

year survival expectancy worldwide. It is the fifth most common type of cancer occurring in the 

human population globally. Although 80% of the ovarian cancer cases are symptomatic when the 

cancer is still limited to the ovaries, these symptoms are often mistaken for gastrointestinal, 

genitourinary or other gynecological problems. Hence, ovarian cancer is often termed as a ‘silent 

killer’ (Goff et al., 2000). Another feature about ovarian cancer which makes it more formidable 

than other cancers is the anatomy of ovaries. The ovaries do not have an anatomical barrier to limit 

the metastasis in the near peritoneal cavity. Moreover, despite the medical advancements, only 

20% of ovarian cancer cases are diagnosed when the cancer is limited to the ovaries (Berek et al., 

2015). This makes it very important to identify biomarkers suggesting ovarian cancer. 

Although ovarian cancer can develop from germ cells or granulosa cells, nearly 90% of the ovarian 

cancers are epithelial in origin and are believed to develop from ovarian surface epithelium or 

epithelial lining of the inclusion cyst (Feeley et al., 2001). The molecular and physiological 

underpinnings of ovarian cancer development are discussed in the following sections. 

1.1.2 Molecular Pathogenesis of Ovarian Cancer 

The hallmarks of any cancer are the capabilities acquired by normal cells in order to become 

immortal or metastatic and achieve continuous growth. These hallmarks form the organizing 

principle which differentiates normal cells from cancer cells. Briefly, these hallmarks are – 

proliferative signaling, evading apoptosis, evading growth suppressors, replicative immortality, 
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angiogenesis and finally, invasion and metastasis (Hanahan and Weinberg, 2011). These hallmarks 

stand true for ovarian cancer as well and are discussed in more detail in the following section. 

Proliferative signaling- In rare cases of ovarian cancer there is overexpression of epidermal 

growth factor receptor (EGFR) or human epidermal growth factor receptor (HER2) due to 

mutations (Bookman et al., 2003; Gordon et al., 2005). However, in more than 70% of the cases 

phosphoinositide 3 kinase (PI3K) pathway is activated. The PI3K pathway is an important signal 

transduction system which has key regulatory roles in cell survival, proliferation and 

differentiation (Vivanco and Sawyers, 2002). The PI3K pathway is activated by activating 

mutations in the PI3K catalytic subunit α (PI3KA), or its overexpression. This pathway is also 

activated by inactivating mutations in the tumor suppressor phosphatase and tensin homolog 

(PTEN) which is its negative regulator (Vivanco and Sawyers, 2002). In many cancers, the 

pathway is also activated by signaling through protein tyrosine kinase growth receptors. In most 

ovarian cancers, interleukin IL-6 is also overexpressed which in turn activates Janus kinase 2 

(JAK2) which induces phosphorylation and nuclear translocation of signal transducer and activator 

of transcription 3 (STAT3). STAT3 is a transcription factor and is translocated to the nucleus in 

more than 70% of ovarian cancer case (Bast et al., 2009). 

Apoptosis- In more than 50% of ovarian cancer cases, mutation in the TP53 gene causing a 

defective p53 protein have been reported (Berchuck et al., 1994; Havrilesky et al., 2003). Tumor 

suppressor, p53, is not only essential in apoptotic signaling but also plays an important role in 

several DNA repair pathways. Germline mutations in DNA repair proteins encoded by breast 

cancer genes BRCA1 and BRCA2 also account for 10-15% of ovarian cancers (Lancaster et al., 

1996). Invasive epithelial ovarian cancers are resistant to pro-apoptotic receptor CD95-mediated 

signaling. These cancers also display high expression of anti-apoptotic proteins like Bcl-2 and Bcl-
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XL (Schuyer et al., 2001). Transforming growth factor β (TGF-β) mediates growth inhibition in 

normal ovarian epithelial cells which is lost in roughly 40% of ovarian epithelial cancers (Bast et 

al., 2009). 

Replicative immortality, angiogenesis and invasion and metastasis- STAT3, which is 

upregulated in ovarian cancer, initiates proliferative signaling and inhibits apoptosis and induces 

angiogenesis. Upregulation of cyclins D1, E1 and E2F1, cyclin dependent kinases (CDK) and 

downregulation of CDK inhibitors like p16, p21 and p27 have been reported in several cases of 

ovarian cancer (Reimer et al., 2006). STAT3, stress hormones like adrenaline, noradrenaline, 

cortisol mediated upregulation of matrix metalloproteinase 2 (MMP2), MMP9 and transmembrane 

glycosylated protein CA-125 (cancer antigen 125) are highly overexpressed in ovarian cancer and 

contribute to invasion (Sood et al., 2006). Interleukins IL-6, IL-8 and fibroblast growth factor 

(FGF2) promote angiogenesis and are also upregulated in ovarian cancer (Davidson et al., 2001). 

1.1.3 Physiological Origin of Ovarian Cancer 

While early studies suggested incessant ovulation as the only contributing mechanism of ovarian 

cancer, recent studies have identified additional non-ovarian origins as well. The details of these 

hypotheses are summarized in the following section. 

Incessant ovulation- The process of ovulation involves follicular rupture and release of the oocyte. 

This results in release of several proinflammatory cytokines, prostaglandins and potentially 

mutagenic oxidative stress and thereby may cause genomic instability. This led to the hypothesis 

of repetitive ovulation being the cause of ovarian cancer (Hunn J and Rodriguez GC., 2012). This 

hypothesis was also supported by several epidemiological studies (Fathalla, 2013). 
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Fimbria associated ovarian cancer- Initially, it was assumed that all ovarian cancers originated 

from the ovaries and hence the fallopian tubes were not carefully examined in cases with ovarian 

carcinoma. However, after careful in situ examination of fallopian tubes it was observed that small 

invasive tubal carcinomas were present in women with predisposition to ovarian cancer 

development (Kurman and Shih, 2010). This led to the belief that fallopian tube carcinoma was 

indeed associated with ovarian carcinoma and the hypothesis that ovarian carcinoma might 

develop because of implantation of malignant cells from the fallopian tubes into the ovaries. 

Moreover, subsequent follow-up studies demonstrated the association of serous tubal 

intraepithelial carcinoma (STIC) with nearly 70% of sporadic or non-hereditary cases of ovarian 

cancer. Since STIC is almost always detected in fimbria, these observations suggested fimbria as 

an origin of ovarian cancer (Kurman and Shih, 2011). 

 

Figure 1.1. Hypotheses explaining the origin of ovarian cancer (A) Incessant ovulation- During 
normal ovulation epithelial cells are often damaged and subsequently repaired. Repeated 
ovulations make them more prone to acquire mutations. (B) The cells lining the fallopian tubes, 
especially the fimbrial cells become mutagenic because of oxidative stress and are implanted in 
the ovary due to their close proximity. (C) During endometriosis, the mutagenic cells travel in the 
opposite direction due to retrograde menstruation and are implanted in the ovary. Adapted from 
(Kurman and Shih, 2011). 
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Endometrium associated ovarian cancer- Endometriosis occurs when endometrium, the tissue 

lining the inside of the uterus grows outside the uterus. It occurs in roughly 10% of women 

worldwide and is associated risk factor of epithelial ovarian cancer (Anglesio et al., 2015). 

Endometriosis coexists with ovarian cancer and whole genome sequencing suggests a clonal 

relationship between multiple physically distinct endometrial lesions hinting at a common mobile 

precursor for these lesions (Anglesio et al., 2015). The clonal relationship between endometriosis 

and ovarian cancer also corroborates this finding (Anglesio et al., 2016). 

Thus, several hypotheses, high throughput studies and epidemiological studies suggest a strong 

plausibility of extra ovarian tissue to be an origin of ovarian cancer alongside the well-established 

incessant ovulation hypothesis. 

1.1.4 Microbial Signatures in Ovarian Cancer 

Ovarian cancer is particularly lethal as most of the cases are diagnosed at a later stage and the 

symptoms are synonymous with those of other gynecological malignancies. Hence, finding a 

verified biomarker for the early onset as well the duration of the disease is of utmost importance. 

Epidemiological studies have shown association of sexually transmitted bacterial pathogens such 

as Chlamydia trachomatis and Mycoplasma genitalium but not of Neisseria gonorrhoeae in 

ovarian cancer (Idahl et al., 2010). However, there have been contradictory studies demonstrating 

the presence of IgG antibodies against C. trachomatis in ovarian cancer patients (Ness et al., 2008; 

Ness and Cottreau, 1999). Although, clear association of C. trachomatis in ovarian cancer is still 

debated, studies have shown association of C. trachomatis with pelvic inflammatory disease (PID) 

and tubal factor infertility (TFI) which are in turn linked with ovarian cancer (Risch and Howe, 

1995; Weström and Wölner-Hanssen, 1993). A recent microarray based study by Banerjee et al 
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showed the presence of several bacterial and viral pathogens in ovarian cancer samples compared 

to matched (non-cancerous tissue adjacent to the tumor tissue) and unmatched controls (healthy 

control). This study shows the presence of C. trachomatis in 3% of the ovarian cancers. Several 

viral signatures were also identified in the same study including the herpesviruses HPV-16, HPV-

18, HHV6A, HHV-6B, HHV-7 and KSHV (Banerjee et al., 2017). Presence of HHV-6A and 

HHV-6B in ovarian cancer was not reported before. In the same study, the genome sequences 

binding to the probes employed in the microarray were captured, amplified and subjected to next 

generation sequencing to identify the sites of viral insertions within the human chromosomes. 

Interestingly, HHV-6A and HHV-6B which is known to integrate in the telomeric regions of the 

human chromosomes was found in non-telomeric regions of different chromosomes in different 

samples. The coding sequence of U47 gene encoding the envelop glycoprotein O which is essential 

for morphogenesis of the virus was identified to be integrated in these regions. The details of these 

insertions are summarized in Table 1.1. 

Gene Chromosome Location 

SH3RF2 5 intronic 

ZNF616 19 intronic 

SYNDIG1 20 intronic 

CPLX1 4 intronic 

OR5I1 11 exonic 

DPY19L1 7 downstream 

LHX1* 7 intergenic-58 Kb upstream 

IGFBP3 7 intergenic- 25 Kb upstream 

 

Table 1.1. List of genes affected by HHV-6 integration in ovarian cancer samples including 
the site of integration. *All of the genes affected due to viral insertion, except LHX1 were 
associated significantly with various cancers (Banerjee et al., 2017). 
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1.2 Human herpesvirus 6 
 

HHV-6 is a common betaherpesvirus infecting nearly every individual in early childhood. It causes 

a benign disease called ‘exanthema subitum’ which is characterized by a typical mild rash. It is 

genetically similar to human cytomegalovirus (HCMV) and can be sub-categorized into two 

species- HHV-6A and HHV-6B (Ablashi et al., 1993). This virus has a unique capability to 

integrate its DNA covalently in the sub-telomeric region of host chromosomes (ciHHV-6) and 

thereby maintain lifelong latency (Arbuckle et al., 2010). HHV-6 can integrate in the germ cells 

and can be transferred to the subsequent generations in a Mendelian fashion. The inherited viral 

DNA will be present in every nucleated cell of the individual and this condition is termed as 

inherited chromosomally integrated HHV-6 or iciHHV-6. It occurs in roughly 1% of the general 

population (Hall et al., 2017).  

1.2.1 Discovery and Classification of HHV-6 

HHV-6 was isolated from patients with lymphoproliferative disorders and AIDS in 1986 

(Salahuddin et al., 2000). Electron microscopy studies revealed the structure of the virus to be 

icosahedral surrounded by tegument inside an enveloped particle of approximately 200 nm 

diameter. This was a characteristic morphology of herpesviruses (Biberfeld et al., 1987). In 1990, 

based on biological and genetic properties, this virus was classified in to Herpesviridae family, 

Betaherpesvirinae subfamily and Roseolovirus genus (Frenkel et al., 1990). After classification of 

HHV-6 many other strains were subsequently isolated from patients around the world. These 

strains were carefully studied and based on specific genetic and phenotypic properties these strains 

were further sub categorized into two variants HHV-6A and HHV-6B. HHV-6 is used as a general 

term and collectively refers to the two species (Agut et al., 2015). 
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1.2.2 Genome Organization of HHV-6 

HHV-6 genome is a linear double stranded DNA consisting of a 143-145 kb long unique (U) region 

which is flanked by identical direct repeat sequences (DRL and DRR) on each end of the unique 

region. The direct repeat sequences are approximately 8 kb in length and thus the total length of 

the HHV-6 genome is about 160 kb-170 kb (Figure 1.2). 

DR (DRL and DRR) sequences have a unique cleavage packaging motif (pac-1 and pac-2) on each 

side and repeats of hexameric repeat sequences- GGGTTA. The sequences adjacent to the ‘pac’ 

sequences are related to human telomeric repeat sequences (TRS) (Braun et al., 1997). Pac-1 has 

TRS repeats which are separated by different nucleotide sequences and hence termed as 

heterogenous TRS repeats or het(GGGTTA) whereas the pac-2 has perfect hexameric GGGTTA 

repeats. These direct repeat sequences (DR) play an important role in the chromosomal integration 

of HHV-6 within the sub-telomeric regions of human chromosomes (ciHHV-6) (Arbuckle et al., 

2010). It is believed that HHV-6 integrates by homologous recombination between pac-2 

sequences of the DRR and telomeric sequences of human chromosomes (Wallaschek et al., 2016). 

 

Figure 1.2. Schematic representation of HHV-6 genome. The double stranded viral genomic 
DNA is classified into different ORFS. It encodes for viral genes in the unique region (U1-U100) 
which is flanked by direct repeats to the right and left (DRR and DRL). The DR regions consist of 
perfect (pac2) and imperfect (pac1) hexameric repeats (GGGTTA)n 
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HHV-6 encodes around 100 ORFs in the unique region, the genes are designated as U1, U2, U3 

up to U100 and 7 ORFs in the DR region where the genes are designated as DR1 to DR7. Some 

of the genes are conserved between the Roseolovirus genus. Whereas some of the genes are 

specific to HHV-6. The unique region consists of genes encoding viral proteins such as immediate 

early proteins (IE-1 and IE-2), structural glycoproteins (gH, gB, gQ1) etc. involved in viral 

replication cycle. These genes are clustered systematically in two to eight ORFs and form the 

central part of the unique region (Gompels et al., 1995).  

1.2.3 Replication Cycle of HHV-6 

Although HHV-6 infects many different cell types in vitro, it prefers CD4+ T cells for active 

replication (De Bolle et al., 2005). HHV-6A uses the CD46 receptor which is ubiquitously present 

on all nucleated human cell membranes as a receptor whereas HHV-6B uses a more specific 

CD134, a member of tumor necrosis factor (TNF) superfamily which is present exclusively on 

activated T cells (Santoro et al., 1999; Tang et al., 2013). Apart from CD4+ lymphocytes, HHV-

6A can infect CD8+ lymphocytes, natural killer cells, fibroblasts, epithelial cells, endothelial cells 

and astrocytes (Agut et al., 2015). Thus, HHV-6A more efficiently infects different cell types as 

compared to HHV-6B. 

The first step in the replication cycle is marked by the binding of HHV-6 to its cellular receptor by 

means of a tetrameric protein complex composed of viral glycoproteins gH, gL, gQ1 and gQ2 

(Tipples and Pellett, 2015). After attachment, the viral envelop is fused to the cell membrane and 

the nucleocapsid is released in the cytoplasm. It transverses to the nucleus via the microtubule 

network and releases the viral DNA in the nucleoplasm.  After release of the DNA, the immediate 

early viral genes IE-1 and IE-2 are transcribed irrespective of the host cell protein synthesis. 

Following this, early (E) genes encoding enzymes such as those required for replication of the 
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virus like phosphotransferase, ribonucleotide reductase, uracil DNA glycosylase, DNA 

polymerase, polymerase processivity factor, origin binding protein, helicase and primase are 

transcribed (Tipples and Pellett, 2015). These enzymes favor the replication of viral DNA. 

Subsequently, the late genes encoding the packaging proteins and other structural proteins are 

transcribed (Tipples and Pellett, 2015). HHV-6 DNA replicates by the rolling circle mechanism 

(Agut et al., 2015). The replicated viral DNA is produced in the form of concatemers which are 

then cleaved and packaged according to the cleavage and packaging signals in the DRL and DRR 

regions. The capsid exits the nucleus and the final envelop made of viral glycoproteins is 

assembled in the Golgi apparatus followed by exocytosis. This entire process of infection and 

release of progeny virus takes up to 3 days (Agut et al., 2015). 

1.2.4 Chromosomal Integration of HHV-6 (ciHHV-6) 

The Betaherpesvirinae subfamily has four viruses including HHV-6A, HHV-6B, HHV-7 and 

HCMV. Out of these Roseolovirus genus viruses- HHV-6/B and HHV-7 are unique in their 

capability of maintaining a lifelong latency by integrating their DNA in the sub-telomeric regions 

of human chromosomes (Morissette and Flamand, 2010). This condition of chromosomally 

integrated HHV-6 (ciHHV-6) occurs in about 1% of the general population because of the covalent 

linking of viral and human DNA by homologous recombination between the telomeric repeat 

sequences present in the genomes of virus and human origin (Daibata et al., 1999). It is 

hypothesized that homologous recombination occurs between the perfect telomeric repeats present 

in the pac-2 signal in the DRR and the telomeric sequences present in the human chromosomes. 

Most of the characterized ciHHV-6 genomes have a similar arrangement with the DRR near the 

centromere end whereas the DRL is positioned at the telomeric end of the chromosome. Integration 

of viral DNA via homologous recombination results in loss of DRR-pac-2 signal. Studies have 
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shown that HHV-6 can integrate in the gametes both in vitro and in vivo and can result in 

inheritance of ciHHV-6 (Arbuckle et al., 2010; Hall et al., 2008). This inherited ciHHV-6 is passed 

on to the next generations in a Mendelian fashion and each of the new born harbors one copy of 

HHV-6 per nucleated cell (Pantry and Medveczky, 2017). This is most common mode of 

congenital transmission of HHV-6 

Several hypotheses have been put forth till now explaining the mechanisms of viral integration. 

Studies have shown that the telomeric repeat sequences (T1 and T2) within the direct repeats (DR) 

are of utmost importance in process of viral integration (Wallaschek et al., 2016). One of the 

possible mechanism is during the break induced repair of host chromosomes caused by blockages 

such as G quadruplexes (G4) structure (Collin and Flamand, 2017). The open 3’ end of the host 

chromosomes recruits Rad51 protein which searches for proximal homologous strands. Rad51 

invades the direct repeat sequences in the HHV-6 genome if it is in the proximity thereby 

displacing one strand of the HHV-6 and allowing synthesis of the complementary strand (Collin 

and Flamand, 2017). The other mechanism is based on single stranded annealing (SSA) 

mechanism. SSA activation leads to alignment of the viral and human DNA in the direction of 

complementarity. This is followed by binding of the replication protein A (RPA) to the 3’ end of 

both the genomes. RPA later recruits Rad52 which pairs the two genomes followed by synthesizing 

one of the viral strands (Collin and Flamand, 2017).  

1.2.5 ciHHV-6 Reactivation and Disease 

The first step in ciHHV-6 reactivation is excision of the viral genome from the host chromosomes 

followed by replication and transcription. The excision of viral genome from the human telomeric 

region is shown to occur by a telomeric circle or t-circle formation mechanism. 



INTRODUCTION 

30 
 

The telomeric circle formation can be explained by two models, the so-called single t-loop model 

and double t-loop model (Prusty et al., 2013a; Wood and Royle, 2017). In the double t-loop model, 

a short loop with one DRL sequence and a long loop with unique region (U) and the other DRR are 

formed resulting in excision of two circular genomes of viral origin (Figure 1.3 I). The short loop 

formation begins when the 3’ telomeric overhang invades the perfect (TTAGGG) repeats in the 

DRR sequence. This results in excision of a double stranded circular molecule containing DRL 

which is processed by the normal telomere processing assembly (Figure 1.3 a). The formation of 

the long loop begins when the remaining truncated DRL T2 is elongated and recombines with the 

perfect TTAGGG repeats in the DRR T2 sequence resulting in excision of viral genome with DRR 

(Figure 1.3 b) (Wood and Royle, 2017). In the single t-loop model (Figure 1.3 II), homologous 

recombination between imperfect (TTAGGG)n sequences in the DRL T1 and DRR T1 occurs 

leading to excision of the viral genome with unique (U) region and only one DR (DRL) region 

(Figure 1.3 e). The DRR remains in the host chromosome (Figure 1.3 f).  

ciHHV-6 is implicated as a causative agent in a wide range of diseases. Reactivation of ciHHV-6 

was shown to be associated with angina pectoris (Gravel et al., 2015), heart failure (Kühl et al., 

2015), adrenocorticoid tumors (Pinto et al., 2015), miscarriage in pregnant women (Drago et al., 

2014; Ohashi et al., 2002), severe encephalitis (Ogata et al., 2017), Alzheimer’s disease (Carbone 

et al., 2014) and abnormalities in transplant patients (Ogata et al., 2015). Das et al demonstrated 

that the female steroid hormone, progesterone, can cause reactivation of ciHHV-6 in pregnant 

women and the subsequent miscarriage due to reactivation can be avoided by avoiding 

progesterone from the prescribed therapy (Das et al., 2016). 
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Figure 1.3. Schematic representation of different models of ciHHV-6 reactivation.  On the 
left, in the double t-loop model, double t-loops are formed. First, a t-loop is formed between DRL 
T1 and DRL T2 giving rise to excision of circular DRL (a). The DRL T2 then forms the second t-
loop with DRR T2 leading to excision of HHV-6 genome containing DRR (c). On the right, in the 
single t-loop model, a single t-loop forms between T1 repeats of DRL and DRR. This leads to 
excision of entire HHV-6 genome with a single DR- DRL (e). DRR, however, remains integrated 
in the host genome (f). Adapted from (Wood and Royle, 2017). 

 

Prusty et al showed that C. trachomatis infection of the blood cells derived from ciHHV-6 patients 

can cause the formation of extra-chromosomal HHV-6 DNA followed by its replication (Prusty et 

al., 2013a). In a later study, it was shown that C. trachomatis causes this reactivation of ciHHV-6 

by telomeric circle formation (Prusty et al., 2013b). Till date, only this telomeric circle model 

exists as a plausible explanation for the mechanism of excision of ciHHV-6 genome from human 

chromosomes. 
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1.3 Chlamydia trachomatis 
 

The most common bacterial sexually transmitted infection worldwide is caused by Chlamydia 

trachomatis. Nearly 131 million new cases of C. trachomatis infection in adults and adolescents 

in the age range of 15-49 years are recorded annually (Reyburn, 2016). The prevalence rate of this 

infection is higher in women (4.2%) as compared to men (2.7%). It causes urethritis in men and 

cervicitis, endometritis and urethritis in women. Genital infections are asymptomatic in 70% of 

the infected women. It causes complications such as pelvic inflammatory disease (PID), increased 

risk for cervical carcinoma and infection related complications during pregnancy (Reyburn, 2016). 

C. trachomatis is an obligatory intracellular, Gram-negative bacterium which belongs to the 

phylum Chlamydiae and family Chlamydiaceae. The family comprises of 11 different species, 

collectively called ‘Chlamydiae’ which infects a wide range of organisms from amoeba to humans. 

Chlamydia psittaci is an avian pathogen which can infect humans, Chlamydia muridarum is a 

mouse pathogen whereas Chlamydia trachomatis and Chlamydia pneumoniae are major human 

pathogens (Tan and Bavoil, 2012). C. trachomatis is divided in to three biovars which cause genital 

infections, lymphogranuloma venereum (LGV) and trachoma (ocular infections). These biovars 

are further subdivided in different serovars. The trachoma biovar is sub-divided into serovars 

causing non-congenital blindness (A-C). The genital infection biovar causes sexually transmitted 

genital infections (serovars D-K) and is the most common sexually transmitted bacterial infection. 

The lymphogranuloma venereum biovar (serovars L1-L3) is more invasive and causes urogenital 

or rectal infections (Malhotra et al., 2013). 

C. trachomatis has an extremely reduced genome of about 1.04 Mb with 895 open reading frames 

(Stephens et al., 1998). Its genome lacks genes essential for metabolism and hence is highly 

dependent on the host for metabolic enzymes. Although most of its genome is conserved between 
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the entire Chlamydiae family, 10% of the genome is specific to C. trachomatis and encodes 

virulence factors which are believed to aid the bacteria in host specificity and niche establishment 

(Bachmann et al., 2014). 

Chlamydiae have a developmental cycle in which they alternate between two forms which are 

morphologically and functionally distinct- extracellular, infectious elementary bodies (EBs) and 

intracellular, non-infectious reticulate bodies (RBs).  

1.3.1 Developmental cycle of C. trachomatis 

Life cycle of C. trachomatis begins when the infectious EBs bind to the host cell (Figure 1.4). 

EBs are protected by an outer membrane complex which is a network of proteins cross-linked by 

disulfide bonds making them resistant against physical stress and enabling them to survive the 

harsh extracellular environment. EBs are metabolically active and primarily use D-glucose-6-

phosphate as a primary energy source (Omsland et al., 2014). They have the necessary proteins 

required for glucose catabolism which is possibly used immediately after infection to fulfill the 

energy requirements for differentiation into reticulate bodies (RBs) (Hackstadt, 2012). EBs bind 

to the host cell surface in a two-step fashion, first- low affinity binding to heparan sulfate 

proteoglycans and second- high affinity binding to a specific receptor (Hackstadt, 2012). The 

receptors for C. trachomatis EBs are many, including lipopolysaccharide (LPS), mannose-6-

phosphate receptor, β-integrin, epidermal growth factor receptor (EGFR) and ephrin receptor A2 

(EPHA2) (Mehlitz and Rudel, 2013). 

After invasion, EBs induce actin remodeling which promotes efficient internalization of the 

bacteria. EBs then secrete an array of effector proteins through a specialized bacterial secretion 

system called type three secretion system (T3SS) in order to remodel the cytoskeleton and host 

cell signaling (Saka et al., 2011). The EBs are endocytosed by either clathrin-mediated, caveola-
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mediated or independent mechanisms and are sequestered to a membrane bound compartment 

known as the inclusion (Hackstadt, 2012). Around 6-8 hours post infection (hpi), EBs differentiate 

into RBs and transcription of early genes take place which include inclusion membrane proteins 

(Inc) (Tan, 2012). The Inc proteins help in nutrient acquisition by redirecting the exocytic vesicles 

from the Golgi apparatus to the nascent inclusion. These inclusions are then transported to the 

microtubule organizing centre (MTOC) to promote access to nutrient rich compartments. C. 

trachomatis Inc proteins- IncB, CT101, CT222, CT850 are believed to participate in this process 

(Mital et al., 2015). They also play a role in inhibiting the fusion of inclusion with the lysosomes 

and thus avoiding the canonical endolysosomal pathway (Elwell et al., 2016). After differentiation 

to RBs (~16 hours post infection), mid-cycle proteins are expressed which function primarily to 

maintain the host cell viability (Tan, 2012). The bacteria divide by binary fission and the size of 

the inclusion increases gradually. 

After about 24 hours post infection, RBs transition back to EBs and the late cycle genes are 

expressed (Tan, 2012). These include several DNA binding histone H1 and H2 like proteins Hc1 

and Hc2 which condense the chromatin and switch off the transcription of many genes. The 

proteins that are synthesized in this phase are effectors which need to be packaged into the EBs to 

prepare them for further rounds of infection. Studies have shown that C. trachomatis secretes a 

protein called Chlamydia protease like activity factor (CPAF) through type 2 secretion system 

(T2SS) which is required to prepare the EBs for exit (Snavely et al., 2014). C. trachomatis exits 

the host cell by cell lysis which is characterized by rupture of the inclusion and the cell membrane 

thereby releasing the EBs and lysing the host cell (Hybiske and Stephens, 2007). Studies have also 

shown that C. trachomatis may exit the cell by extrusion mechanism where only a small portion 
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of the inclusion is released by membranous protrusion leaving the host cell intact (Elwell et al., 

2016). 

 

Figure 1.4. Developmental cycle of C. trachomatis. Life cycle of C. trachomatis starts by 
attachment of infectious EB on the cell membrane followed by its internalization and 
compartmentalization into an inclusion. The EBs then differentiate into RBs which are replicative 
form of the bacteria. After replication, the RBs re-differentiate into EBs and are released after lysis 
of the host cell to complete the cycle. 

  

1.3.2 Modulation of host cell responses by C. trachomatis 

As a result of its reduced genome, C. trachomatis lacks many of the genes which are indispensable 

in providing the bacteria with requirements such as glucose, lipids, amino acids, nucleotides and 
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other enzymes and co-factors. C. trachomatis acquires nutrients primarily by redirecting the 

exocytic vesicles towards the inclusion (Bastidas et al., 2013). They employ this strategy to acquire 

several lipid metabolites such as sphingomyelin, phosphatidylinositol, phosphatidylcholine and 

cholesterol (Elwell and Engel, 2012). Although C. trachomatis possess essential bacterial lipids 

which make up its membrane, it uses these acquired lipids for the purpose of replication and 

transition and re-transitions from different morphologies and maintenance of the inclusion. C. 

trachomatis is also known to fragment the Golgi apparatus during the mid-cycle of its infection, 

apparently to facilitate better acquisition of lipids (Elwell and Engel, 2012). C. trachomatis also 

inhibits the fragmentation of the mitochondria by downregulating dynamin related protein 1 

(DRP1) (Chowdhury et al., 2017). By inhibiting mitochondrial fission and making them more 

elongated, C. trachomatis ensures a steady supply of ATP (Chowdhury et al., 2017). 

Chlamydia, obligate intracellular bacteria, are often collectively termed as ‘energy parasites’. 

Since an ATP-ADP translocase was found in the species, it was believed that they are completely 

dependent on the host for ATP supply. Later however, it was discovered that Chlamydia have 

complete functional pathways for glycolysis and the pentose phosphate pathways making them 

capable of producing ATP independently (Stephens et al., 1998). In spite of this, C. trachomatis 

upregulate the ATP synthesis in the host cell during the replicative phase of the RBs (Liang et al., 

2018). 

A recent study has shown that C. trachomatis infection changes the expression profile of the host 

cell microRNAs (Chowdhury et al., 2017). MicroRNAs or miRNAs are small, Pol II-dependent 

transcripts typically 20-22 nucleotides in length, non-coding RNAs encoded by the host genome 

(Bartel, 2004). They post-transcriptionally regulate the expression of nearly 60% of human protein 

coding genes (Friedman et al., 2009). Although not completely clear, it is believed that miRNAs 
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function by deadenylating and subsequently degrading host mRNAs. The details of the biogenesis 

and mechanism of action are explained in a separate chapter (Introduction 1.4).  

Bacteria miRNA Up/down-regulation 

Helicobacter pylori miR-1289, miR-30b, miR-

584, miR-1290, miR-21, 

miR-222 

upregulation 

miR-372, miR-373 downregulation 

Salmonella spp. miR-30c, miR-30b, miR-128 upregulation 

miR-15 downregulation 

Mycobacterium tuberculosis miR-132, miR-26a, miR-

125b, miR-99b 

upregulation 

miR-155, let-7f downregulation 

 

Table 1.2. List of microRNAs modulated by different bacteria. H. pylori, Salmonella spp. and 
M. tuberculosis modulate several host cell functions to promote their survival and proliferation by 
regulating host miRNAs (Duval et al., 2017). 

 

Apart from C. trachomatis other bacteria like Helicobacter pylori, Salmonella spp. and 

Mycobacterium tuberculosis are also known to regulate the host cell miRNA profile. Helicobacter 

pylori upregulates the miRNA miR-30b which targets the host cell proteins BECN1 (Bcl-2 

interacting coiled coil protein) and ATG12 (autophagy-related protein 12) involved in autophagy 

(Tang et al., 2012). Salmonella on the other hand, downregulates miR-15 which in turn de-

represses cyclin D thereby promoting G1/S cell cycle transition (Maudet et al., 2014). 

Mycobacterium tuberculosis is known to upregulate miR-125b which binds to the 3’UTR of tumor 
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necrosis factor α (TNFα) mRNA and thereby downregulating its expression. This in turn decreases 

macrophage activation and mediated bacterial clearance (Rajaram et al., 2011). A list of bacterial 

pathogens modulating host miRNAs in summarized in Table 1.2. 

1.3.3 C. trachomatis-induced DNA damage, DNA damage response and host cell survival 

C. trachomatis being an intracellular pathogen actively modulates different host cell pathways in 

order to create conducive environment for the successful completion of its life cycle. During 

infection, however, C. trachomatis generates reactive oxygen species (ROS) which is shown to be 

essential for its growth and development (Abdul-Sater et al., 2010). ROS is comprised of 

superoxide ions, hydrogen peroxide and singlet oxygen and is known to cause oxidative DNA 

damage. A study shows that C. trachomatis causes ROS-mediated double stranded DNA breaks 

(DSBs) (Chumduri et al., 2013). The DSBs were identified by phosphorylated H2AX (Ser139), a 

specific marker for double strand breaks. Despite of the DNA damage, C. trachomatis infected 

cells showed a decreased colocalization of DNA damage response proteins ataxia telangiectasia 

mutated (ATM) and 53 binding protein 1(53BP1) at the damaged sites. C. trachomatis modulated 

the post translational modification (PTM) of various histones and thereby changing the epigenetic 

markup favorable for its survival. One of the prominent histone PTM was the trimethylation (lys9) 

of histone H3 (H3K9me3). H3K9me3 is another marker for DSBs and senescence-associated 

heterochromatin foci (SAHF) and is thought to be associated with heterochromatin formation 

during C. trachomatis infection (Chumduri et al., 2013). Increase in the SAHF also show marked 

increased activation of oncogenes. C. trachomatis is also shown to upregulate hTERT, a catalytic 

subunit of telomerase. hTERT helps in blocking apoptosis and contributes to cell proliferation and 

subsequent immortalization (Padberg et al., 2013). C. trachomatis infected cells demonstrate a 
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decreased telomeric DNA damage signaling and increasing length of telomeres all of which point 

towards carcinogenesis. 

Apart from modulating DNA damage response (DDR), C. trachomatis also actively inhibits 

apoptosis by other mechanisms. One of the mechanism is by mouse double minute 2 homolog 

(MDM)-mediated ubiquitylation and proteasomal degradation of tumor suppressor protein, p53 

(Siegl et al., 2014). Other mechanisms include sequestering Bcl-2 associated agonist of cell death 

(BAD), or by upregulating anti- apoptotic proteins like MCL1 (Induced myeloid leukemia cell 

differentiation protein 1) or cIAP2 (cellular Inhibitor of apoptosis protein 2) (Bastidas et al., 2013; 

Verbeke et al., 2006). C. trachomatis also inhibits extrinsic apoptosis by inhibiting the activation 

of caspase 8. Extrinsic apoptosis functions by binding of the ligand to the death receptors such as 

Fas or tumor necrosis factor receptor (TNFR) on the cell membrane. These receptors activate 

caspase 8 which in turn activates the downstream signaling and finally activates the effector, 

caspase 3. Upon activation, caspase 3 is cleaved in its active subunits p17 and p13. C. trachomatis 

inhibits the cleavage of caspase 3 (Böhme et al., 2010). 

C. trachomatis keeps the cell in a proliferating state by several mechanisms. It activates the 

extracellular signal regulated (ERK) cascade by binding to the fibroblast growth factor receptor 

(FGFR) (Kim et al., 2011). It also activates the PI3K pathway by binding to the ephrin receptor 

tyrosine kinase A2 (EPHA2) on the cell membrane (Subbarayal et al., 2015). These pathways in 

turn regulate host functions such as transcription, translation, cell cycle entry and proliferation. 
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1.4 MicroRNA- Biogenesis and Mechanisms 

Mammals have mainly three classes of small RNAs- short interfering RNAs (siRNAs), 

microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) (Carthew and Sontheimer, 2009). 

MiRNAs are primarily generated by RNA polymerase II as capped and polyadenylated transcripts 

(Lee et al., 2004). However, there are reports showing that some preliminary or pre-miRNAs are 

transcribed by RNA polymerase III (Borchert et al., 2006). Typically, a transcript may encode a 

single miRNA and a protein or a cluster of different miRNAs. When a transcript encodes a single 

miRNA and a protein, the miRNA coding sequence is generally present within an intron. This 

resulting transcript is termed as primary miRNA or pri-miRNA. This pri-miRNA is ~33 nucleotide 

long and consists of an imperfect stem loop structure. The first step in towards generation of mature 

miRNA begins in the nucleus when Drosha, a nuclear RNase III, cleaves the imperfect stem loop 

of pri-miRNA to release a remainder transcript- preliminary or pre-miRNA (Kim, 2005). Drosha 

depends on a cofactor protein with a double strand RNA binding domains (dsRBD) called DGCR8. 

DGCR8 serves as a molecular anchor which is used by Drosha to position its catalytic site at the 

correct distance from the cleavage junction. Drosha and DGCR8 together form a microprocessor 

complex which is responsible for a successful cleavage (Denli et al., 2004). Pre-miRNA is then 

transported out of the nucleus and the second processing step occurs in the cytoplasm. The terminal 

loop region from pre-miRNA is cleaved by a canonical Dicer enzyme to create a mature ~22 bp 

miRNA duplex (Kim, 2005). Dicer enzyme has a so-called PAZ (Piwi/Argonaute/Zwille) domain 

and a RNase III domain (MacRae et al., 2006). PAZ domain specializes in binding to the dsRNA 

whereas RNase III domain specializes in cleavage. The double stranded products of the Dicer 

enzyme cleavage assemble in RNA-induced silencing complex (RISC). In this pathway, the duplex 

interacts with an Argonaute family protein, Ago effector protein (Meister and Tuschi, 2004). The 
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duplex is unwound and one of the two strands- the so-called ‘guide strand’ stably binds to the Ago 

protein. The other strand- the so-called ‘passenger strand’ is discarded. The RISC complex is 

directed to target by Watson-Crick base pairing by the guide strand. 

Dicer, Ago and miRNA associate with a variety of mammalian proteins. A mammalian protein 

called GW182 is believed to associate itself with the Ago protein (Liu et al., 2005; Meister et al., 

2005). This association is essential for the miRNA bound Ago to silence gene expression (Eulalio 

et al., 2008; Liu et al., 2005). Post-transcriptional repression by miRNA begins when miRNA acts 

as an adaptor to the miRISC complex and directs it to regulate specific mRNAs. Usually the 

miRNA-binding sites in mammalian mRNAs lie in the 3’UTR region and are generally present in 

multiple repeats. Most miRNAs bind to the respective mRNA through Watson-Crick base pairing 

through the miRNA nucleotides 2-8 which is termed as the ‘seed region’. The degree of 

complementarity between miRNA-mRNA is an important determinant of regulatory mechanism. 

The mechanism by which miRISC regulates gene expression is a topic of on-going debate. One 

hypothesis suggests that the mechanism of repression acts upon the preinitiation of transcription 

i.e. before the recognition of mRNA 5’ cap by transcriptional subunit eIF4E (Humphreys et al., 

2005; Pillai et al., 2005). Whereas some believe that it happens postinitiation (Maroney et al., 

2006). Another study suggests plausible mechanism by which miRISC regulates gene expression 

by causing premature ribosome dissociation during elongation of translation (Petersen et al., 2006). 

Some studies on mammalian miRNA targeted gene regulation indicate that translational repression 

is not followed by mRNA degradation. However, in most miRNA-mediated gene regulation there 

is significant mRNA degradation (Bagga et al., 2005; Behm-Ansmant et al., 2006). mRNA is not 

degraded due to Ago-mediated cleavage, but rather due to deadenylation, decapping and 

exonuclease mediated digestion of mRNA (Behm-Ansmant et al., 2006). The abundance, type and 
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positions of mismatches within the miRNA/mRNA duplex can also play a crucial role in triggering 

degradation or translational repression (Aleman et al., 2007).  

1.5 Base Excision Repair 

Base excision repair (BER) is a key repair mechanism which is responsible for repairing thousands 

of DNA base lesions and thus maintaining genome integrity and thus prevent cancer and many 

other human diseases (Dianov and Hübscher, 2013). Mammalian genome is exposed to several 

endogenous and exogenous factors which have a potential to cause DNA lesions. DNA lesions 

arise due to intrinsic chemical instability of the DNA molecule in the cellular microenvironment 

which results in hydrolytic loss, base oxidations, mismatches and other chemical modifications of 

sugars and bases (Friedberg, 2003; Lindahl, 1993). The major source of endogenous DNA damage 

is the reactive oxygen species or ROS which is generated by normal cellular metabolism (Bohr, 

2002). If this damage is left unrepaired, it encounters DNA replication and transcription giving 

rise to many mutations (Ensminger et al., 2014). Amongst several strategies to maintain the DNA 

blue print, BER forms the first line of defense which corrects the lesions caused by oxidative DNA 

damage and restores genomic stability. Deficiencies in BER is implicated in several human 

diseases including premature ageing, neurodegeneration and cancer (Bartkova et al., 2005; 

Lombard et al., 2005; Markkanen et al., 2015). It is estimated that a single human cell has to repair 

nearly 10,000 to 20,000 DNA lesions every day (Lindahl, 1993). Enzymes involved in the BER 

pathway recognize the damaged base, remove it and replace it with a new undamaged base. This 

process of BER is as fast as few minutes per BER reaction (Lan et al., 2004). Majority of BER is 

accomplished by a so-called ‘short-patch’ BER and results in removal and replacement of a single 

nucleotide (Dianov et al., 2000).  
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1.5.1 Mechanism of BER 

The BER pathway is well studied and the entire BER process is reconstituted in cell-free assays 

using purified recombinant proteins (Dianov and Lindahl, 1994). The first step in BER is 

recognition of damaged DNA base by a damage specific DNA glycosylase followed by cleavage 

of the N-glycosylic bond between the base and the sugar moiety (Lindahl, 1979). The resulting 

abasic site, also called as apurinic/apyrimidinic site or AP site is further processed by an AP 

endonuclease- APE1. APE1 cleaves the phosphodiester bond at the 5’ of AP site thereby 

generating a single strand break (SSB) or a nick or gap. This gap has a 3’ hydroxyl group and a 5’ 

deoxyribose phosphate. In this canonical pathway of BER, ligation of SSB is prevented by the 5’ 

phosphate group which is eventually removed by AP-lyase activity of DNA polymerase β 

(Matsumoto and Kim, 1995). DNA polymerase β then fills the gap with an undamaged nucleotide 

and XRCC-1 and ligase III complex seals the ends. 

However, the canonical short-patch BER pathway faces hindrances in the absence of 5’ phosphate 

and 3’ hydroxyl group. During the removal of damaged nucleotide, certain DNA glycosylases 

remove the base and also cleave the phosphodiester bond 3’ to the gap to generate a gap with 3’-

α,β-unsaturated aldehyde (Boiteux and Radicella, 2000) whereas another glycosylase called- Neil 

DNA glycosylase leaves a 3’ phosphate end (Wiederhold et al., 2004). Sometimes there is direct 

damage to the sugar residues or endogenous oxidative metabolism may generate SSBs with 

modified 5’ or 3’ ends. Moreover, there are many other types of modified SSBs which are 

generated due to the abortive action of DNA ligase or DNA topoisomerase I or II (Ledesma et al., 

2009). These non-canonical SSB blocks are cleaned up by specific enzymes and are prepared for 

DNA repair by short-patch BER. The five enzymes are – 1. Polymerase β, which removes the 5’ 

phosphate group; 2. APE-1 which removes 3’ phosphate groups; 3. Aprataxin cleans 5’ termini 
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blocked by abortive action of DNA ligases; 4. tyrosyl DNA phosphodiesterase 1 (TDP1) which 

cleans SSBs generated by abortive DNA topoisomerase reactions; 5. Polynucleotide Kinase 

Phosphatase (PNKP) which dephosphorylates 3’ ends and phosphorylates 5’ ends (Dianov and 

Hübscher, 2013). These end processing enzymes convert the blocked ends to generate SSB or a 

gap with 5’ phosphate and 3’ hydroxyl group which is filled by DNA polymerase β and sealed by 

XRCC1-DNA Ligase III complex. 

The entire process of BER is highly coordinated and occurs within a short span of time. Several 

co-immunoprecipitation experiments and studies on yeast two hybrid systems have lead the 

researchers to believe that BER process follows a ‘passing the baton’ model (Wilson and Kunkel, 

2000). In this model one enzyme performs its function and passes on the substrate to the next 

enzyme in a coordinated manner (Figure 1.5). For instance, an oxidized base lesion would be 

passed from DNA glycosylase to APE1, followed by polymerase β and finally to XRCC1 and 

DNA ligase III. Several studies in the past indicated that the process of BER is accomplished by 

preassembled DNA repair protein complexes (Akbari et al., 2004; Caldecott, 2003). However, 

later it was clear that BER is a continuous process in which depending on the type of base lesion, 

different DNA glycosylases perform a high-speed scanning of the DNA and remove the damaged 

base resulting in an AP site. DNA glycosylases function independent of other BER enzymes and 

without the nucleation of BER complexes (Qi et al., 2012; Zharkov et al., 2010). Other end 

processing enzymes process this AP site followed by DNA polymerase β and XRCC1-Ligase III 

function. Polymerase β, XRCC1 and Ligase III form a complex at the DNA damage site. All the 

BER complexes recovered from the damage sites have polymerase β, XRCC1 and Ligase III along 

with damage specific proteins (Parsons et al., 2005). 
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Tumor suppressor p53 has an important function in coordination of BER (Offer et al., 1999). Both 

cell free extracts-based in vitro studies and in vivo studies suggest that p53 is indispensable for 

BER and its downregulation significantly impairs BER (Seo et al., 2002; Zhou et al., 2001). Recent 

studies have also shown that absence of p53 leads to accumulation of APE1 enzyme and ultimately 

lead to more DNA breaks (Poletto et al., 2016). 

 

Figure 1.5. Scheme for major base excision repair pathway- short patch BER. Damaged base 
is removed by DNA glycosylase. Direct chemical modifications may lead to blocked DNA ends 
which are processed by end processing enzymes like Aprataxin and PNKP (on the right). APE1 
processes the damaged site giving rise to a gapped DNA which is a substrate for Pol β (on the left). 
This gapped DNA is repaired by Pol β, XRCC1 and Lig III. 

 

1.5.2 Regulation of BER 

BER activity mainly takes place in G1 phase of the cell cycle where it maintains error-free 

transcription activity and prepares DNA for replication. However, if the DNA base damage is not 
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repaired during this time, then an independent backup mechanism called translesion DNA 

synthesis (TLS) assures genome integrity through different polymerases. Different polymerases 

involved in maintaining BER function in humans are polymerase β, polymerase λ which performs 

BER activity in mitochondrial DNA, polymerases δ and ε which are involved in long patch BER 

and polymerases ι and θ which have been reported to have AP lyase function (Dianov and 

Hübscher, 2013). These six polymerases have a potential BER function and maintain a reliable 

backup repair process to ensure genome integrity. However, if the SSBs are left unrepaired,  they 

are encountered by the replication fork and are converted to double strand breaks (DSBs) 

(Kuzminov, 2001). These DSBs are then repaired by non-homologous end joining (NHEJ) and 

homologous recombination (HR) mechanisms. However, NHEJ and HR apparently do not have 

backup efficiency to maintain stable genome integrity as mice deficient in polymerase β, XRCC1 

or DNA ligase III cannot survive and succumb to early embryonic lethality (Gao et al., 2011; Sobol 

et al., 1996; Tebbs et al., 2003). Moreover, even haploinsufficiency of polymerase β results in 

significant impairment of genome integrity and increase in DNA damage (Cabelof, 2012).  

The function of BER process is controlled by steady-state levels of BER enzymes rather than 

switching the pathway on or off. This steady-state level depends upon the amount of endogenous 

DNA damage which in turn depend upon the cell type and physiological state of the cell like 

hypoxia, hypothermia or inflammation. Excess amount of BER proteins are subject to proteasomal 

degradation. This degradation of excess BER proteins is carried out by two E3 ubiquitin ligases- 

Mule and CHIP. Mule monoubiquitylates nonessential BER proteins followed by CHIP mediated 

extension of ubiquitin chain and proteasomal degradation (Parsons et al., 2008). Mule activity is 

in turn controlled by arthritis rheumatic fever (ARF) protein which accumulates in the cell upon 
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DNA damage (Khan et al., 2004). ARF binds to Mule and inhibits its activity thereby preventing 

the degradation of BER enzymes (Chen et al., 2005).  

Recent studies have also shown that BER is regulated by microRNAs. Human uracil DNA 

glycosylase (UNG2) is a glycosylase which removes uracil residues from the DNA. Studies have 

shown that UNG2 is a direct target of miR-16, miR-34c and miR-199a (Hegre et al., 2013). A 

recent study has shown that DNA polymerase β, the prime gap filling polymerase is a direct target 

of miR-499 (Wang et al., 2015). miR-499 has a single binding site in the 3’UTR of polymerase β 

mRNA. This study has shown that miR-499 facilitates polymerase β degradation by binding to the 

3’UTR region of polymerase β mRNA and thereby sensitizes esophageal carcinoma cells to 

cisplatin treatment (Wang et al., 2015). 
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1.6 AIM OF THIS WORK 

Ovarian cancer is associated with many different microbial signatures, HHV-6 and Chlamydia 

being the two important of the few. HHV-6 was thought to be a benign virus which caused rash-

like symptoms in early life. Recent studies have shown the detrimental effects of reactivation of 

chromosomally integrated HHV-6 (ciHHV-6). However, the mechanism by which ciHHV-6 

reactivation may lead to oncogenesis is not yet clearly studied. Many different mechanisms have 

been proposed for Chlamydia mediated transformation of the cell. These are mainly focused on 

signaling pathway mediated malfunctioning. Previous research from our department has shown 

that C. trachomatis can reactivate ciHHV-6. Therefore, it was of prime importance to understand 

how C. trachomatis, HHV-6 or reactivation of ciHHV-6 can play a role in transformation of cell. 

The present study aims to understand the molecular mechanism through which the two pathogens 

would bring about transformation by modulating the host genome integrity. In the first part of the 

study, integration of ciHHV-6 has been investigated by focusing on the nature of direct repeat 

(DR) sequences in the HHV-6 genome. The DR sequences were analyzed for their copy number 

and their integration sites within human chromosomes. Sequencing of the integration sites revealed 

unstable and unusual characteristic of DR repeat sequences implicating their plausible role in 

oncogenesis. 

C. trachomatis causes ROS mediated DNA damage and DNA double strand breaks (DSBs). 

However, ROS also primarily causes single strand breaks (SSBs) which when left unrepaired cause 

DSBs. The mechanism which repairs SSBs is base excision repair (BER). Hence, in the second 

part of the study, the effect of C. trachomatis on BER capacity of host cell was investigated. A 

mechanism is suggested through which Chlamydia may bring about this effect on BER. This 
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mechanism is further empirically addressed. Effect of C. trachomatis on epigenetic makeup and 

telomere length has also been briefly investigated. 

Based on these two studies, this present work has put forth a hypothesis to understand how C. 

trachomatis and HHV-6 independently or inter-dependently play a role in ovarian cell 

transformation and may initiate the onset of ovarian cancer. 
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2. MATERIALS  

2.1 Cell lines 

Cell line Origin/Characteristic Growth medium 

HOSE (Human 

ovarian surface 

epithelial) 

Primary Human ovarian surface 

epithelial cells 

Ovarian surface epithelial (OSE) 

cell culture medium + 10% growth 

supplement 

HeLa 229 Human cervical carcinoma 

epithelial cells 

RPMI 1640 + 10% Fetal bovine 

serum (FBS) 

SKOV-3 Human ovarian carcinoma 

epithelial cells 

DMEM F12 + 10% Fetal bovine 

serum (FBS) 

HUVECs (Human 

umbilical vein 

endothelial) 

Primary Human umbilical vein 

endothelial cells 

Medium 200 + 10% Low serum 

growth supplement 

H1299 Human lung carcinoma cell with 

homozygous partial deletion in 

TP53 gene 

RPMI 1640 + 10% Fetal bovine 

serum (FBS) 

 

2.2 Cell Culture Medium and Buffers 

Medium/Buffer  Source 

Primary OSE medium ScienCell Research Laboratories, California, US 

RPMI 1640  GIBCO Brl, Germany 

Medium 200 GIBCO Brl, Germany 

DMEM F12 GIBCO Brl, Germany 

OPTIMEM (for 

transfection) 
GIBCO Brl, Germany 

Freezing media  90% heat inactivated FBS + 10% DMSO 

SPG buffer (for C. 
trachomatis stock 
preparation) 

0.22 M sucrose, 10 mM Na2HPO4, 3.8 KH2PO4, 5 mM 
glutamate 
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Polyethyleneimine (PEI) 
stock solution for 
transfection 

Dissolve PEI powder to a concentration of 2 mg/ml in 
deionized water. Heat at 80°C for 10 min. Allow solution to 
cool to room temperature (RT). 
Adjust pH to 7.0 with 5 M HCl. Sterilize through 0.2 µ filters. 
Freeze aliquots at -20°C 

 

2.3 Bacterial Strains 

E. coli DH5α  Hanahan, 1983 

C. trachomatis L2  ATCC 

 

2.4 Antibodies 

Antibody  Host  Dilution  Company 

Primary antibodies 

anti-polymerase β polyclonal rabbit  1:1000  Abcam 

anti-APE1 polyclonal rabbit  1:1000  Novus Biologicals 

anti-p53  monoclonal mouse  1:1000  Santa Cruz 

anti-actin  monoclonal mouse  1:2000 Santa Cruz 

anti-CPAF  monoclonal mouse  1:500  
Generous gift from 
Guangming Zhong 

anti-HSP60 (C. trachomatis)  monoclonal mouse  1:1000  Santa Cruz 

anti-cytokeratin8  monoclonal mouse  1:1000 Santa Cruz 

Secondary antibodies    

Anti-rabbit IgG HRP-linked  Goat  1:5000  Santa Cruz 

Anti-mouse IgG HRP-linked  Goat  1:5000  Santa Cruz 
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2.5 Buffers for SDS-PAGE and Western Blot 
 

Buffers  Ingredients 

10 x SDS buffer (/L)  30.275 g Tris, 144 g glycine, 10 g SDS 

10x TBS (/L)  60.5 g Tris, 87.6 g NaCl, adjust to pH 7.5 with HCl 

TBST20  1 x TBS + 0.5% (v/v) Tween20 

Blocking solution  TBST20 + 5% (w/v) dry milk powder  

Stripping buffer (500 ml)  Catalog no#46430 Thermo Scientific 

2x Laemmli buffer  
100 mM Tris/HCl [pH 6.8], 20% (v/v) glycerol, 4% (w/v) 
SDS, 1.5% (v/v) 2‐mercaptoethanol, bromophenol blue 

10% SDS Resolving gel 
solution  

For 10 ml: 4.15 ml H2O, 3.38 ml 30% (v/v) acrylamide: 
bisacrylamide mix (37.5:1), 2.5 ml 10% (w/v) SDS, 2.5 ml, 
1.5 M Tris/HCl [pH 8.8], 0.1 ml 10% APS, 4 μl TEMED 

SDS Stacking gel solution  
For 5 ml: 3.4 ml H2O, 0.83 ml 30% (v/v) acrylamide: 
bisacrylamide mix (37.5:1), 0.63 ml 1.0 M Tris/HCl [pH 6.8], 
0.1 ml 10% (w/v) SDS, 0.05 ml 10% APS, 5 μl TEMED 

10x Semi-Dry Transfer 
buffer (/L)  

24 g Tris, 113 g glycine, 2 g SDS in 1 L deionized H2O [pH 
7.4] 

1x Semi-Dry Transfer buffer  1x semi dry buffer [800 ml] + 20% (v/v) methanol [200 ml] 

ECL solution 1  
 

100 mM Tris HCl pH 8.5, 2.5 mM Luminol, 0.4 mM p-
coumaric acid 

ECL solution 2 100 mM Tris HCl pH 8.5, 0.02 % H2O2 

 

2.6 Buffers for Comet Assay 

Buffers  Ingredients 

Lysing Solution  
 

2.5 M NaCl, 100 mM EDTA, 10 mM Tris base [pH 10] 
Freshly add 1% Triton-X 100 and 10% DMSO. Refrigerate 30 
min before use. 

Electrophoresis Buffer  300 mM NaOH, 1 mM EDTA 
Neutralization Buffer 0.4 M Tris [pH 7.5] 
Staining Solution Ethidium Bromide (EtBr; 10X Stock - 20 µg/mL) 
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2.7 Buffers for Nuclear extract preparation 
 
Buffers  Ingredients 

Buffer A 
 

20 mM HEPES [pH 7.6], 20% [v/v] glycerol, 10 mM NaCl, 1.5 
mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 
100 mM phenyl methyl sulfonyl fluoride (PMSF), 2 µg/ml 
leupeptin and 10 µg/ml Aproteinin 

Buffer B 20 mM HEPES [pH 7.6], 25% [v/v] glycerol, 500 mM NaCl, 
1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 0.1% Triton X-
100, 100 mM PMSF, 2 µg/ml leupeptin and 10 µg/ml 
Aproteinin 

 

2.8 Buffers for Fluorescence in situ hybridization (FISH) 

Buffers  Ingredients 

20X SSC Buffer 
 

3 M NaCl, 0.3 M Trisodium citrate (Na3C6H5O7), 
1 L H2O [pH 7.0] Autoclaved and stored at RT. 

2X SSC Buffer + T20 100 ml 20X SSC + 900 ml H2O + 1 ml Tween 20 
0.5 X SSC Buffer + T20 25 ml 20X SSC + 900 ml H2O + 1 ml Tween 20 
Hybridization Buffer 70 µl formamide + 0.5 µl 1 M Tris [pH 7.5] + 5 µl 10% 

Blocking solution (Roche) +4.5 µl H2O + 20 µl labelled probe 
10X PBS NaCl 1.37 M, KCl 27 mM, Na2HPO4 100 mM, KH2PO4 18 mM 

H2O add 1 L 
 

2.9 Buffers for Southern Blotting 

Buffers  Ingredients 

2.5X DNA Denaturing 
Buffer 

1.5 M NaCl, 0.5 M NaOH 

1X DNA Neutralizing 
Buffer 

3 M NaCl, 0.5 M Tris, 0.3 M Trisodium citrate (Na3C6H5O7) 
[pH 7.0] 

20X SSC Solution 3M NaCl, 0.3M Trisodium citrate [pH 7.0] 
Hybridization Buffer ULTRAhyb™ Ultrasensitive Hybridization Buffer- Thermo 

Scientific 
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2.10 Buffers for Repair Assay 

Buffers  Ingredients 

10X Annealing Buffer 100 mM Tris-Cl [pH 7.5], 500 mM NaCl, 10 mM EDTA, 
Sterilize through 0.22 µ filter  

10X Repair Assay Buffer 500 mM HEPES [pH 7.5], 200 mM KCl, 10 mM EDTA, 20 
mM DTT, Sterilize through 0.22 µ filter 

2X Urea Stop buffer 8 M Urea, 0.5 M EDTA, 1M Tris-Cl [pH 7.5], 0.2% xylene 
cynol and 0.2% bromophenol blue 

5X TBE 0.5 M Tris, 0.5 M Boric acid, 0.01 M EDTA 
 

2.11 Oligonucleotides 

Oligonucleotides  Sequence (5’-3’) 

Parent Y (P2) 

 

TACTAGGTAGCACGAGGCACTATATCAGGTAACTTCGATT

CACGACTGCAGTCTA 

Oligo A (A) TAGACTGCAGTCGTGAATCGAAGTTACCTG 

Oligo B (B) [Phos] TATAGTGCCTCGTGCTACCTAGTA 

Parent X (P1) TCGAGTCCATAAAGTAGTATACGCTACGCTGACCAA

GCACGAGGCACTATAGATTCACGACTGC 

Oligo 1 (X1) GCAGTCGTGAAT 

Oligo 2 (X2) [Phos] TATAGTGCCTCGTGCT 

Oligo 3 (X3) [Phos] GGTCAGCGTAGCGTATACT 

Oligo 4 (X4) [Phos] CTTTATGGACTCGA 

 

2.12 Primers for Polymerase β study 

Oligonucleotides  Sequence (5’-3’) 

miR-499 Forward + Reverse Custom synthesized (Exiqon) 

5S rRNA Forward + Reverse Custom synthesized (Exiqon) 

U6 snRNA Forward + Reverse Custom synthesized (Exiqon) 

Polymerase β 3’UTR Forward ATATCTCGAGTGTATCCTCCCT 

Polymerase β 3’UTR Reverse ACGTCGCCGGCGTAATAGTACATGAGGTT 
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2.13 Oligonucleotides for Polymerase β study 

Polymerase β 
siRNA 

ON-TARGETplus SMARTpool POLB siRNA Dharmacon 
L-005164-00-0005 

p53 siRNA ON-TARGETplus Human TP53 siRNA Dharmacon 
L-003329-00-0005 

miR-499 Inhibitor Anti-hsa-miR-499a-5p miScript miRNA 
Inhibitor 
MIMAT0002870: 
5'UUAAGACUUGCAGUGAUGUUU 

Qiagen 
MIN0002870 

miR-499 Mimic Syn-hsa-miR-499a-5p miScript miRNA Mimic 
MIMAT0002870: 
5'UUAAGACUUGCAGUGAUGUUU 

Qiagen 
MSY0002870 

 

2.14 Primers for HHV-6 study 

Oligonucleotides  Sequence (5’-3’) 

Primer pair 1 (DR6) 
 

For- CCGGCGATTCCCGGAGATGC 
Rev- CCGCGTGATTGAAGGGTGA 

Primer pair 2 (DR7)  For- ATGTAACCAACTCCCAGCTCGAC 
Rev- GTTGGTACGTTTCCCACAGTCGT 

Primer pair 3 (U22) For- GGATCCAAAGCAAACCAGCAAGA 
Rev- TGGCGGATGGCTAGTGTGCC 

Primer pair 4 (U42) For- AGTTAGTTTCACAGGTGTCAGC 
Rev- ACCGAAATCTTTCTTTTACTTGTC 

Primer pair 5 (U79) For- AATGGGTTCTCTAACGGTGGAT 
Rev- ATTCATCATGTTGTTGATCTTCGTG 

Primer pair 6 (U91) For- CGTTAAAGATACTGGCATGTCT 
Rev- TAAAGTCTCTACTGAAGAAGCA 

Primer pair 7 (U94) For- ACGGGGACGTGCTAATCCAT 
Rev- TCCGGGTGGACCGATAAAAC 

Primer pair 8 (U83) For- TATGTAGTTCCCCCGATGCG 
Rev- TCTGTTTTCCCAGGTACGGC 

Primer pair 9 (DRL junction) For- GCACAACCCACCCATGTGGTAGTCGCGG 
Rev- TTCCATCGGTTCTTCGCGCTCAC 

Primer pair 10 (DRR junction) For- CTACTCACCTCTGAGGCACT 
Rev- GGATTTGACGTAATTTTTAAAACGC 

DRL Inverse PCR Forward TTGGTTTCCCTCAGGGTTCG 
DRL Inverse PCR Reverse 1 CCGTTAGCGGCATCCTAGAG 
DRL Inverse PCR Reverse 2 TGCCCGGCACGCACCGTTAG 
DRR Inverse PCR Forward GCACAACCCACCCATGTGGTAGTCGCGG 
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DRR Inverse PCR Reverse CGTGTGTACGCGTCCGTGGTAGAAACGCG 
DRR Inverse PCR Nested 
Forward 

TGGGTACGTAGATGGGGCAT 

DRR Inverse PCR Nested 
Reverse 

GTGACAACGGATTACGGAGGT 

Viral DR Forward (for FISH 
probe) 

For- AGGAACAGACAGACGGCCAC 

Viral DR Reverse (for FISH 
probe) 

Rev- CTCTGCGGGGATTCACGGAT 

HHV-6A DR For- CCGGCGATTCCCGGAGATGC 
Rev- CCGCGTGATTGAAGGGTGA 

HHV-6B DR For- AAACCCTACCATCCTTCGGC 
Rev- GGGACGATCCCGTTAACCAA 

PI15 For GGCGGAAGCGCTACATTTCGCA 
Rev TATTCCATATTTGCTGCCGGTGGGA 

 

2.15 Commercial kits 

RNA Isolation miRNeasy micro kit Qiagen 

cDNA synthesis Revertaid First strand cDNA 

synthesis kit 

Thermo Scientific 

miRNA cDNA synthesis and 

qPCR 

miRCURY LNA™ Universal RT 

microRNA PCR 

Exiqon 

Plasmid Mini-prep  NucleoSpin® Plasmid QuickPure Macherey Nagel  

Plasmid Midi-prep NucleoBond® PC 100 Macherey Nagel  

Pulsed Field Gel 

Electrophoresis 

CHEF Genomic DNA Plug Kits Bio-Rad  

FISH probe labelling kit PromoFluor-550 Nick Translation 

Labeling Kit  

Promokine 

Luciferase assay Dual-Glo® Luciferase Assay 

System (E2920) 

Promega 

TA Cloning TOPO PCR 2.1 cloning kit Life technologies 
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2.16 Fine Chemicals 

Hydrogen Peroxide Sigma Aldrich (H1009-100ml) 

Progesterone Sigma Aldrich (P8783-1G) 

Clasto-lactacystin Sigma Aldrich (L7035-.1MG) 

DAPI Sigma Aldrich (D9542-5MG) 

Hiperfect (Transfection reagent) Qiagen (301705) 

Complete Protease Inhibitor Roche 

Histopaque 1077  Sigma Aldrich (10771) 

 

2.17 Consumables 

Culture plates, disposable pipettes, pipette tips, 

cryotubes and reaction 

tubes 

Sarstedt (Nümbrecht) 

Culture dishes, flasks, 15 ml and 50 ml 

reaction tubes, well plates, medium bottles and filters 

for sterile filtration 

Corning, USA 

PVDF membrane for immunoblotting GE Healthcare 

Nylon membrane for southern blotting- Amersham 

Hybond-XL 

GE Healthcare 

Blotting paper  Hartenstein (Würzburg) 

All other consumables Sigma (St. Louis, USA), VWR 

(Radnor, USA) and Hartenstein 

(Würzburg) 

 

2.18 Technical Equipment 

1000/500 Constant Voltage Power Supply  Bio-Rad 

Table top Centrifuge 5417R Eppendorf 

BD FACSAria™ III Cell Sorter  BD Biosciences 

DMIRB Inverted Fluorescence Microscope  Leica 
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Electronic balance ABS 80-4  Kern 

Heracell™ 240i incubator  Thermo Fisher Scientific 

Heraeus Megafuge 1.0R  Thermo Fisher Scientific 

HERAsafe® sterile hood  Thermo Fisher Scientific 

Infinite® M200 Multimode microplate reader  Tecan 

NanoDrop 1000 spectrophotometer  Peqlab Biotechnology 

OptimaTM L-80 XP ultracentrifuge  Beckman Coulter 

Owl™ Separation HEP-1 Semi Dry Electroblotting 

System 
Thermo Fisher Scientific 

Invitrogen™ Mini Gel Tank (for SDS-PAGE) Invitrogen 

Thermal cycler GS1 G-Storm 

Typhoon 9200 Imager GE Healthcare 

Ultrapure Water Systems Merck Millipore 

DRII Pulsed field apparatus Bio-Rad 
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3. METHODS 

3.1 Cell Biology techniques 

3.1.1 Cell culture methods 

Maintenance of adherent cell lines- All cell lines were cultivated at a humid micro-environment 

at 37 °C with 5% CO2. HeLa 229 and H1299 were maintained in RPMI 1640 medium (GIBCO) 

with 10% FCS (GIBCO). SKOV-3 cells were maintained in DMEM F12 medium (GIBCO) with 

10% FCS. U2OS cells were maintained in McCoy’s 5A medium with 10% FCS. Primary human 

umbilical cord endothelial cells (HUVEC) were maintained in Medium 200 (GIBCO) with low 

serum growth supplement (LSGS) provided by the manufacturer (GIBCO). Primary human 

foreskin fibroblasts (HFF) were maintained in primary cell culture medium (ATCC) with the 

supplied growth supplements (ATCC). Primary human ovarian surface epithelial (HOSE) cells 

were maintained in ovarian epithelial cell culture medium -OEpiCM (ScienCell) with the supplied 

serum growth supplement. 

All the media and buffers used to maintain cell lines were sterile and handled only in sterile 

conditions. The monolayer of adherent cells in a cell culture flask was washed with 1X PBS pre-

warmed at 37 °C. 1-2 ml of Trypsin/EDTA (GIBCO) was added on the washed monolayer and the 

flask was incubated at 37 °C for 2-5 min to detach the cells. The detached cells were flushed with 

medium containing FCS (as FCS stops trypsin activity) and required number of cells were seeded 

back in the flask and supplied with fresh medium. For seeding in well plates, the cells were diluted 

accordingly in a falcon tube before seeding. 

Freezing cell lines- For freezing, the cells were trypsinized as described earlier. Complete medium 

was used to detach the cells and collect them in a falcon tube. The cells were centrifuged at 800 g 
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for 10 min at room temperature. The supernatant was discarded and the resultant pellet was 

resuspended in (1ml/106 cells) freezing medium (90% FCS + 10% DMSO). The cells were 

immediately aliquoted in labelled cryotubes and placed in freezing containers filled with 

isopropanol to ensure a slow and gentle cooling process (-1 °C/min) and frozen at -80 °C for 24 h 

after which they were transferred in liquid nitrogen. 

3.1.2 Fluorescence in situ hybridization (FISH) 

Cell preparation- The adherent cells were arrested in metaphase by treating them with Colcemid 

(Sigma-Aldrich). Colcemid was added in the concentration of 1 µg per 10 ml of medium to cell 

monolayer in a standard T-75 flask (10 µl per 10 ml medium) for 4 h at 37 °C. The cells were 

mildly trypsinized. The trypsinized cells were collected in a falcon in fresh medium and the 

centrifuged at 180 g for 10 min at room temperature. The supernatant was discarded and the pellet 

was gently washed with 1X PBS by centrifuging at 180 g for 10 min followed by discarding the 

supernatant. The pellet was then dislodged by gentle flicking and was resuspended in 1 ml of 0.075 

M KCl (pre-warmed at 37 °C). To this, 9 ml of warm 0.075 M KCl was added dropwise and the 

tube was incubated at room temperature for 15 min. The tube was centrifuged at 180 g for 10 min 

at room temperature. The supernatant was removed using a pipette and the pellet was dislodged 

by gentle flicking. The cells were resuspended in 1 ml of fixative (methanol: glacial acetic acid - 

3:1) precooled at -20°C. To this, 9 ml of cold fixative was added dropwise and care was taken that 

the cells do not form clumps. The cells were incubated at -20 °C for at least 1 h. The cells were 

then centrifuged at 180 g for 10 min and the supernatant was removed using pipette. The pellet 

was dislodged by gentle flicking and 10 ml of cold fixative was added dropwise so as to not form 

any clumps. The cells were centrifuged again at 180 g for 10 min at room temperature and this 
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washing step was repeated 2 more times. Finally, the pellet was resuspended in 1 ml of fresh cold 

fixative and the cells were stored in a screw cap tube at 4 °C until further use.  

Metaphase chromosome slide preparation- For slide preparation, the slides were cleaned on both 

the sides with a clean tissue paper and incubated in cold fixative in Coplin jars and incubated at -

20 °C until further use. The slides were then removed from the jar and kept on a flat surface. 

Roughly 50 to 100 µl of cells were dropped from a height of about 1-2 feet on these slides. The 

slides were immediately incubated at 37 °C on a heat block with wet tissue paper stacks on it. Heat 

aids in bursting open the cells and humidity prevents the cells from drying prior to bursting. Later, 

the slides were carefully dried and used immediately or stored in a closed box until required. 

Fluorescent probe preparation-  The HHV-6 fluorescent probe was prepared using PCR amplified 

fragments of different HHV-6 ORFs. The primer sequences used to amplify these regions are 

mentioned in the materials section. The amplified products were purified using the MN PCR 

purification kit and were pooled together to a final concentration of 1 µg. The amplified products 

were labelled with the fluorophore by nick translation using the PromoFluor-500 Nick Translation 

Labeling Kit (PromoCell GmBH). The following reaction components were added in an Eppendorf 

tube and incubated at 15 °C for 90 min. 

10x NT labeling buffer 2 μl 

PromoFluor-500 NT labeling mix 2 μl 

Template DNA 1-1.5 μg 

10x Enzyme mix 2 μl 

PCR-grade water Fill up to 20 μl 
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The reaction was stopped by adding 5 µl of stop buffer incubating for 5 min at room temperature. 

The fluorescent probe was then stored at -20 °C or used directly by diluting the probe to a final 

volume of 50 µl. 

The fluorescent probe was then denatured before using in the hybridization reaction. The 

denaturation reaction was carried out as follows:  

Formamide 70 µl 

1 M Tris-Cl pH= 7.5 0.5 µl 

Fluorescently Labelled Probe 20 µl 

10% Blocking solution (Roche) 5 µl 

PCR-grade water Fill up to 100 µl 

  

The reaction components were boiled at 95 °C for 5 min. After boiling, 20 µl of the probe was 

directly used on one slide for in situ hybridization.  

In situ hybridization- All the hybridization steps were carried out in Coplin jars unless otherwise 

specified. The slides were washed with 1X PBS for 5 min to remove any dust on the surface. 

Further, the slides were fixed in 3.7% formaldehyde for 10 min at room temperature. They were 

washed thrice with 1X PBS at room temperature for 10 min each. The chromosomes were 

dehydrated by treating them with 70%, 85% and 100% ethanol in a sequential manner. The slides 

were taken out of the jars and air-dried. The slides were treated with Pepsin prewarmed at 45 °C 

for 30 min and incubated at 37 °C in a moist chamber. After incubation, the slides with washed 

again in a Coplin jar with 1X PBS for 5 min. The washing step was repeated twice. After washing, 

the slides were again fixed with 3.7% formaldehyde similar to the previous step followed by 

sequential dehydration in 70%, 85% and 100% ethanol. After dehydration, the slides were air dried 

and 20 µl of hybridization probe (after denaturing at 95 °C) was added and a coverslip was gently 
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placed on the top and sealed with rubber cement (Fixogum- Marabu). The slides were further 

incubated at 80 °C for 5 min and then incubated at 37 °C overnight in a moist chamber. 

The rubber cement was removed the following day and the slides were gently placed in 1X PBS. 

The slides were then washed with 2X SSC buffer at room temperature for 5 min. Next, the slides 

were incubated in 2X SSC with 1 µg/ml DAPI at room temperature to stain the DNA. Following 

this, the slides were washed with 2X SSC with 0.1% Tween 20 at 65 °C with gentle shaking for 

10 min. The slides were further washed with 0.5X SSC with 0.1% Tween 20 at room temperature. 

The slides were dipped in de-ionized water shortly and then air dried. Later the slides were 

mounted using a mounting medium (X) and a coverslip was gently placed on the top. The coverslip 

was sealed using a nail polish. The slides were stored at 4 °C for 16-24 h and then analyzed on an 

epifluorescence microscope. 

3.1.3 Peripheral Blood Mononuclear Cells (PBMC) Isolation 

Fresh PBMC were isolated from blood samples using Histopaque 1077 (Sigma Aldrich) solution. 

The blood was diluted 2 times with sterile 1X PBS. It was layered carefully on 1 volume of 

Histopaque 1077 solution in a falcon tube. It was centrifuged at 600 g for 30 min at room 

temperature. The banded PBMC layer were separated and washed twice with sterile 1X PBS. The 

PBMC pellet was then resuspended in RPMI with 10 % FCS and cultured in the same medium at 

37 °C with 5 % CO2. PBMC were cultured in tissue culture flasks (Corning) for 48 h after which 

monocytes were separated as they adhered to the flask. 

3.1.4 Luciferase Assay   

Luciferase assay was performed using the Dual-Glo® Luciferase Assay System kit(Promega) 

according to manufacturer’s instructions. For the assay, cells were lysed in a 6-well plate using 

Lysis buffer provided in the kit. 500 µl Lysis buffer per well was used for lysis. In a 96-well plate 
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100 µl dual luciferase reagent (LAR II) per well was pipetted. Later, 20 µl of the lysate was used 

per well in the 96-well plate. After mixing the samples by pipetting up and down, the luminescence 

from Firefly luciferase was measured in a microplate reader (Tecan). Later, 100 µl of Stop&Glo 

reagent was added which quenched Firefly luciferase signal and served as a substrate for Renilla 

luciferase. After mixing the samples by pipetting up and down, the luminescence from Renilla 

luciferase was measured in the microplate reader. Firefly luciferase was used as a control for 

transfection and was normalized in each sample. 

3.2 Molecular Biology techniques 

3.2.1 Cloning of polymerase β 3’UTR 

For cloning, plasmid and amplified fragment of pol β 3’UTR were digested with restriction 

enzymes from Thermo Scientific. The digestion was carried out at 37 °C overnight. On the next 

day, the reaction was terminated by diluting in nuclease free water and purifying using Macherey-

Nagel purification kits as described in 3.2.2. Subsequently, the purified plasmid and insert was 

ligated using T4 DNA ligase at 16 °C overnight and then transformed in competent E. Coli. A 

detailed chart of restriction enzymes and plasmids used in the study is as follows 

PsiCheck 2.0  NotI XhoI 

Polymerase β 3’UTR NotI XhoI 

  

3.2.2 Purification of the DNA fragments from gel blocks or PCR reactions 

The DNA fragment excised from the agarose gel or product of a PCR reaction was further purified 

using Gel-PCR clean up kit (Macherey Nagel). For gel clean up, the gel piece was dissolved in a 

binding buffer provided in the kit and incubated at 50 °C for 10 min. For PCR clean up, the PCR 

product (minimum volume of 100 µl) was diluted in twice the volumes of binding buffer. After 
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dissolving, it (maximum volume 700 µl) was loaded on the purification columns and centrifuged 

at 11000 g for 30 sec. The flow through was discarded and the columns were washed with the 

wash buffer (700 µl) provided in the kit. The flow through was discarded again and the washing 

step was repeated. The columns were dried by centrifuging the them at 11000 g for 1 min and 

discarding the remaining flow through. The DNA was further eluted by adding 25 µl of nuclease 

free water on the columns and incubating them at room temperature for 5 min followed by 

centrifuging them at 11000g for 1 min. The purified fragment was collected and stored at -20 °C 

until further use. 

3.2.3 Agarose gel separation of nucleic acids 

Agarose gel electrophoresis is an old technique used to separate nucleic acids DNA and RNA 

based on their size. DNA is negatively charged owing to the phosphate groups in the sugar-

phosphate backbone. This negatively charged DNA migrates according to its size towards anode 

under an electric field. Shorter DNA fragments migrate faster than the larger fragments. Agarose 

matrix is used to separate the nucleic acids. Agarose solution (0.8-1 %) was made by boiling the 

agar powder in 1X TBE buffer in a microwave. After cooling the agarose solution to about 50 °C, 

an intercalating agent like ethidium bromide (EtBr) was added at a final concentration of 0.5 µg/ml 

which intercalates the DNA and makes it visible under ultra violet light (ƛ =300 nm). The DNA 

was visualized in a gel documentation system. For cutting out the desired bands, the gel was 

visualized in a preparatory mode and the desired band was excised using a clean scalpel in an 

Eppendorf tube. 
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3.2.4 Alkaline Comet Assay 

Alkaline comet assay was performed on the nuclei isolated from uninfected and infected cells. 

Nuclei were isolated at resting condition, in 200 µM H2O2 stress and 16 h post stress in order to 

study repair. 

Slide preparation- Slides for the assay were prepared by coating 1% normal melting agarose 

(NMA) on glass slides. Briefly, 500 µl of NMA maintained at 45 °C was gently added on the slide 

followed by placing a coverslip gently to obtain an even flat surface. The slides were incubated at 

4 °C for 15 min to allow the agar to set and the coverslip was removed. Subsequently, the nuclei, 

resuspended in 25 µl 1X PBS, were diluted with 75 µl of 0.5% low melting agarose (LMA) and 

immediately added on the coated glass slide followed by placing a coverslip to obtain a flat surface. 

The slides were incubated in 4 °C for 15 min and further were processed for comet assay. 

Comet assay- The slides were gently dipped in freshly prepared precooled lysing solution for at 

least 2 hrs at 4 °C. Subsequently, the slides were immersed in alkaline electrophoresis buffer 

pH>13 in the electrophoresis chamber for 20 min at 4 °C to allow unwinding of DNA. Finally, the 

electrophoresis was carried out at 0.6 V/cm for 30 min. After electrophoresis, the slides were rinsed 

in neutralization buffer three times for 5 min each. The slides were stained in DAPI and later scored 

in an epifluorescence microscope. 

Analysis- The percentage tail DNA was calculated using an ImageJ macro ‘OpenComet’ (Gyori 

et al., 2014) using the default settings. At least 30 nuclei were scored for each type of treatment 

and 3 independent experiments were performed similarly. 
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3.2.5 Nuclear Extract Preparation 

Nuclei were isolated using a modified protocol published by Riol et al (Riol et al., 1999).  The 

cells were trypsinized and washed once with cold 1X PBS. The cell pellet was resuspended in 

Nuclear Buffer A, gently mixed by pipetting for 2-5 times and incubated on ice for 15 min. After 

incubation, the lysates were centrifuged at 850 g for 15 min in a precooled centrifuge at 4 °C. The 

supernatant was labelled as cytoplasmic fraction and stored separately at -80 °C. The nuclear pellet 

was washed once more with Nuclear Buffer A. The resultant pellet was resuspended in Nuclear 

Buffer B and mixed thoroughly by tapping the tube. The tubes were incubated on ice for 1 h and 

gently tap mixed every 10 min. The nuclear extract was centrifuged in a precooled centrifuge at 

18000 g for 15 min and the supernatant was labelled as nuclear extract and stored at -80 °C. 

3.2.6 In vitro Base Excision Repair Assay 

Substrate Preparation- Two different substrates, S1 and S2 were utilized for the repair assay. S1 

was prepared by annealing parent oligonucleotide P1 with short complimentary oligonucleotides 

X1, X2, X3 and X4. X1 was end labelled with radioactive P32 at 5’ end using T4 Polynucleotide 

Kinase with forward reaction buffer A. Subsequently, the labelled oligonucleotide was separated 

on a denaturing urea polyacrylamide gel and was cut and purified using phenol and chloroform. 

The short oligonucleotides were designed in such a way that they produced 3 single nucleotide 

gaps after annealing. For annealing, P1, X1, X2, X3 and X4 were added in a tube each at a final 

concentration of 5 µM in 1X annealing buffer and boiled at 95 °C in a water bath for 5 min. The 

tube was allowed to cool at room temperature overnight. The annealed substrate was purified 

subsequently using G-25 sepharose columns. For substrate S2, parent oligo P2 was annealed with 

shorter oligos A and B where oligo A was labelled with radioactive P32. Further steps were similar 

to substrate S1 preparation. 
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Base Excision Repair Assay- Base excision repair assay was performed by incubating the 

annealed substrates with native nuclear lysates at 30 °C for 20 min to 1 h. Post incubation, the 

reaction was stopped by adding 2 X urea stop buffer and boiling at 95 °C for 5 min. The products 

were finally separated on a 10 % polyacrylamide 8 M urea denaturing gel. The gel was pre-run for 

1 h and the samples were loaded after cleaning the wells. The gel was run at 10 mA for 1 to 2 h 

till the dye reached 2/3rd of the gel. After separation, the gel was wrapped in a plastic saran wrap 

and exposed overnight to autoradiography phosphor imager film. Subsequently, the film was 

analyzed using Typhoon phosphor imager (GE Healthcare). 

3.2.7 Transfections 

siRNA, microRNA inhibitor and mimic-  HOSE cells were grown in a monolayer with complete 

growth medium, OEpiCM (ScienCell). The monolayer was washed once with 1X PBS and 

supplied with transfection medium, Opti-MEM (Thermo scientific) (400 µl per 1 well of 12 well 

plate) at least 1 h before transfection. Then, 5 nM stocks of Polymerase β and p53 siRNA and miR-

499 inhibitor and mimics were diluted 1:100 in 100 µl of Opti-MEM. To this, 3 µl of transfection 

reagent Hiperfect (Qiagen) was added and the tube was vortexed mixed. The mixture was 

incubated at room temperature for 15 min followed by careful dropwise addition on the monolayer 

of cells. Following day, the monolayer was washed and supplied with complete growth medium, 

OEpiCM.  

Plasmids- p53-HA overexpressing plasmid, dual luciferase reporter plasmid psiCheck 2.0 were 

transfected using polyethyleneimine (PEI) transfection reagent. Briefly, cells were grown in a 

monolayer in a complete growth medium. The monolayer was washed once with 1 X PBS and 

supplied with transfection medium, Opti-MEM (Thermo scientific) (400 µl per 1 well of 12 well 

plate) at least 1 h before transfection. Plasmids (50 ng for p53-HA and 1 µg for PsiCheck 2.0) and 
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3 µl of PEI were diluted separately in 100 µl of Opti-MEM. Subsequently, the two dilutions were 

mixed by vortexing followed by incubation at room temperature for 20 min. The mixture was 

carefully dropped on the monolayer. Following day, the monolayer was washed and supplied with 

complete growth medium, OEpiCM. 

3.2.8 RNA isolation and cDNA synthesis 

RNA isolation for microRNA fraction was carried out using miRNeasy kit (Qiagen) following 

manufacturer’s instructions. 700 µl of phenol containing lysis buffer was directly added on the top 

of the monolayer of cells in a 12 well plate after removing the medium. The cells were scrapped 

out and lysed using a filter tip within the well plate. The lysate was collected in an Eppendorf tube 

and incubated at room temperature for 10 min before proceeding with the manufacturer’s RNA 

isolation protocol. Finally, RNA was eluted in 50 µl RNase free water and was further used for 

cDNA synthesis. 

Post purification, DNA impurities in the RNA fraction were removed using Turbo DNase kit 

(Ambion) following manufacturer’s protocols. 1/10 volume of 10X Buffer and 1 µl of the 

TurboDNase enzyme was used every 2 µg of RNA and incubated at room temperature for 20-30 

min. Following incubation, 1/10th volume of the TurboDNase isolating beads from the kit were 

added to the tube and incubated further for 5 min at room temperature. After incubation, the tube 

was centrifuged at 18000 g for 15 min and the DNA free RNA supernatant was collected in a fresh 

tube and further used for cDNA synthesis reaction. 

cDNA synthesis for miR-499 was carried out using miRCURY LNA Universal RT microRNA 

PCR kit (Exiqon). The reaction components were added in an Eppendorf tube and incubated at 42 

°C for 1 h followed by termination of the reaction at 95 °C for 5 min. The resultant cDNA was 

used directly for quantitative PCR analysis or stored at -80 °C. 
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3.2.9 Quantitative Real time PCR 

Quantitative PCR for relative HHV-6 viral copy number analysis was performed using the Applied 

Biosystems (ABI) platform and PerfeCTa qPCR master-mix (Quanta biosciences). Quantitative 

PCR reaction was set up as following: 

2 X PerfeCTa qPCR master-mix 10 µl 

Primer mix (5 µM forward + 5 µM reverse primers) 5 µl 

Genomic DNA or cDNA (at least 100 ng) 5 µl 

Total 20 µl 

 

The cycling conditions for PCR reaction were set up as follows: 

95 °C 15 min 

95 °C 15 sec 

60 °C 30 sec         40 cycles  

72 °C 30 sec 

4 °C ∞ 

 

Quantitative PCR for microRNA miR-499 was performed using commercially synthesized primers 

and master-mix from miRCURY LNA Universal RT microRNA PCR kit (Exiqon) and analysis 

was performed using the Applied Biosystems (ABI) platform. Quantitative PCR reaction was set 

up as following: 

PCR master-mix 5 µl 

PCR Primer set 1 µl 

Dilute cDNA (at least 100 ng) 4 µl 

Total 10 µl 
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The cycling conditions for PCR reaction were set up as follows: 

95 °C 10 min 

95 °C 10 sec 

60 °C 60 sec          45 cycles  

4 °C ∞ 

 

All quantitative PCR analysis was performed on the StepOne Plus version 2.0 software (Applied 

Biosystems). 

3.2.10 SDS-PAGE and Immunoblotting 

Lysates- Protein lysates were made from the cells using Laemmli buffer. Laemmli buffer was 

directly added on the cell monolayer after removing the medium. The cells were scrapped with the 

buffer and the resultant lysate was collected in an Eppendorf tube and subsequently boiled at 95 

°C for 5 min. The lysates were cooled after boiling prior to loading on the SDS-gel. The lysates 

were further stored in -20 °C for long term storage. In a denaturing polyacrylamide gel, the 

reducing agent (in Laemmli buffer) like dithiothreitol (DTT) or beta mercaptoethanol destroys the 

tertiary structures of protein and make it linearized. In an SDS-gel, the detergent sodium dodecyl 

sulfate (SDS) binds uniformly confers a negative charge on the linearized protein and therefore, 

the negatively charged protein migrates towards the positive electrode (anode) when an electric 

field is applied.  

SDS gel- For SDS-gel preparation, a discontinuous gel running system (i.e., the buffer in the gel 

and the running buffer were different) was utilized. The running buffer comprises of Tris-Cl and 

glycine. Glycine can be positively or negatively charged or can be neutral depending on the pH. 

The pH of the stacking gel is 6.8 and has a lower concentration of the acrylamide whereas the 
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resolving gel has higher concentration of acrylamide and pH of 8.8. The glycine ions in the buffer 

are forced to enter the stacking gel under an electric field. Here, the glycine migrates slower 

whereas the Cl- ions migrate faster and the proteins are ‘sandwiched’ in between. This sequence 

continues until the resolving front, where the glycine ions gain negative charge owing to the higher 

pH of the resolving gel. The proteins are left behind and the glycine ions migrate ahead dragging 

the proteins along. Since the concentration of the acrylamide is higher in the resolving gel, the 

proteins migrate slower and are separated according to their molecular weight. The stacking gel 

was prepared using 4% acrylamide whereas the resolving gel was prepared using 10% 

polyacrylamide. The gels were run using commercial assembly from Life technologies at 10 V/cm 

of the gel. 

Immunoblotting- In order to detect the proteins post separation, the proteins were transferred on 

a polyvinylidene fluoride (PVDF) membrane using a semi-dry transfer assembly and further 

detected by antibodies. The gel was soaked in transfer buffer after the run was complete. It was 

incubated there for 10 min. Post incubation, the transfer assembly was set up using Whatman filter 

papers, PVDF membrane and the gel. Whatman filter papers were soaked in the transfer buffer 

prior setting up of transfer. The order of the setting up the transfer was as follows 

Cathode- 2X Whatman filter papers- PVDF membrane- Gel- 2X Whatman filter papers- Anode 

After laying the soaked Whatman papers on the cathode and on the gel, any air bubbles were 

removed by rolling a pipette over it. Similar procedure was repeated after PVDF membrane as 

well. After setting up the transfer, constant current was applied across the gel at 1 mA/ cm2 of the 

gel for 2 h. After transfer, the membrane was carefully marked and blocked in 10% milk for 1 h at 

room temperature. Post blocking, the membrane was washed in 1X TBST buffer for 3 times, 5 

min each. The membrane was then incubated in the primary antibody diluted in 3% BSA overnight 
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at 4 °C. The membrane was washed in 1X TBST subsequently for 3 times, 10 min each and then 

incubated in HRP tagged secondary antibody diluted 1:5000 in 5% milk followed by 3 washes in 

1 X TBST similarly. The proteins were detected using enhanced chemiluminescence (ECL) 

detection system (ECL, Amersham) according to manufacturer’s instructions. Medical grade 

highly sensitive X-Ray films were used to detect luminescence in a dark room.  The films were 

developed using developer- Citroline 2000 (Adefo) and fixer- Adefofix (Adefo) and finally 

washed with water and air dried. 

3.2.11 Pulsed Field Gel Electrophoresis (PFGE) 

Preparation of agarose molds- Genomic DNA from HHV-6 integrated cell lines were analyzed 

for the presence of integrated/extra-chromosomal HHV-6 genome by PFGE. For this, it is essential 

to maintain the integrity of the genomic DNA and handle it extremely carefully to avoid the 

shearing of DNA. Hence, the cells were embedded in agarose molds and these molds were then 

treated with proteinase K and restriction digestion enzymes to avoid shearing during DNA 

isolation process. CHEF Genomic DNA plug kit (Bio-Rad) was used to prepare the agarose molds. 

Roughly 3 million cells were trypsinized, collected in a medium with FBS and centrifuged at 800 

g for 10 min. The pellet was washed with 1X PBS and resultant pellet was gently dislodged. It was 

further resuspended in 100 µl of 0.75% agarose solution (prepared by mixing 2% CleanCut agarose 

solution and Cell Suspension Buffer) equilibrated at 50 °C. It was gently but thoroughly mixed 

and transferred to the molds and incubated at 4 °C to allow the agarose to solidify. 

Proteinase K treatment: These molds were incubated in 500 µl of working proteinase K solution 

(diluted 100 µl of stock solution of proteinase K in 2.5 ml of proteinase K reaction buffer) at 50 

°C overnight without agitation. The molds were washed in 1X wash buffer for 1 hour each with 

gentle agitation for 2 times. 
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Restriction digestion- The plugs were then washed with 1 ml of 0.1X wash buffer (to reduce the 

EDTA concentration) with gentle agitation for 1 hour in a 2 ml Eppendorf tube. The wash buffer 

was aspirated and 1 ml of appropriate 1X restriction digestion buffer was added followed by 

incubation for 1 h with gentle agitation at room temperature. The buffer was removed and replaced 

with 300 µl of 1X restriction digestion buffer and to this 30-50 U of the enzyme was added and 

the plugs were incubated at 37 °C overnight. The plugs were washed once with 1ml of 1X wash 

buffer before loading in the well of a gel. 

Electrophoresis- The agarose gel was made by boiling 1% agarose in 0.5X TBE in a total volume 

of 300 ml. The gel was allowed to cast at room temperature for at least 1 h. Electrophoresis was 

carried out in a 1.0% agarose gel at 6 V/cm for 24 h with a switch time that ramped from 1 to 6 

sec. 8–48 kb CHEF DNA size standard (Cat. No. 170–3707) and yeast chromosomal marker (Cat. 

No. 170–3605) were used for markers. Electrophoresis was carried out in DR II apparatus (Bio-

Rad). 

3.2.12 Southern Blotting 

After electrophoresis, the agarose gel was immersed in 0.125N HCl for 20 min with gentle rocking 

at room temperature. The gel was then rinsed with ddH2O and further incubated in 1X DNA 

denaturing buffer for 30 min. The transfer apparatus was assembled during this time. For transfer, 

a gel casting tray (same size as that of the gel) was inverted in a plastic tray. A Whatman paper 

was placed on the tray such that it made contact with the base of the plastic tray on both the sides. 

1X DNA denaturing buffer was poured over the Whatman paper until the plastic tray was half 

filled. Two pre-soaked Whatman papers cut to the size of the gel were placed on the top and a 

glass pipette was rolled to remove air bubbles. The gel inverted and was placed on the top of the 

Whatman paper carefully. Hybond-XL Nylon membrane pre-soaked in 1X DNA denaturing buffer 
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was placed on the gel and air bubbles were removed. Two pre-soaked Whatman papers were placed 

and air bubbles were removed. Dry tissue paper stacks were placed on the top and a heavy 

Eppendorf rack was placed on the top. Transfer occurred by capillary action overnight or at least 

16 h. Post transfer, the nylon membrane was incubated in 1X DNA neutralizing buffer for 5 min 

followed by air drying. After drying, the membrane was exposed to UV light for 3 min for cross-

linking the DNA. The membrane was then incubated in 10 ml hybridization buffer at 42 °C with 

slow rotating speed for 1 h. Labelled radioactive probe was then boiled at 95 °C for 5 min and 

added to the buffer followed by incubation at 42 °C overnight at a slow rotating speed. The 

membrane was washed in 2X SSC for 3 times and exposed to phosphor imager film for 24-48 h. 

3.3 Statistical Analysis 

All statistical analysis was performed using Graphpad Prism software. Statistical significance was 

calculated using Student’s t test. Two-tailed t test was used to calculate the P values.  
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4. RESULTS 

4.1 Role of Human herpesvirus 6 (HHV-6) in causing genomic instability  

4.1.1 iciHHV-6 individuals display high copy number of direct repeat (DR) sequences 

HHV-6 is a unique pathogen which can integrate itself in the host chromosome in the sub-telomeric 

regions termed ciHHV-6 and subsequent integration in the next generation termed iciHHV-6. In 

iciHHV-6 individuals when the viral DNA is inherited, ordinarily, every cell should have one copy 

of the unique region of HHV-6 and two copies of DRs integrated in the genome. This 1:2 ratio is 

predicted because one viral genome is flanked by two DRs, one on each side. General assumption 

is that the integration occurs through the perfect telomeric repeats of DRR in the telomeric DNA 

of human chromosomes and that the integrated HHV-6 genome is completely stable. 

Direct detection of the HHV-6 nucleic acids have been recognized as ‘gold standard’ for diagnostic 

purposes (Flamand et al., 2014). To this end, real time quantitative polymerase chain reaction 

(qPCR) has emerged as a quick, sensitive and reproducible technique to detect HHV-6. Specific 

set of primers can be used even to differentiate between the two species HHV-6A and HHV-6B 

(Boutolleau et al., 2006). qPCR can be employed for any type of sample ranging from blood 

sample to cerebrospinal fluid. It helps to quantify the number of copies of HHV-6, viral DR or 

host DNA in the same sample. Detection of the HHV-6 infection is very important as its infection 

condition (active infection/ciHHV-6/iciHHV-6) may have a huge impact on therapy. For example, 

ciHHV-6 will have one copy of virus per cell in a localized sample (for example, liver or heart 

tissue) whereas iciHHV-6 will have one (or more) copy of virus in every nucleated cell. 

Although theoretically a 1:2 ratio exists between the copy number of HHV-6 DNA and copy 

number of DR, various hypotheses (Introduction Figure 1.3) have discussed the mechanisms 
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through which one copy of DR is often lost in the due process of reactivation (Prusty et al., 2013b). 

In order to investigate this ‘HHV-6 DNA: DR’ ratio per cell existing in natural conditions, blood 

samples from previously diagnosed iciHHV-6 individuals were analyzed. Peripheral blood 

mononuclear cells (PBMCs) were isolated from these blood samples followed by isolation of total 

DNA. 

Establishing a standard curve for DR gene 

To determine the number of DR copies per cell by qPCR, it was first essential to calculate the 

threshold cycle (Ct value) per copy of DR gene.  For this, a full length HHV-6A DR and HHV-6B 

DR were cloned in TOPO PCR 2.1 vector. One copy of this recombinant plasmid now had 2 copies 

of DR gene. The number of copies of this recombinant plasmid was calculated using the formula 

below. 

Number of copies of plasmid= 
௪௘௜௚௛  ௢௙ ௥௘௖௢௠௕௜௡௔௡௧ ௣௟௔௦௠௜ௗ (௜௡ ௡௔௡௢௚௥௔௠௦)

௠௢௟௘௖௨௟௔௥ ௪௘௜௚௛  ௢௙ ௣௟௔௦௠௜ௗ
 

The plasmid was further serially diluted from 106 plasmid copies per µl to 1 plasmid copy per µl. 

The dilutions were analyzed by qPCR and mean Ct values from triplicates were plotted against 

plasmid copy number per reaction. This gave a linear graph and a slope equation which was used 

to calculate number of DR copies in samples based on the generated Ct values (Figure 4.1). 

Similarly, to determine the number of copies of HHV-6A and HHV-6B genome, full length ORF 

of U94 gene from these genomes was amplified and cloned in TOPO PCR 2.1 vector and a standard 

curve was generated in a previous study (Prusty et al., 2013a). In the same study, standard curve 

for a host gene PI15 was also plotted.  
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Figure 4.1. Standard curve for Ct values for different copies of HHV-6A and HHV-6B DR 
gene. Ct values obtained by qPCR were plotted against the respective copy number of DRs. 
Equation of slope was calculated using y=mx +c. Values for slope and Ct value were substituted 
in the equation to obtain the number of copies of DR in samples. 

 

Total DNA was isolated from PBMCs followed by qPCR analysis using specific primers for HHV-

6A, HHV-6B, HHV-6 DR and PI15. The copy numbers of HHV-6 or DR per ‘one’ cell was 

calculated using the standard curve for the host gene- PI15. Interestingly, in some samples the 

number of DR copies per cell were unusually high as compared to the number of viral copies. 

Some of the samples even showed five to six copies of DR per cell (Figure 4.2). 
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Figure 4.2. Analysis of PBMC samples for number of viral (HHV-6) and DR copies by qPCR. 
Patient 93924 displayed the usual 1:2 ratio and was used as a control to compare the other samples. 
Nearly all the samples showed one viral (HHV-6) copy but different number of DR copies. Copy 
number of 1 is marked as a base line. Data represents mean from three biological triplicates. P 
values *<0.05, **<0.01, ***<0.001. 

 

Further, three samples CSSJ2, PLSX7 and NNMD3 were monitored over a period of three years 

to investigate if these unusual DR copies remain constant or vary in time. Blood samples were 

taken and PBMCs were isolated freshly once every year. The viral copies (HHV-6A or HHV-6B) 

remained constant throughout the period of three years. However, the number of DR copies varied 

in two out of the three individuals whereas in one of the sample it was more or less constant 

(Figure 4.3). This observation of differential behavior of DR hinted towards mechanisms enabling 

increased replication of DR within the host chromosomes. 
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Figure 4.3. Analysis of PBMC samples for number of viral (HHV-6) and DR copies by qPCR 
over a three-year period. Patient CSSJ2 and PLSX7 displayed varying copy number of DR each 
year whereas patient NNMD3 showed more or less constant DR copy number. Nearly all the 
samples showed one viral (HHV-6) copy. Copy number of 1 is marked as a base line. Data 
represents mean from three biological triplicates.  P values *<0.05, **<0.01, ***<0.001.  

 

4.1.2. HHV-6A genome is lost but DR is retained after infection in a cell culture model of 

ciHHV-6 

Generation of ciHHV-6 cell culture model 

To confirm the unusual behavior of DR observed in iciHHV-6 patients and to understand the fate 

of DR after viral reactivation, an in vitro cell culture model was established for ciHHV-6. Different 

cell lines including cervical carcinoma (HeLa), ovarian epithelial (SKOV-3) and glioblastoma 

(U251) were employed for this purpose. Bacterial artificial chromosome (BAC) derived HHV-6A 

virus encoding for a green fluorescence protein (GFP) under a constitutive CMV promoter was 
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used for infecting these cell lines. After infection, the cells fluoresced until the virus was 

replicating and active. These green cells were immediately sorted and about 50 single cell clones 

were generated and maintained in culture conditions. The GFP expression was lost after 3-4 

passages indicating that the virus was no longer active and that the viral genome was possibly 

integrated or lost from the cells (Figure 4.4).  

 

Figure 4.4. Schematic representation of generation ciHHV-6 cell lines. HeLa, SKOV-3 and 
U251 cells were infected with HHV-6A GFP viral particles followed by positive selection for 
green fluorescent cells and subsequent sorting and colony formation. Loss of GFP after 3-4 
passages indicated integration or loss of viral genome.  
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Analysis of HHV-6 and DR copy numbers in the single cell clones 

In order to check the copy number of viral genome (HHV-6A) and DR in these clones, total DNA 

was isolated from the clones and analyzed by qPCR using specific primers. Some of the clones 

showed high DR copy numbers as compared to the viral genome. In some of the clones, the copy 

number was a high as 20 copies per cell (Appendix Figure 6.1). Moreover, in many clones the 

viral genome was completely absent indicating a complete loss of entire viral genome. A complete 

analysis of the ciHHV-6 clones is presented in the Table 4.1. 

Cell line Number of 
clones analyzed 

Number of clones 
with HHV-6A 
genome including 
DR 

Number of 
clones with 
DR alone 

Number of clones 
with neither HHV-
6A genome nor DR 

HeLa 35 18 (51.4%) 5 (14.2%) 12 (34.28%) 

SKOV-3 50 4 (8%) 6 (12%) 40 (80%) 

U251 52 2 (3.84%) 17 (32%) 33 (63.46%) 

 

Table 4.1. qPCR analysis of different ciHHV-6 cell lines showed a different trend in the loss 
of HHV-6A genome and retention of DR. All three cell lines had several clones with the presence 
of only DR sequences but not rest of the HHV-6 genome (highlighted in red). 

 

4.1.3 HHV-6A DR integrates in non-telomeric regions of host chromosomes 

Verification of presence of viral DR without HHV-6A genome 

To verify and explain the presence of viral DR copies in the absence of HHV-6A genome in some 

ciHHV-6 single cell clones, it was important to characterize the DR integration sites. To verify the 

presence of viral DR copies, a conventional PCR approach was followed. Here, ten different sets 

of primers specific for different regions of the HHV-6A genome were employed as shown in the 

Figure 4.5 (A). Two ciHHV-6A clones, HeLa clone 2 (HeLa c2) and HeLa clone 4 (HeLa c4) 
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were analyzed using this method. HeLa c2 was used as a control as it showed a normal 1:2 ratio 

between HHV-6A genome and DR whereas HeLa c4 showed only the presence of viral DR but 

not the rest of HHV-6A genome. All ten primer sets were able to amplify the DNA from HeLa c2 

as observed on a 1% agarose gel. However, only the primer sets 1, 2 and 9 which were located in 

the DRL region of HHV-6A genome amplified DNA from HeLa c4 (Figure 4.5 B). This confirmed 

the observation of presence of only viral DR region and the absence of the viral genome.  

 

Figure 4.5. Characterization of the in vitro ciHHV-6 culture model by conventional PCR. (A) 
Schematic representation of the specific primers amplifying 10 different regions within the HHV-
6A genome. (B) 1% Agarose gel electrophoresis of the amplified products of the two ciHHV-6 
HeLa clones. HeLa clone 2 shows the presence of all the PCR products: 1-DR6, 2-DR7, 3-U33, 
4-P41, 5-U42, 6-U79, 7-U83, 8-U91, 9- DRL junction region, 10- DRR junction region whereas 
clone 4 shows the presence of only 1-DR6, 2-DR7 and 9- DRL junction region which are present 
in the DRL region. 
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Identification of the integration status of the viral DR 

After establishing the presence of only viral DR copies in HeLa c4, it was important to investigate 

if this viral DR was indeed integrated within the host chromosomes or if it was present in an 

episomal form. To identify the location of viral DR, pulsed field gel electrophoresis (PFGE) was 

performed. Briefly, the cells were directly embedded in agarose molds followed by treating the 

molds with proteinase K and were subsequently inserting in the wells of the gel. Only 

extrachromosomal DNA would enter the gel whereas the chromosomal DNA would remain in the 

gel. Sequences unique for HHV-6A and DR were used as specific detection probes in southern 

blotting. HeLa c2 was positive for both the HHV-6A and DR probe and the signal was localized 

to the wells suggesting that the entire viral genome was present in an integrated form. HeLa c4 

was positive only for DR and the signal was localized to the wells as well (Figure 4.6 A). This 

suggested that only the viral DR sequence was present in an integrated form.  

This integrated viral DR was further characterized for the location of integration by fluorescence 

in situ hybridization (FISH). Metaphase chromosome spreads were prepared from both the clones- 

clone c2 and clone c4. FISH probes specific for viral DR were used to hybridize and visualize the 

integration site. In HeLa c2, the integration was at the canonical sub-telomeric regions which was 

confirmed by partial colocalization of telomeric probe (telomere-cy5) and viral DR probe (HHV-

6 DR-cy3). However, in HeLa c4 the integration was surprisingly at non-telomeric regions (Figure 

4.6 C). Previous studies have shown that full genome of HHV-6 usually integrates in the telomeric 

regions of host chromosomes and can integrate virtually in any chromosome (Arbuckle et al., 2010, 

Arbuckle et al., 2013). However, this observation of only the DR region of viral genome 

integrating in non-telomeric region of host chromosome is completely novel. 
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Figure 4.6. Characterization of integration sites of virus in the in vitro ciHHV-6 culture 
model by PFGE and FISH. (A) PFGE shows that HeLa c2 has a full length viral genome 
integrated in the chromosome while HeLa c4 has only DR integrated in the chromosome. 
Hybridization signal localized to the well indicates chromosomal integrated form as episomal 
DNA would enter the gel during electrophoresis (B) Enlarged section of panel (A) showing 
southern hybridization signal inside the wells of the gel. (C) FISH analysis in HeLa c2 confirms 
the presence of viral genome in the telomeric region while HeLa c4 shows presence of viral DR 
integrated in the non-telomeric regions. Arrowheads indicate integrated viral genome which is 
enlarged on the lower left-hand corner. 

 

4.1.4 Identification of non-telomeric viral DR integration sites.  

To identify the integration site of viral DR, an inverse PCR (iPCR) approach was followed (Figure 

4.7). In iPCR, 100 ng of genomic DNA was digested with a frequent cutting restriction enzyme 

MboI. The sites of this enzyme were already known (reference genome sequence X83413.1) and 

generated small fragments of genomic DNA including the fragment in the overlapping region 

between HHV-6 DR and human chromosome. These fragments were then self-ligated to give 



RESULTS 

86 
 

circular genomes. The circular DNA were amplified with nested primers designed within the 

HHV-6 DR region. The amplified products were sequenced by Sanger sequencing. Sequencing 

data revealed non-telomeric integration sites in four of the single cell clones and one iciHHV-6 

patient sample NNMD3. In some samples non-telomeric integration was found in intronic regions 

of GAIP and AGGF1 genes (Appendix Figure 6.2). The chromosome numbers with the exact 

location of integration sites are summarized in Table 4.2. The sequence analysis of SKOV-3 clone 

showed 100% homology to two locations due to repetitive sequences thereby making it difficult 

to ascertain a specific integration site. 

 

Figure 4.7. Schematic workflow of inverse PCR to amplify the junction region of HHV-6 DR 
and human chromosomes. The genome was digested by a frequent cutting restriction enzyme 
MboI. The fragments were self-ligated to generate closed circular genomes. Nested primer sets 
within the known sequences of DR region were employed to PCR amplify the circular DNA. The 
PCR products were then sequenced to identify the integration sequences. 

 

 



RESULTS 

87 
 

 

 

 

Single cell clone Integration site 

SKOV-3 clone 33 Chr 6p25.3 or Chr 19p13.3 

HeLa clone 2 Chr 13q21.33 

HeLa clone 4 Chr Xq21.1 

U251 clone 15 Chr 20q13.3 

NNMD3 Chr 5q13.3 

 

Table 4.2. Table showing the integration sites of HHV-6A DR in single cell clones of ciHHV-
6 cell lines. Inverse PCR products were analyzed by sequencing to identify integration sites. U251 
clone 15 was found to be integrated in the intronic region of human G- alpha interacting protein 
isoform B (GAIP) whereas the sample from ciHHV-6 individual NNMD3 showed integration at 
intronic region of human angiogenic factor with G-patch and FHA domains 1 (AGGF1). 

 

These results conclude that the direct repeats (DR) of the HHV-6 genome are highly unstable in 

nature as they increase or decrease in number during the course of time (Figure 4.3). Moreover, 

DR can also integrate in the non-telomeric locations in human chromosomes which may lead to 

abrogation or upregulation of gene expression (Figure 4.6). However, further studies are necessary 

to determine the exact mechanisms which causes the DR sequences to increase or decrease in 

number over a period of time. In depth analysis of mechanisms through which viral DR sequences 

integrate in the non-telomeric regions of host chromosome are also necessary.  
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4.2 Role of C. trachomatis in causing genomic instability 

4.2.1 C. trachomatis infection causes oxidative DNA damage but impairs DNA repair 

C. trachomatis induces ROS production which is essential for its growth and development (Abdul-

Sater et al., 2010). ROS is also present in the female genital tract and also ovaries due to the normal 

physiology and follicular dynamics. ROS causes oxidative DNA damage which induces single-

strand breaks (Yu and Anderson, 1997). Since, C. trachomatis causes oxidative DNA damage, an 

experiment was designed to quantify the oxidative DNA damage during infection. DNA damage 

was quantified by comet assay or single cell gel electrophoresis. However, for the comet assay 

purified nuclei were used instead of intact cells in order to avoid background from bacterial DNA.  

The cells were infected with C. trachomatis for 20 h followed by treatment with H2O2 to induce 

oxidative DNA damage. Cells were then washed and were incubated in fresh medium to allow 

DNA repair. Nuclei were harvested before H2O2 treatment (basal condition), after treatment 

(damage) and 16 h post incubation in fresh medium (repair). After harvesting the nuclei, they were 

used in a comet assay and DNA damage was quantified as a function of percentage of tail DNA 

(Figure 4.8 A). 

During C. trachomatis infection, oxidative DNA damage was significantly increased as compared 

to the non-infected cells as observed by the percent tail DNA. The non-infected cells showed an 

increased percent tail DNA in response to H2O2 treatment and the percent tail DNA reduced post 

16 h of incubation which indicated DNA repair. However, this repair process did not occur in the 

C. trachomatis infected cells indicated by the unchanged amount of percent tail DNA throughout 

the experiment (Figure 4.8 B). This experiment indicated that there is high oxidative DNA damage 

in C. trachomatis infected cells but no considerable DNA repair. 
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Figure 4.8. Alkaline comet assay to study oxidative DNA damage during C. trachomatis 
infection of primary HOSE cells. (A) Representative images of alkaline comet assay performed 
with nuclei of cells infected with C. trachomatis under different conditions.  (B) Percent tail DNA 
quantified using ‘OpenComet’ macro of FIJI (Gyori et al., 2014) show a damage-repair response 
in non-infected cells but not in C. trachomatis infected cells. Error bars show mean ±SEM from 
three independent experiments. ** p < 0.01, ns not significant. 

 

4.2.2 C. trachomatis downregulates polymerase β 

Since C. trachomatis infected cells show high oxidative DNA damage but impaired repair 

dynamics, it was important to study the mechanisms which repair oxidative DNA damage. The 

oxidized DNA bases, purines and pyrimidines, are replaced by undamaged ones by base excision 

repair (BER) mechanism. We, therefore, studied the repair proteins of BER mechanism. C. 
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trachomatis infected primary human ovarian epithelial (HOSE) cells showed downregulated 

expression of polymerase β, which is the main gap-filling polymerase enzyme in the BER process.  

 

Figure 4.9. Effect of C. trachomatis infection on expression of polymerase β in primary HOSE 
cells. (A) Immunoblot analysis of primary HOSE cells infected with wild type or CPAF— (RST17) 
C. trachomatis for 30 h at MOI of 1. Polymerase β, APE-1, p53, CPAF, HSP-60 were detected 
using specific antibodies and analyzed using actin for normalization. (B) Fold change for 
polymerase β, APE-1 and p53 was plotted. Error bars show mean ±SEM from two independent 
experiments. ns not significant, * p < 0.05, *** p < 0.001. 

 

C. trachomatis secretes a protease called chlamydial protease-like activity factor (CPAF) which 

cleaves a defined set of chlamydial and human proteins.  A mutant C. trachomatis strain, RST17, 

which had deletion in CPAF (CPAF—) was initially used as a control for non-specific cleavage 

(Snavely et al., 2014). The native nuclear lysates used in the repair assay were supplemented with 

clasto-lactacystin which is a specific inhibitor of CPAF activity to eliminate any post-lysis 

cleavage. Interestingly, CPAF— C. trachomatis did not down regulate polymerase β (Figure 4.9). 

Moreover, CPAF— Chlamydia also did not downregulate tumor suppressor p53, which is a 

hallmark of Chlamydia infection (Figure 4.9). Apurinic/apyrimidinic endonuclease-1 (APE-1) 
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another BER, was unaffected during infection suggesting that polymerase β downregulation was 

a specific event during C. trachomatis infection. (Figure 4.9). These results clearly demonstrate 

that C. trachomatis specifically downregulates polymerase β in a CPAF-dependent manner. 

4.2.3 Downregulation of polymerase β during C. trachomatis infection impairs BER 

To investigate if the downregulation of polymerase β has any effect on the BER process, an in 

vitro BER assay was designed as described in the methods section 3.2.6. Native nuclear lysates 

were used in this assay to observe the repair efficiency on synthetic polymerase β substrates. The 

in vitro assay was first validated to confirm that the effect was indeed from the repair enzymes and 

not from the buffer components. 

Designing and validating an in vitro BER assay 

The oligonucleotide substrates were prepared by annealing the complementary oligonucleotides 

and subsequently purifying them. They were incubated in the native lysates at 30 °C and resolved 

on a denaturing urea gel (Figure 4.10). The repair was determined by quantifying the final product. 

Different buffer components were eliminated from the reaction to observe the effect on repair 

activity and thereby determine the essential buffer components. A lysate control was involved to 

study if merely the buffer components were able to repair the substrate without lysate. ATP, dNTP, 

T4 DNA Ligase and nuclear lysate were indispensable for the repair reaction to occur. Also, repair 

reaction did not occur without the nuclear lysate (Figure 4.10).  
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Figure 4.10. Designing and validating the in vitro BER assay. (A) Duplex oligonucleotide 
substrate prepared by annealing a parent 55 nucleotide strand with two shorter 24 nucleotide and 
30 nucleotide oligonucleotides, thereby giving a single nucleotide gap. 5’ end of 30 nucleotides 
strand was radiolabeled with radioactive P32. (B) The repair assay was performed by incubating 
substrate with 10 µg of primary HOSE cell nuclear lysate. The products were resolved on a 10% 
polyacrylamide denaturing urea gel and visualized in a phosphor-imager. Each lane indicates the 
buffer components included and omitted in that reaction. Presence of a band at 55mer position 
indicated a working repair reaction implying that ATP, dNTP, T4 DNA Ligase and nuclear lysate 
were indispensable for the assay. 

 

The specificity of the repair assay was further confirmed by performing the same repair assay 

using nuclear lysates after transient knock down of polymerase β in primary HOSE cells. 

Polymerase β was knockdown using siRNA in primary HOSE cells and the nuclear lysates were 

prepared and used in BER assay. Here, the oligonucleotide substrate with 3 single nucleotide gaps 
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was used. The substrate was prepared by annealing a 64-nucleotide parent strand with four shorter 

oligonucleotides. As expected, the repair decreased after siRNA mediated knockdown of 

polymerase β and was inversely proportional to the concentration of polymerase β siRNA (Figure 

4.11). This confirmed that the repair activity observed in BER assay was a function of polymerase 

β. 

 

Figure 4.11. Confirmation of specificity of in vitro BER assay. (A) Repair assay was performed 
by incubating nuclear lysates of primary HOSE cells treated with two concentrations (1 nM and 5 
nM) of polymerase β siRNA with oligonucleotide substrate. Red arrow corresponds to substrate 
and green arrow to the final product. NC is negative control wherein lysate was omitted. (B) 
Duplex oligonucleotide substrate prepared by annealing 64 nucleotide parent strand with 4 shorter 
oligonucleotides to generate 3 single nucleotide gaps. 5’ end of short oligonucleotide (12 
nucleotides) was radiolabeled with radioactive P32. (C) Quantification of the final repair product 
corresponding to 64 nucleotides, marked by green arrow in panel (A) indicating repair activity in 
fold changes compared to control siRNA. (D) Immunoblot analysis for confirmation of siRNA 
mediated knockdown efficiency on polymerase β expression. Actin was used as normalization 
control. 
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BER during C. trachomatis infection 

Using the validated in vitro assay, BER activity was assessed in primary HOSE cells during wild 

type and CPAF— C. trachomatis infection. Corroborating the immunoblot analysis, repair activity 

was significantly reduced in wild type C. trachomatis but not in CPAF— C. trachomatis infected 

cells. This confirmed that C. trachomatis impairs BER in primary HOSE cells by downregulating 

polymerase β (Figure 4.12). 

 

Figure 4.12. Effect of C. trachomatis infection on BER in primary HOSE cells. (A) Repair 
assay was performed using nuclear lysates of primary HOSE cells infected with wild type and 
CPAF— C. trachomatis for 30 h at MOI of 1. Red arrow corresponds to substrate and green arrow 
to the final product. NC is negative control wherein lysate was omitted.  (B) Quantification of the 
final repair product corresponding to 64 nucleotides, marked by green arrow in panel. Error bars 
show mean ±SEM from two independent experiments. *** p < 0.001, ns not significant. 
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Similar to the primary HOSE cells, C. trachomatis also downregulated base excision repair in 

other cell lines including transformed cervical HeLa cells, transformed ovarian epithelial SKOV-

3 cells, primary human umbilical cord HUVEC cells and primary human foreskin fibroblast HFF 

cells (Figure 4.13). These results indicate that impairment of BER during C. trachomatis infection 

is not cell type specific but occurs in many different cell types. 

 

Figure 4.13. Effect of C. trachomatis infection on BER in different cell lines. (A) Repair assay 
was performed using nuclear lysates of cells infected with wild type C. trachomatis for 30 h at 
MOI of 1. Red arrow corresponds to substrate and green arrow to the final product. NC is negative 
control wherein lysate was omitted.  (B) Quantification of the final repair product corresponding 
to 64 nucleotides, marked by green arrow in panel (A). Error bars show mean ±SEM from two 
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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4.2.4 Effect of Hydrogen peroxide and progesterone on BER during C. trachomatis infection 

Oxidative stress has been associated with all the stages of cancer including initiation, promotion 

and progression. Reactive oxygen species (ROS) comprises of radicals such as peroxide (O2•−), 

hydroxyl (HO•), peroxyl (RO2•), and alkoxyl (RO•), as well as non-radicals that can be converted 

to radicals or serve as oxidizing agents such as hydrogen peroxide (H2O2), hypochlorous acid 

(HOCl), ozone (O3), and singlet oxygen (1O2). ROS not only causes mutations thereby causing 

genetic instability but also activates various cellular transcription factors including nuclear factor 

(NF)-κβ, p53 and hypoxia activating factor (HIF-1α) (Reuter et al., 2010). On the other hand 

progesterone, a female steroid hormone is known to have apoptotic effects on transformed ovarian 

epithelial cells (Syed and Ho, 2003; Yu et al., 2001).  

Hence, the effects of these molecules which are prevalent in the female genital tract and in the 

ovarian milieu were investigated on the process of BER during C. trachomatis infection. Primary 

HOSE cells were treated H2O2 and progesterone followed by incubation in fresh medium and C. 

trachomatis infection at MOI of 1. Nuclear lysates were prepared after 30 h of infection and repair 

assay was performed. 

In the duplex oligonucleotide substrate with 3 gaps, BER was impaired in C. trachomatis infected 

H2O2 treated cells. Interestingly, the repair was not restored in the progesterone treated cells 

(Figure 4.14 A and C). Single gap duplex oligonucleotide substrate was also used to study the 

kinetics of repair during C. trachomatis infection. The nuclear lysates were incubated with 

substrates for 20 min, 40 min and 60 min, the reactions were terminated and products were resolved 

on a denaturing gel. Although C. trachomatis infected cells showed reduced repair efficiency as 

compared to non-infected cells, the repair increased over the period of time with a slower kinetics 

(Figure 4.14 B and D).  
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Figure 4.14. Effect of hydrogen peroxide and progesterone on BER during C. trachomatis 
infection. Primary HOSE cells were treated with 200 µM H2O2 for 15 min at RT and 25 ng/ml 
progesterone (P4) prior C. trachomatis infection at MOI of 1 for 30 h followed by nuclear lysate 
preparation and BER assay. (A) 3 gap duplex substrate was used to study the overall effect on 
BER. (B) 1 gap duplex substrate was used to study the kinetics of BER (C) Quantification of the 
final repair product corresponding to 64 nucleotides, marked by green arrow in panel (A) and (D) 
Quantification of the final repair product corresponding to 55 nucleotides, marked by green arrow 
in panel (B). Error bars show mean ±SEM from two independent experiments. 
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These results indicate that H2O2 and progesterone which are known to be present in ovarian milieu 

are unable to alleviate BER during C. trachomatis infection. Also, similar to non-infected cells, 

the BER efficiency increased with time in the infected cells as well. This indicated that BER is not 

suddenly abrogated but there is a gradual loss in the efficiency. 

4.2.5 MicroRNA miR-499 is upregulated during C. trachomatis infection  

The amount of steady state polymerase β is proportional to the magnitude of DNA damage in the 

cell (Parsons et al., 2008). C. trachomatis induces oxidative DNA damage; however, it 

downregulates polymerase β expression. Hence, it was important to investigate the mechanism of 

downregulation of polymerase β. Previous reports in mice studies have demonstrated that C. 

muridarum modulates mouse miRNA expression profile (Gupta et al., 2015; Yeruva et al., 2016). 

In a recent study, high throughput miRNA sequencing has shown that C. trachomatis induces 

changes in human microRNA expression profile in primary HUVECs (Chowdhury et al., 2017). 

Sequence based target prediction tools showed that polymerase β is also regulated by several 

miRNAs. Amongst these miRNAs, miR-499 displayed the highest binding score to the 3’UTR of 

polymerase β (Figure 4.15 A). Hence, qPCR for miR-499 was performed in primary HOSE cells 

infected with C. trachomatis for 30 hours. miR-499 was indeed upregulated during C. trachomatis 

infection which corroborated with the previous study where it was shown to be upregulated in 

primary HUVECs. Since CPAF— (RST17) C. trachomatis did not affect the BER efficiency of the 

host cell, miR-499 expression during CPAF— Chlamydia was investigated. In line with the 

polymerase β expression and BER efficiency, CPAF— C. trachomatis did not upregulate miR-499 

(Figure 4.15 B). 
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Figure 4.15. miR-499 is regulated during C. trachomatis infection. (A) Polymerase β 3’UTR 
sequence alignment with miR-499 showing the seed sequence and binding region. (B) qPCR 
analysis for miR-499 in primary HOSE cells infected with C. trachomatis at MOI of 1 for 30 h 
showed significant upregulation in wild type but not CPAF— C. trachomatis infected cells. (C) 
Luciferase assay showing relative Renilla luciferase activity is reduced in wild type but not 
CPAF— C. trachomatis infected cells. Firefly luciferase activity was used as a control to normalize 
the transfection efficiency. Error bars show mean ±SEM from two independent experiments. * p 
< 0.05, ns not significant. 

 

To further elucidate whether the upregulation of miR-499 indeed regulates polymerase β, 3’UTR 

sequence from polymerase β mRNA was cloned in a dual luciferase vector- Psicheck2.0. Here, 

polymerase β 3’UTR was cloned downstream of Renilla luciferase gene and activity of Renilla 

luciferase was monitored during C. trachomatis infection. Another luciferase enzyme, Firefly 
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luciferase, was monitored and used to normalize the transfection efficiency. Renilla luciferase 

activity was significantly lower in wild type C. trachomatis infected cells but not in CPAF— C. 

trachomatis infected cells suggesting that miR-499 upregulation during wild type C. trachomatis 

indeed regulates polymerase β expression by binding to its 3’UTR (Figure 4.15 C). 

4.2.6 Polymerase β expression and BER efficiency are downregulated in C. trachomatis 

through miR-499 

To confirm if the miR-499 upregulation during C. trachomatis infection was the cause of 

polymerase β downregulation, primary HOSE cells were transiently transfected with miR-499 

inhibitor and miR-499 mimic for 36 h. After transfection, the cells were infected with wild type 

C. trachomatis at MOI of 1 for 30 h. Native nuclear lysates were prepared and analyzed for 

polymerase β expression by immunoblotting and for BER efficiency by in vitro repair assay 

(Figure 4.16). After inhibiting miR-499, polymerase β expression and BER efficiency was rescued 

in C. trachomatis infected cells. Whereas after transfecting with miR-499 mimic, polymerase β 

expression was downregulated and BER was diminished (Figure 4.16). 

These experiments confirmed that during C. trachomatis infection, miR-499 is upregulated which 

downregulates polymerase β protein expression by binding to the 3’UTR of its mRNA and thereby 

impairs BER efficiency. Inhibiting miR-499 during C. trachomatis infection rescued BER 

efficiency. 
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Figure 4.16. miR-499 mediated regulation of BER during C. trachomatis infection in primary 
HOSE cells. Primary HOSE cells were transfected with miR-499 inhibitor, mimic and scrambled 
control for 36 h followed by C. trachomatis infection at MOI of 1 for 30 h. (A) Repair assay was 
performed using substrate with 3 gaps and products were resolved on denaturing urea gel and 
scanned in phosphor-imager. Red arrow corresponds to substrate and green arrow to the final 
product. NC is negative control wherein lysate was omitted. (B) Quantification of final products 
of BER in panel (A) marked with green arrow. Error bars show mean ±SEM from two independent 
experiments. * p < 0.05, ** p < 0.01. (C) Immunoblot analysis of native nuclear lysates prepared 
after 30 h of C. trachomatis infection. Polymerase β was quantified, cytokeratin-8 was used as a 
control for bacterial protease activity. Actin was used for normalization. 
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4.2.7 Downregulation of p53 during C. trachomatis infection impairs BER efficiency. 

Stabilization of p53 during C. trachomatis infection interferes with the growth and development 

of C. trachomatis (Siegl et al., 2014). Many intracellular bacteria, including C. trachomatis 

downregulate tumor suppressor, p53, during infection (Siegl and Rudel, 2015). Since p53 is shown 

to be actively involved in BER process in both in vitro and in vivo (Zhou et al., 2001; Seo et al., 

2002), the effect of p53 downregulation on BER efficiency was investigated. p53 was transiently 

knocked down in primary HOSE cells using p53 specific siRNA. Nuclear lysates were prepared 

and analyzed for expression of polymerase β by immunoblotting and for BER efficiency by repair 

assay. In agreement with previous findings, knockdown of p53 lead to a weak albeit significant 

downregulation of polymerase β (Figure 4.17 C and D). Transient knockdown of p53 also 

significantly diminished BER efficiency in the repair assay (Figure 4.17 A and B). This data 

suggests that downregulation of p53 affects the expression of polymerase β whereas strongly 

reduces the BER efficiency. To further elucidate the p53 dependent mechanism of BER regulation, 

p53 was transiently overexpressed in primary HOSE cells by transfecting them with HA-tagged 

p53 plasmid. Extremely low amount of plasmid (50 ng) was used for transfection and cells were 

transfected after 8 h of C. trachomatis infection so that the growth of Chlamydia itself was not 

affected. Native nuclear lysates were prepared and analyzed for BER efficiency. Interestingly, 

there was no statistically significant difference in BER efficiency in p53 overexpressed cells during 

C. trachomatis infection as compared to non-infected cells (Figure 4.18). This experiment 

indicated that p53 is essential for efficient BER and attenuation of BER during infection can be 

rescued by p53 upregulation. 
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Figure 4.17. Effect of p53 knock-down on BER. Primary HOSE cells were transfected with p53 
siRNA and scrambled control for 36 h. (A) Repair assay was performed by incubating nuclear 
lysates with substrate with 3 gaps and the products were resolved on denaturing urea gel and 
scanned in phosphor-imager. Red arrow corresponds to substrate and green arrow to the final 
product. NC is negative control wherein lysate was omitted. (B) Quantification of final products 
of BER in panel (A) marked with green arrow. (C) Immunoblot analysis of native nuclear lysates 
prepared after 36 h of siRNA transfection. Polymerase β and p53 were quantified, Actin was used 
for normalization. (D) Quantification of polymerase β in panel (C). Error bars show mean ±SEM 
from two independent experiments. ** p < 0.01, *** p < 0.001. 
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Figure 4.18. Effect of p53 overexpression on BER. Primary HOSE cells were transfected with 
pCDNA-p53HA plasmid and empty vector 8 h post C. trachomatis infection. Native nuclear 
lysates were prepared after 30 h of total infection. (A) Repair assay was performed using substrate 
with 3 gaps and products were resolved on denaturing urea gel and scanned in phosphor-imager. 
Red arrow corresponds to substrate and green arrow to the final product. NC is negative control 
wherein lysate was omitted. (B) Immunoblot analysis for p53 fold change in lysates used in repair 
assay in panel (A) p53 and actin specific antibodies were used for immunoblotting. (C) 
Quantification of final products of BER in panel (A) marked with green arrow. Red arrow 
corresponds to substrate and NC is negative control wherein lysate was omitted. Error bars show 
mean ±SEM from two independent experiments. * p < 0.05, ns not significant. 

 

To further confirm the involvement of p53 in regulation of BER during C. trachomatis infection, 

similar repair experiments were performed in lung adenocarcinoma H1299 cells which have a 

homozygous deletion in the TP53 gene. Interestingly, C. trachomatis infection did not have 

significant effect on BER efficiency in H1299 cells (Figure 4.19). 
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Figure 4.19. Effect of C. trachomatis on BER in p53-/- H1299 cells. H1299 cells with a 
homozygous deletion in TP53 gene were infected with C. trachomatis at MOI of 1 for 30 h. Native 
nuclear lysates were prepared after 30 h of infection. (A) Repair assay was performed using 
substrate with 3 gaps and products were resolved on denaturing urea gel and scanned in phosphor-
imager. Red arrow corresponds to substrate and green arrow to the final product. NC is negative 
control wherein lysate was omitted. (B) Quantification of final products of BER in panel (A) 
marked with green arrow. Error bars show mean ±SEM from two independent experiments. ns not 
significant. 

 

These experiments suggest that p53 is essential for BER as transient downregulation of p53 lead 

to downregulation of polymerase β and impaired BER (Figure 4.17). The efficiency of BER 

during C. trachomatis infection could be rescued by complementing infected cells with low 

amount of p53 (Figure 4.18). Moreover, C. trachomatis-mediated downregulation of BER is 
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absent in p53-/- H1299 cell line (Figure 4.19). This suggests that miR-499-mediated 

downregulation of polymerase β during C. trachomatis infection is dependent on p53. Another 

explanation for this result would be the differential expression of miR-499 in H1299 cells (cell-

type specific miRNA expression). Hence, C. trachomatis could not downregulate BER in these 

cells as miR-499-mediated regulation of polymerase β was absent. However, further studies are 

required to confirm if this is a cell line specific effect or if the impaired BER efficiency during 

infection is mediated exclusively through p53.
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5. DISCUSSION 

Nearly one-sixth of the global cases of cancer are attributed to infectious agents (Plummer et al., 

2016). This makes it very critical to understand the biology of microbial pathogenesis and 

mechanism of host cell modulations to successfully be able to avoid tumorigenesis. Although the 

microbes and types of cancers they cause are varied, the mechanisms of oncogenesis remain more 

or less conserved. Generally, oncogenic pathogens act by modulating host cell signal transduction, 

altering host cell physiology, inducing chronic inflammation or interacting with other microbes 

(Blaser, 2008). Several studies have confirmed Human herpesvirus 6 and C. trachomatis signatures 

in ovarian cancer samples. (Banerjee et al., 2017; Idahl et al., 2010; Ness et al., 2008, 2003; 

Shanmughapriya et al., 2012). This work attempts to identify the mechanisms through which these 

pathogens may induce tumorigenesis in their individual capacity and provides insight on possible 

ensuing changes in the host cell due to their co-infection. 

5.1 Multiple HHV-6 DR copies may be present in ciHHV-6 individuals 

HHV-6 integrates in the telomeric or sub-telomeric regions of the host chromosomes and 

integration is facilitated by telomeric sequences present in the direct repeat (DR) region of HHV-

6 genome (Arbuckle et al., 2010). It was believed that almost full length genome integrates in host 

telomeres and studies have demonstrated genome sequences of integration sites (Tweedy et al., 

2015). The integrated genome is quite unstable and prone to be released from host telomeres 

(Huang et al., 2014). This study shows that despite of the expected theoretical 1:2 ratio between 

HHV-6 genome and DR, additional DR copies per HHV-6 genome may be present both in patients 

and cultured cell lines. Here, three iciHHV-6 patient PBMC samples indicated that more than two 

copies of DR may be present per single copy of HHV-6 genome. Moreover, when these patients 

were followed up for a period of three years the number of DR copies fluctuated in two out of 
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three samples over the period of time. This unstable nature of DR suggested the existence of a 

mechanism by which DR sequences replicated or were lost. The extra copies of DR may not 

necessarily mean that multiple integrations of DR occur within the genome. Presence of 

extrachromosomal circular DR copies were reported in previous studies (Huang et al., 2014; Prusty 

et al., 2013b). These extrachromosomal DRs may replicate by rolling circle replication method 

using telomeric DNA as template (Schofield, 2007) and later integrate as a DR concatemer. This 

concatemeric DR may be detected as more than one copy by PCR analysis employing single set 

of primer pair. There are two possibilities of DR retention after viral reactivation. First, where 

simply DR may be excised (Figure 1.3-a) which may later replicate and re-integrate. Or second, 

where viral genome may be excised with one DR leaving behind the other DR integrated in the 

host genome (Figure 1.3-f) (Prusty et al., 2013b; Wood and Royle, 2017). FISH analysis in this 

work show that DR present in the absence of HHV-6 genome is still integrated in the genome and 

not necessarily present in episomal form. In vitro assays and patient sample analysis confirmed 

that extra DR copies may be present in iciHHV-6 individuals and these copies may still remain 

integrated in the genome. 

5.2 Viral DR copies may integrate in non-telomeric regions of host chromosomes 

Although it is a general understanding that HHV-6 integrates in telomeric and sub-telomeric 

regions of chromosome, an unusual observation of non-telomeric integration is presented in this 

work. In the ciHHV-6 cell culture model employed for this study many single cell clones which 

did not possess any HHV-6 genome but had DR copies showed the presence of DR copies in non-

telomeric regions of chromosomes. Both FISH analysis and inverse PCR confirmed non-telomeric 

integration in both cell line models as well as patient PBMC samples. Moreover, sequencing of 

the non-telomeric junction regions indicated DR integrations in intronic regions of chromosomes 
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5q13.3 and 20q13.33 which may alter the expression of important genes like AGGF1 and GAIP 

respectively. AGGF1 is angiogenesis factor with G patch and FHA domains 1 whereas GAIP is a 

G-alpha interacting protein. Integration of a viral sequence in intronic regions of genes may 

enhance the expression of the gene (Ikeda et al., 2007). Moreover, intronic integration may also 

result in viral-human fusion transcript which is also reported to increase the expression of a gene 

as shown during integration of HBV in hepatocarcinoma (Leary et al., 2008). GAIP is a GTPase 

interacting protein and is implicated in various signal transduction pathways including activation 

and phosphorylation of protein kinase C (De Vries et al., 1995). Thus, HHV-6 DR integration in 

the intronic regions of this region may alter or induce signal transduction of host cell. AGGF1 

plays an important role in angiogenesis and proliferation of endothelial cells (Fan et al., 2009). 

Overexpression of AGGF1 would certainly point towards tumorigenesis. Furthermore, HHV-6 DR 

codes for DR6/7 proteins which are known to inhibit the function of tumor suppressor p53 and 

thereby have a potential for oncogenesis (Lacroix et al., 2010; Schleimann et al., 2014, 2009). DR 

region also codes for viral microRNAs which may modulate expression of host cell proteins 

(Tuddenham et al., 2012). Therefore, assuming that non-telomeric integration is a random event, 

integration of DR in an open reading frame would be definitely plausible and may lead to 

tumorigenesis. 

Recent report has also corroborated this observation of finding viral genome in ovarian cancer 

samples (Banerjee et al., 2017). Here a microarray methodology was used to screen 99 ovarian 

cancer samples against matched and unmatched controls. Integration was identified using primers 

against HHV-6 U47 ORF and non-telomeric integration was found in several potential oncogenic 

genes.  
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This study, thus, reported an important observation that the presence of HHV-6 DR sequences as 

well high copy number of DR sequences may contribute towards tumorigenesis. 

5.3 C. trachomatis impairs base excision repair (BER) 

C. trachomatis causes oxidative DNA damage throughout the course of its infection. In alkaline 

comet assay, non-infected cells showed increased tail DNA indicating damage after H2O2 

treatment whereas tail DNA retreats back to the nucleus after removal of H2O2 indicating DNA 

repair. This damage-repair response is not seen in cells infected with C. trachomatis. Infected cells 

display elevated DNA damage throughout the infection suggesting that the rate of oxidative DNA 

repair was not proportionate to the severity of oxidative DNA damage. 

Polymerase β which is the primary polymerase enzyme involved in repairing the oxidized DNA 

bases through BER mechanism was downregulated during C. trachomatis infection. Interestingly, 

only wild type C. trachomatis could downregulate polymerase β but not CPAF— C. trachomatis. 

This indicated that CPAF which is an important protease for Chlamydia itself, could acts as an 

effector protein in this mechanism of downregulation. C. trachomatis changes the host miRNome 

and one of the microRNAs upregulated during infection was miR-499 which is known to regulate 

polymerase β. Quantitative PCR showed that miR-499 was nearly 3-fold upregulated during 

infection. Corroborating with polymerase β expression levels, CPAF— Chlamydia mutant did not 

upregulate miR-499. Inhibiting miR-499 rescued the polymerase β expression as well the BER 

activity. Also, BER activity was inhibited by using miR-499 mimic. The specificity of miR-499-

polymerase β interaction was checked by cloning polymerase β 3’UTR in a dual luciferase vector. 

Here, polymerase β 3’UTR was cloned downstream of Renilla luciferase and Firefly luciferase 

was used as a transfection control. Wild type but not CPAF— Chlamydia downregulated the Renilla 

luciferase activity. This confirmed that the downregulation of polymerase β was miR-499 specific. 
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However, the downregulation of luciferase activity during wild type Chlamydia infection was 

marginal. This could be explained by presence of a single binding site for miR-499 within the 

polymerase β 3’UTR.  

 

Figure 5.1. Schematic representation of C. trachomatis mediated impaired BER. Chlamydia 
downregulates p53 through previously studied mechanisms and polymerase β through miR-499 
upregulation. Both p53 and polymerase β are involved in BER process. Thus, C. trachomatis 
impairs BER by downregulating p53 and polymerase β. 

 

Furthermore, wild type C. trachomatis downregulated tumor suppressor p53 which is agreement 

with previous studies (González et al., 2014; Siegl et al., 2014). Interestingly however, CPAF— 

Chlamydia did not downregulate p53. Tumor suppressor p53 is also known to play direct role in 

BER process (Seo et al., 2002). In vitro assays using recombinant proteins have shown that p53 
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binds directly to polymerase β and stabilizes its interaction with abasic DNA (Zhou et al., 2001). 

Transient siRNA mediated knockdown of p53 in primary human ovarian surface epithelial cells 

indeed displayed reduced BER efficiency. Moreover, after transient upregulation of p53 using p53-

HA plasmid, there did not seem significant reduction in BER in the infected cells as compared to 

the non-infected control. In vitro BER assay also showed that there was no difference in the BER 

activity during C. trachomatis infection in p53-/- H1299 cells. These results indicated that impaired 

BER could be dependent on downregulation of p53 during infection as well. 

Taken together, these results illustrate that C. trachomatis impairs host BER biaxially through 

CPAF-miR-499-polymerase β axis as well as via the CPAF-p53-polymerase β axis (Figure 5.1). 

5.4 C. trachomatis mediates alternate lengthening of telomeres (ALT) and epigenetic 

modifications. 

Besides causing pan-genomic oxidative DNA damage, C. trachomatis also causes telomere 

specific damage of the host chromosomes. Past studies have shown that C. trachomatis causes 

transient telomere shortening i.e. telomeres are shortened during early infection and are later re-

built transiently during middle stage of infection followed by complete loss in the final stage of 

infection. (Prusty et al., 2013b). Recently a nuclear effector protein of Chlamydia, NUE, which is 

secreted via the type III secretion system during late stages (18-24 h) of infection was identified 

(Pennini et al., 2010). Imaging and biochemical analysis of chromatin bound proteins suggested 

that NUE translocates to the nucleus during infection (Pennini et al., 2010). Experiments from our 

group show that NUE has telomere specific binding activity (Prusty et al., unpublished). 

Interestingly, the phenomenon of transient telomere shortening which is observed in wild type 

Chlamydia infected cell was absent in NUE— Chlamydia infected cells. In the NUE— Chlamydia 

infected cells, telomeres are shortened much later in infection and the typical ‘rebuilding’ of 
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chromosomes was not seen (Figure 5.2). These experiments suggest that NUE may be able to 

elongate the telomeres. Critically shortened telomeres initiate a p53 mediated response leading the 

cells to senescence (Evan and d’Adda di Fagagna, 2009) or apoptosis (Vaziri et al., 1997). This 

rebuilding of telomeres may explain the strategy employed by Chlamydia to circumvent p53-

mediated apoptosis or senescence. 

 

Figure 5.2. C. trachomatis infection causes alternate lengthening of telomeres. HeLa cells were 
infected with wild type and NUE— Chlamydia for different time points. During wild type 
Chlamydia infection telomeres are shortened from 24-30 h but are transiently elongated after 30 
h. During NUE— Chlamydia, however, a consistent loss of telomeres is observed till the end of 
infection cycle.  



DISCUSSION 

114 
 

NUE protein also has histone methyltransferase activity and is able to methylate H2A, H3 and H4 

histones (Pennini et al., 2010). Intracellular pathogens are known to induce epigenetic 

modifications to support their survival (Hamon and Cossart, 2008). It has also been suggested that 

C. trachomatis induces hypermethylation of the genome to create heterochromatin and thereby 

limit DNA damage and related apoptotic response (Chumduri et al., 2013). Preliminary data from 

our group shows that C. trachomatis induced changes in the epigenetic makeup of host genome. 

Immunoblot analysis of acetylation and methylation markers of histones H3 and H4 showed 

differences in wild type and NUE— Chlamydia infections (Figure 5.3). Trimethylation of lysine 4 

residue (H3K4me3) and trimethylation of lysine 27 (H3K27me3) residue of histone H3 were 

nearly unchanged in wild type Chlamydia infected cells but reduced NUE— Chlamydia infected 

cells (Figure 5.3). However, there was a noticeable difference in the methylation pattern of lysine 

9 residue of histone H3 (H3K9me3) which was nearly 3 times upregulated in both wild type and 

NUE— Chlamydia infected cells (Figure 5.3). The pan-acetylation of histone H4 (H4ac) and that 

of lysine 27 residue of histone 3 (H3K27ac) was decreased in the NUE— as compared to the wild 

type Chlamydia infection (Figure 5.3). 

These results suggest that during C. trachomatis infection, there is telomere shortening which is 

transiently repaired in wild type chlamydia but not in NUE— Chlamydia infected cells. This is 

indicative of NUE protein being responsible for the transient repairing of telomeres. Also, these 

results show that trimethylation of histone 3 at lysine 9 (H3K9me3) is highly upregulated in C. 

trachomatis infected cells which is an indicator of heterochromatin formation. Surprisingly, 

acetylation at lysine 27 residue of H3 and pan-acetylation of H4 are markedly reduced in NUE— 

C. trachomatis. Since NUE is a histone methyl transferase, it is unlikely to be involved directly in 
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acetylation of histone residues. The low acetylation signal in NUE— Chlamydia infected cells may 

be due to an indirect mechanism which needs to be further investigated. 

 

Figure 5.3. C. trachomatis infection causes epigenetic modification of the host genome. 
Primary HOSE cells were infected with wild type and NUE— mutant C. trachomatis at MOI of 1 
for 24 h. Post-translational modifications of histones H3 and H4 were analyzed by western blotting 
using respective specific antibodies. 

 

5.5 C. trachomatis and HHV-6 in Ovarian Cancer- Hypothesis and Perspective 

Physicist Thomas Kuhn defined paradigms as the best ways of explaining progress in science 

(Kuhn, 1970). As opposed to the popular belief that progress is accumulation of corpus of scientific 

knowledge, he believed that progress is in fact identifying a puzzle and then providing a standard 

solution for the same. The standard solution, or a paradigm, would ensure the scientists that a 

solution exists for every puzzle. But when puzzles repeatedly resist the paradigm, a crisis of 
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confidence occurs which may result in rejecting the paradigm and replacing it in turn with a new 

one. And thus, begins a paradigm-shift or scientific revolution. 

The current functional paradigm of ovarian cancer being caused by infectious agents involves 

identifying an isolated pathogen in the ovarian tissue and then using in vitro methodologies to 

provide evidence of the oncogenic potential of the pathogen in question. Several studies have 

shown that infection of a cell with certain pathogens such as HPV, KSHV or EBV may lead to 

tumorigenesis which are well within the scope of the existing paradigm (White et al., 2014). This 

approach has however failed in the field of C. trachomatis or HHV-6 to come to a consensus 

concerning the mechanism through which they might cause the transformation. C. trachomatis 

with its 48 hours life cycle and HHV-6 with its benign nature do not form tangible examples of 

the current paradigm. Therefore, infection of a cell with these pathogens simply is very unlikely 

to induce oncogenesis. 

Many theories have been put forward to explain the epidemiological relevance of C. trachomatis 

infection in ovarian cancer. One of the theory argues that Chlamydia infects the fimbrial cells 

which are further transplanted in the ovary where it develops into cancer (Carvalho and Carvalho, 

2008). Although this work mentioned anatomical proximity of the ovary to fimbria as one of the 

reasons, it does not elaborate on the molecular mechanism. Another study explains an interesting 

take on paracrine signaling in C. trachomatis infected epithelial cells through Wnt signaling 

followed by subsequent regulation of transcription (Kessler et al., 2012). This theory would 

explain the absence of pathogen in ovarian tissue wherein only few cells are infected but many in 

the vicinity are affected. 

This work focuses on the genomic instability which C. trachomatis infection may cause in 

epithelial cells, how this instability in turn may interact with a latent ciHHV-6 and how these 
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changes may cumulatively prove detrimental. This study has shown that C. trachomatis impairs 

the BER capacity in primary ovarian epithelial cells. BER primarily repairs SSBs which if left 

unrepaired leads to mutations. For instance, if oxidized guanine or 8-oxo-guanine is left 

unrepaired, the replication machinery may mis-insert adenine in place of guanine and in the 

subsequent replication cycles there will be a G:C to A:T mismatch mutation (Cheng et al., 1992). 

This study also focuses on epigenetic manipulations of C. trachomatis where the genome is rather 

condensed due to hypermethylation. In HHV-6 co-infection or C. trachomatis mediated ciHHV-6 

reactivation scenario, the viral genome would not have access to most of the host genome as it is 

already in a heterochromatin form. However, C. trachomatis upregulates certain genes which 

would be still active or in euchromatin state and accessible for the virus to integrate. This would 

highly increase the chances of viral integration in those genes which are upregulated by 

Chlamydia. This study explains an unusual finding of DR sequences being integrated in non-

telomeric regions of human chromosomes (Gulve et al., 2017). Another study has even found 

HHV-6 ORF at non-telomeric regions and thus disrupting crucial genes or upregulating certain 

oncogenes (Banerjee et al., 2017). Future high throughput studies which employ bioinformatic 

approach are therefore necessary to analyze upregulated genes during Chlamydia infection. The 

upregulated target genes from such an ‘omics-data’ should be then be analyzed for HHV-6 

integration efficiency at these genes. 

Treatment of infection induced ovarian cancer would certainly be benefitted from early diagnosis. 

Studies have shown that ovarian cancer can remain undetected for a long time even during annual 

CA-125 antigen testing and transvaginal ultrasound and then can be suddenly presented at late 

stages (Partridge et al., 2009). This makes it very important to detect the infection and address it 

immediately. It is time to upgrade the Hippocratic dyad which suggests the importance of man-
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environment relationship with a third factor- the etiological agent. This would prove to be highly 

useful in combating the infectious disease induced cancer. Preventive medicine for infection 

induced cancer can be categorized into three stages- Primary prevention which addresses the 

apparently healthy individual to prevent the occurrence of disease. Secondary prevention which 

addresses the infection and prevent progression of disease and tertiary prevention which treats the 

metastasis and prevents relapse (de Flora and Bonanni, 2011). Treating HHV-6 and Chlamydia 

infections promptly would indeed be the secondary prevention strategy, primary being developing 

vaccines or general preventive strategies. 

Understanding the molecular mechanisms of infection induced cancer also would aid in choosing 

the right therapy. For instance, since PI3 kinase is upregulated in C. trachomatis infection which 

is also the case in 70% of ovarian cancer patients, PI3 kinase inhibitors would surely be of 

importance apart from antibiotics against infection. This study underlines the role of p53 in 

genome stability which is also downregulated during C. trachomatis infection.  Therefore, 

harnessing the role of small molecules such as nutlins which stabilize p53 by inhibiting its 

proteasomal degradation would serve as a key to minimize the burden of C. trachomatis and HHV-

6 infection induced ovarian cancer. 
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6. APPENDIX 

 

 

 

Figure 6.1. Analysis of ciHHV-6 HeLa single cell clones for number of viral (HHV-6) and DR 
copies by qPCR. ciHHV-6 HeLa single cell clones demonstrate a variable number of DR per viral 
(HHV-6) genome. Clone numbers 29 and 30 show presence of more than 20 copies of DR. (Gulve 
et al., 2017) 
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Figure 6.2. Sequence alignment of viral DR non-telomeric integration sites. (A) U251 clone 
15 non-telomeric integration at Chr 20q13.3 aligned with human G-alpha interacting protein 
isoform B (GAIP) (Accession number AH010108.2). (B) iciHHV-6 patient NNMD3 non-
telomeric integration at Chr 5q13.3 aligned with human angiogenic factor with G patch and FHA 
domains 1 (AGGF1) (Accession number NG_0.27822.1). (Gulve et al., 2017) 
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