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INTRODUCTION 

With about 134000 new cases and 72800 deaths annually, cancer of the uterine cervix 

accounts for the most frequent cancer among women in India. Globally, it is the third 

most common cancer and significantly contributes to cancer burden (WHO/ICO). Based 

on histology cervical cancer can be broadly divided into 3 subtypes- squamous cell 

carcinoma or cancer of the flat epithelial cells with the highest incidence (80-90%) rate 

followed by adenocarcinoma (10-20%) arising from glandular epithelium and mixed 

carcinoma (1-2%) with features of both types. HPV infection has been shown to play a 

critical, though not sufficient role in the etiology of cervical cancer. The relationship 

between exposure to HPV and the disease might vary with the infecting HPV type, viral 

integration status and viral load; these considerations might have profound implications 

on patient prognosis (Josefsson et al., 2000; Woodman et al., 2007).  

Identification of individual HPV types in a population is important not only to 

investigate the epidemiology and clinical behavior of particular type, but as a primary 

screen for cervical cancer detection. Till date several HPV types have been reported; 24 

of the most common types have been divided into three groups based on the severity: 15 

high-risk types (16, 18, 31, 33, 35, 39, 45, 51, 52,56, 58, 59, 68, 73, and 82), 3 putative 

high-risk types (26, 53, and 66), and 6 low-risk types primarily found in genital warts 

and low-grade cervical lesions (6, 11, 42, 43, 44 and 70) (Munoz et al., 2003; Schmitt et 

al., 2006). Most of the high risk HPV (HR-HPV) infections regress spontaneously and 

only in about 10% cases the infection persists and progresses to high-grade cervical 

intraepithelial neoplasia. This generally occurs through integration of the HPV genome 

into the host chromosome with associated loss or disruption of E2 (Wentzensen et al., 

2004). In the absence of E2 the transcriptional control on E6 and E7 is lost, which leads 

to immortalization and transformation of the cells (Romanczuk and Howley, 1992). It 
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has been reported that transcripts derived from the integrants are more stable than those 

from episomal viral DNA, hence the event has been associated with a selective growth 

advantage for affected cells (Jeon et al., 1995; Jeon and Lambert, 1995). The integration 

event in most cases results in the generation of mRNAs that comprises of the viral 

oncogenes E6 and E7 and cotranscribed cellular sequences (Klaes et al., 1999). Another 

important factor associated with HPV infection is the viral load. The relationship 

between viral load and the disease is quiet complex; while some studies report an 

increase in viral load with increasing disease severity, others found either no association 

or a higher viral load in women with low-grade squamous intraepithelial lesion than in 

those with high-grade squamous intraepithelial lesion (Lilo et al., 2005; Swan et al., 

1999; Woodman et al., 2007). Moreover, while considering the relationship between 

viral load and disease prognosis, the physical status of the virus also becomes important. 

All these parameters taken together could therefore provide valuable insight into the 

natural history of HPV infections and their relationship to disease. 

Apart from infection by HPV, genetic instability is also responsible for the 

pathogenesis of cervical cancer. The genetic instabilities may range from point 

mutations, copy number changes, chromosomal rearrangements to widespread 

aneuploidy. Somatic alterations (present only in tumour) and not in germline (present in 

blood) would shed light on tumorigenesis as well as response to therapy. Next 

generation sequencing techniques which include whole genome sequencing, exome 

sequencing and transcriptome sequencing, have made such studies much more feasible. 

Though exons constitute only about 1% of the genome (37.6 Mb), sequencing them can 

yield significant information as they have been reported to harbor most variations. Also 

most frequent type of disease mutations are those that cause amino acid substitutions 

resulting from variations in exons. Further, approaches involving targeted sequencing 
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provide increased sequence coverage of a particular region of interest at high throughput 

and lower cost.  

The present study involves investigation of various factors involved in cervical 

carcinogenesis. This included genotyping of 24 HPV types along with identification of 

site of viral integration in a cohort of Indian women with locally advanced cervical 

cancers (FIGO Stage IIB and IIIB), and determining viral copy number of two high risk 

HPV types - HPV16 and 18. Further, whole exome sequencing has been carried out to 

identify the genetic alterations observed in cervical cancer biopsies compared to 

matched blood in some cases. The data has been validated using different techniques. 

 

AIMS AND OBJECTIVES 

1. Determination of HPV status in cervical cancer biopsies. 

2. Identification of integration site of the virus by Amplification of Papillomavirus 

Oncogene Transcripts (APOT) assay.  

3. Identification of genomic alterations in cervical cancer biopsies by exome sequencing 

4. Correlation of the data from the study with clinical data. 

 

MATERIALS and METHODS 

Clinical Sample accrual: Pretreatment cervical tumour biopsies, predominantly from 

FIGO stage IIIB as well as blood samples were obtained from patients undergoing 

radiotherapy alone or concomitant chemo-radiation at the Radiation Oncology 

Department, Tata Memorial Hospital, Mumbai, after obtaining IRB approval. A generic 

consent for basic research was obtained prior to obtaining the biopsies. However for the 

current study a consent waiver was obtained from the Hospital Ethics Committee since 

the samples were collected more than 10 years ago. The samples were collected in liquid 
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nitrogen and stored at -80°C freezer until further use. All the samples were assigned a 

laboratory code to maintain confidentiality. 

Processing of tumour samples: Cryosectioning of cervical biopsies was done to 

determine tumour percentage as well for isolation of DNA and RNA. First, two 5µm 

sections of tissues were mounted on lysine coated slides for H&E staining and 

determining tumour percentage. Next, seven 30µm sections were collected in RLT 

buffer for isolation of RNA and five 30µm sections collected in STE buffer for isolation 

of DNA.  

Genomic DNA extraction: DNA was extracted using standard phenol/chloroform 

method and quantitated using Nanodrop. For the exome sequencing study isolation of 

genomic DNA was done by DNA Mini kit (Qiagen) according to the manufacturer’s 

protocol. The integrity of DNA was checked on 0.8% Agarose gel.  

Extraction of RNA: RNA was extracted using RNeasy Mini Kit. DNAse treatment of 

the RNA was done to remove any DNA contamination. RNA was quantitated using 

Nanodrop and its integrity was checked on 1.2% Formaldehyde gel. 

Genotyping of HPV by high throughput Luminex assay: Genotyping of 24 HPV types 

which included 15 high-risk types (16, 18, 31, 33, 35, 39, 45, 51,52, 56, 58, 59, 68, 73, 

and 82), 3 putative high-risk types (26, 53, and 66), and 6 low-risk types (6, 11, 42, 43, 

44, and 70) was carried out in 270 cervical biopsies using Multiplex HPV Genotyping 

assay  based on Luminex xMAP technology. As per the manufacturer’s instructions, 

PCR was carried out using sets of biotinylated broad range primers in a total volume of 

50 µL containing 3.5 mM MgCl2, 200 µM deoxynucleotide triphosphates, 0.75 unit of 

Taq DNA polymerase and 1µl primer mix. The amplification steps included an initial 

DNA denaturation at 94°C for 5 min, followed by 40 cycles of denaturation for 20 s at 

94°C, annealing for 30 s at 38°C, and extension for 1 min 20 s at 71°C, before a final 
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extension for 4 min at 71°C. PCR positive samples were then subjected to the Luminex 

run. Ten microlitres of the PCR product was mixed with the Luminex bead mix 

containing distinct bead populations coupled to 24 HPV types. After thermal 

denaturation the target sequences were hybridized to bead-bound probes. The hybridized 

PCR products were labeled by binding to R-phycoerythrin conjugated streptavidin. The 

read-out was obtained in the Luminex bioanalyzer. HPV types were discerned according 

to the unique bead signature, whereas the presence of PCR products was determined by 

phycoerythrin fluorescence. An analytical sensitivity cut-off was calculated based on the 

negative control which was deducted from each of the read-out.  

HPV genotyping by PCR using MY09/11 and SPF1/2 primers: The samples that tested 

HPV negative by luminex array (n=92) were further screened for HPV by PCR using 

MY09/11 L1 (Gravitt et al., 2000) and SPF1/2 (Kleter et al., 1998) primers. 

Association of HPV16, HPV18 and HPV16/18 infection with clinical outcome: The 

genotyping data for the two HR-HPV types, HPV16, HPV18 and HPV16/18 together, 

where adequate follow-up data was available was compared with the clinical outcome of 

the patients. Kaplan-Meier analysis was done to determine association between infection 

with these HR-HPV types and recurrence of disease. 

Identification of integration site by APOT assay: Site of viral integration was identified 

in a subset of cervical tumour samples (n=86) positive for HPV16, HPV18 or both and 

with a follow up  data of 3 years using Amplification of Papillomavirus Oncogene 

Transcripts (APOT) assay as described by Klaes et al (Klaes et al., 1999). . The assay is 

based on a 3’-rapid amplification of cDNA ends PCR and involves the following steps- 

Reverse transcription-1µg RNA was reverse transcribed using SuperscriptTM first 

strand synthesis and an oligo (dT)17 primer coupled to a linker sequence referred to as 
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Frohman primer (Frohman et al., 1988). Integrity of the cDNA was checked by β-actin 

PCR. 

Nested PCR- For the PCR reactions HPV E7 primers was used as forward primers, an 

adapter primer complementary to the linker sequence in the Frohman primer as first 

reverse primer, and the Frohman primer as the second nested reverse primer. The PCR 

amplification was carried out in a total volume of 50µL containing 2.5mM MgCl2, 

10mM deoxynucleotide triphosphates, 25µM of each primer and 1 unit of Taq DNA 

polymerase. The PCR comprised of an initial DNA denaturation step of 94°C for 2min, 

followed by 35 cycles of denaturation for 30s at 94°C, annealing for 30s at 58°C, and 

extension for 4min at 72°C. A final extension for 20min at 72°C was given. 7µl of the 

PCR product was used as template for nested PCR. The PCR conditions were same as 

that of first PCR except the annealing temperature was 66°C. 

Cloning and sequence analysis- The amplified products thus obtained were visualized 

by 1.2% agarose gel electrophoresis. Amplicons other than the major episomal 

transcripts (~1050 bp for HPV 16 and ~1000 bp for HPV 18) were suspected to be 

derived from the integrated HPV genomes. These were excised from the gel and DNA 

isolated using GFX PCR DNA and Gel Band Purification Kit. The isolated DNA was 

either sequenced directly or after cloning into pTZ57R/T vector using the InsTA PCR 

Cloning Kit on the DNA automated sequencer. The chromosomal integration loci were 

determined using National Centre for Biotechnology Information (BLAST) and/or the 

University of California, Santa Cruz (BLAT) hg19 (Feb. 2009) human genome 

assemblies. Further the integration sites were checked for the presence of fragile sites 

and any genes of known identity by using NCBI fragile site map viewer and the UCSC 

Blat tool respectively.   
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Validation of the recurrent integration sites: Some of the recurrent integration sites 

were checked at the genomic level by carrying out genomic DNA PCR with HPV E7 

primers as the forward primer and primers specific to a given chromosomal region as the 

reverse one. 

Association of viral integration with clinical outcome: The data obtained was 

compared with the clinical outcome of the patients. Kaplan-Meier analysis was done to 

determine the association of the viral state (episomal/integrated) with recurrence of the 

disease. Disease free survival was considered from start of radiation therapy to the time 

when recurrence occurred or till last follow-up. Statistical significance was evaluated 

using the log-rank test. Further, where viral integration was observed at a particular 

chromosomal locus in ≥4 cases, Kaplan-Meier analysis was performed to check whether 

the site of integration in the host genome had any bearing on the disease prognosis. 

Detection of HPV copy number by quantitative real time PCR (qRT-PCR): Copy 

number of two high-risk HPV types- HPV16 and HPV18 was assessed in the 86 

samples where the physical status of the virus was already known by SYBR green based 

qRT-PCR. A 100 bp sequence located in the E7 gene of HPV16 or HPV18 was used for 

amplification, while a DNA fragment in the Tata Binding protein (TBP) gene which is a 

single copy gene was used as reference for relative quantitation. PCR conditions were 

15 min at 95 ºC and 45 cycles (15 s at 95ºC, 30 s at 62ºC, and 1 min at 72ºC). HPV copy 

number was estimated by the 2 
-ΔCT

, with the TBP sequence as a reference for two DNA 

copies as describedby Peter et al. (Peter et al., 2010). 

Identification of genetic alterations by Exome Sequencing: Exome sequencing of six 

cervical tumour tissues (all of stage IIIB and with more than 70% tumour) and three 

matched controls (respective blood sample from three patients) was carried out at 
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Genotypic Technology (P) Ltd, Bangalore. Following steps were involved in the 

process:- 

Paired End library preparation- This included shearing of the genomic DNA to less 

than 800bp fragments, ligation of adapters, gel extraction of ligated products and finally 

amplification of adapter-ligated library. 

Hybridization- Hybridization of the DNA library to biotinylated RNA library was 

carried out, followed by selection of DNA-RNA hybrids by streptavidin coated 

magnetic beads and digestion of RNA. 

Post-Hyb processing- This included PCR amplification, purification and finally 

sequencing of the captured library on Illumina GAIIX sequencing platform. 

Analysis for identification of single nucleotide variations and indels:- The first level of 

analysis involved filtration of the reads by the software SeqQC. The filtered reads were 

then aligned against the Homo sapiens genome (Hg19 UCSC Build) by the program 

BWA 0.5.7 followed by variant calling from the alignment by Samtools 0.7.1a. In order 

to further shortlist the potential somatic variations (mutations) that could be important in 

cervical carcinogenesis, data from only the 3 paired samples was considered. The 

variations were first filtered out for the somatic and nonsynonymous ones and then 

subjected to Gene Ontology (GO) classification and KEGG pathway analysis to cluster 

the genes harboring the variations into groups based on their molecular function and 

biological processes. Important members were selected from this based on their 

relevance to cancer and the variations within them were subjected to prediction tools 

such as SIFT (Kumar et al., 2009) and Polyphen 2 (Adzhubei et al., 2010) for 

identifying whether a given amino acid substitution affects protein function.  

Validation of the data by Sanger sequencing: Seventy one variations that included 

SNVs as well as short indels, in 69 genes were selected for validation by PCR followed 
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by sequencing. These variations were selected mainly based on their molecular function 

and biological processes using Gene Ontology (GO) classification and KEGG pathway 

analysis. The SIFT and Polyphen score were also considered. 

Validation of the data by Customized SNP Array: Apart from validation by Sanger 

sequencing, we attempted to validate the exome sequencing data by customized SNP 

array. Accordingly, 700 known (reported in dbSNP version131) and 3178 novel 

nonsynonymous variations across the samples were selected for validation on an 8x60K 

customized Agilent oligonucleotide microarray. Validation of the few known variations 

was done as a check for the quality of the exome sequencing data.  

Analysis for detection of copy number variation (CNV) and loss of heterozygosity 

(LOH): Identification of LOH and CNV was done from the exome sequencing only for 

the paired sample where the coverage between blood and tumour was comparable using 

‘ExomeCNV’ package as described by Sathirapongsasuti et al.(Sathirapongsasuti et al., 

2011). 

 

RESULTS 

High-throughput HPV Genotyping by Luminex bead-based array: Using GP5
+
/GP6

+
 

primer set provided in the multiplex HPV genotyping kit: 

 178/270 samples were found to be positive for HPV.  

 169/178 samples were positive for different HPV types whereas 9 samples were 

negative. These 9 samples could have HPV infection not included in the 24 types 

detected by the kit.  

 Infection with HPV16 and/or HPV18 infection was most common - 114 samples 

being positive for HPV16 alone, 6 samples for HPV18 alone and 16 samples for both 

HPV16 and HPV18.  
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 Frequently reported high-risk HPV type 31, 33 and 35 infection was found to be low. 

HPV genotyping by PCR using MY09/11 and SPF1/2 primers: In order to estimate the 

true HPV positivity in the 270 cases, the 92 cervical cancer biopsies negative for HPV 

by luminex array, were subjected to PCR using MY09/11 and SPF1/2 primers.  

 25/92 samples were positive for HPV by MY09/11 PCR. 

 79/92 samples were positive by SPF1/2 primers. These 79 samples also included the 

25 samples that tested HPV positive by MY09/11 PCR. 

 The overall HPV positivity was therefore 95% (257/270).  

 Further genotyping of the 79 samples, using HPV 16/18 specific primers, showed 49 

samples to be positive for HPV16.  

 Overall HPV16/18 positivity in this cohort was 69% (185/257). 

Association with clinical outcome: Kaplan-Meier survival analysis data for 125 patients 

with HPV type16, 18 and dual infection and with adequate clinical follow-up revealed 

that there was no significant difference between infection with these two HR-HPV types 

in terms of disease outcome. 

Identification of viral integration sites by APOT assay: In order to detect physical state 

and/or site of integration of the virus in 86 cases, APOT assay was performed. 

Sequencing data revealed that – 

 79% (68/86) of the cervical cancer samples showed HPV integration 

 Rest 21% (18/86) had HPV in the episomal form 

 In 18% of the patients (n=12) integrated as well as episomal form of HPV was 

observed 

 The site of integration could be predicted with a high score in 48 cases, for the 

remaining 20 cases the score was low. Only those cases where the integration site was 
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predicted with high score (n=48) were analyzed further for different features associated 

with the same.  

 Only 1 sample showed HPV integration at two chromosomal loci simultaneously 

 Using NCBI Fragile site Map Viewer it was observed that 60% of integrations 

(29/48) were located in or close(~5Mb) to a common or rare fragile site 

  Using the UCSC Blat tool 58% of the sequences (28/48) were seen to have 

homology with protein coding genes. These genes belonged to various categories 

ranging from oncogenes, transcription factors, and tumour suppressor genes 

Validation of the recurrent integration sites: For most of recurrent integration sites 

such 1p36.23, 3q28, 3q23, 6q22.31, 6q23.3, 8p11.21 11q13.1 and 13q22.1 PCR 

amplification was observed with genomic DNA, confirming genomic integration. 

Association of viral integration with clinical outcome: Survival data revealed that 16 

out of 18 patients with only episomal form of HPV(16/18), had disease free survival as 

compared to those with integrated form of the virus, indicating a good clinical outcome 

(p=0.067, representing a borderline significance). Further, in case of viral integration, 

patients with integration at chromosomal loci 1p (7/7), 6q (4/4) and 11q (4/4) were 

disease free, while most of the patients with integration at the chromosomal loci 3q 

(5/8), 13q (4/4) and 20q (2/4) showed recurrence of the disease in the form of either 

loco-regional or distant metastasis. 

Detection of HPV copy number by quantitative real time PCR (qRT-PCR):  Viral copy 

number as high as 443 to as low as 1 was detected across the 86 samples with known 

viral physical status. Comparison with survival of the patients as well as physical status 

revealed that cases where the virus was in the episomal form, the survival had no 

association with copy number. But those with integrated form of the virus showed 

reduced survival when the copy number was high as compared to when it was low. 



 Synopsis 
 

14 
 

Therefore, copy number of the virus combined with the physical state might serve as a 

good prognostic marker for the disease. 

Exome capture, sequencing and analysis: After variant calling, about 14400 unique 

sequence variants including single nucleotide variations and indels across all 9 samples 

were detected. Of all these variations, a total of 7407 SNVs, 94 small deletions (1-5bp) 

and 71 small insertions (1-3 bp) were not reported in dbSNP131 and were represented as 

putative novel sequence variants. These variations could be unique to the Indian 

population. Further analysis revealed that about 6114 of the SNVs to be 

nonsynonymous. Analysis with the paired data identified 874 novel, potential somatic 

SNVs, 30 small deletions (1-5 bp) and 22  small insertions (1-3 bp). Out of these, 395 

SNVs, 12 small deletions and 5 small insertions were found to have defined/ important 

functions. SIFT analysis predicted 167 variations to have a potential deleterious effect 

on the protein function while with Polyphen 2, 128 variations were predicted to be 

damaging. Both the prediction tools predicted 73 common variations to be deleterious.  

Validation of the data by Sanger sequencing: So far, we have tried validating 71 

different variations in 69 genes by PCR followed by sequencing. Most of the variations 

did not get validated by this method. This may be due to the fact that Sanger can 

accurately detect 1:2 or 1:3 representations of heterozygotes and since almost all of 

these variations were heterozygous, there is a chance of missing out the mutant allele. 

However, certain variations in genes like- RNASEL (R462Q), PTPRJ (R1222H), ZFP64 

(Y210X), NFAT5 (Y1188C) and FBN1 (delAGG), were validated by sanger 

sequencing. But when we checked for these variations in the blood, they were detected 

in the blood as well. Therefore, these cannot be considered as somatic as given by 

exome sequencing data. These could however represent variations that might predispose 

women to cervical cancer.  
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Validation of the data by Customized SNP Array: In the SNP array 1455/3178 novel 

nonsynonymous and 192/700 known single nucleotide variations were validated. The 

overall concordance rate between the exome sequencing and SNP array data was found 

to be 33%. However, non confirmation in the array did not mean that a particular 

variation call was incorrect since a very high threshold was used as cut off while 

analyzing the array data. Although, most of the SNVs that were validated were germline 

in nature, a set of 22 novel, nonsynonymous and somatic variations were obtained which 

included important candidates such as CD97, YWHAH and CD52. These somatic SNVs 

might help in understanding the mutational landscape of cervical cancer. 

CNV and LOH identification: CNV in chromosomes 3, 8 and 17 and LOH in 

chromosomes 2, 3, 5 were observed for one of the paired samples. Though this data has 

not been validated, this is in agreement with previous published reports.  

 

DISCUSSION 

We have tried to obtain a broad overview of cervical cancer by addressing various 

factors – type of HPV infection, viral copy number, viral integration and genetic 

alterations that might play a role in cervical carcinogenesis in a cohort of Indian women 

with locally advanced cervical cancer.  

The HPV genotyping study demonstrated 95% HPV positivity using three 

different primer sets. It is apparent from the results that a single set of primers is not 

sufficient to estimate the true HPV infectivity. Of the various HPV genotypes HPV16 

was most common (60%), followed by infection with HPV18 alone (2%).  Dual 

infection with HPV16/18 (6%) and HPV16/45 (3%) was also observed. These results 

are in concordance with other studies from the Indian subcontinent which reports 57-
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65% HPV16 positivity, followed by HPV18, 45, and 33 in cervical neoplasia (Basu et 

al., 2009; Bhatla et al., 2008). 

 For the viral integration study, we chose APOT assay in order to limit the 

analysis to integration sites with a transcriptionally active viral genome. Also, APOT 

assay allows detection of integrated viral genome in clinical lesions even in the presence 

of a large excess of nonintegrated episomal form of viral genomes (Klaes et al., 1999; 

Vinokurova et al., 2008). The frequency of viral integration into the host genome in 

cervical carcinomas has been reported to be as high as 100% in HPV18
+
 tumours 

(Corden et al. 1999) and up to 80% in HPV16
+ 

tumours (Melsheimer et al., 2004) . In 

our study we found 4 HPV18
+
 samples where the virus was integrated and one HPV18

+
 

sample where the virus was episomal. The incidence of integration in HPV16
+
 samples 

was 94%. The preference of integration for the chromosomal loci 1p, 3q, 6q, 11q, 13q, 

6q and 20q indicate that integration might not be a random event. Most of the 

integrations (28/48) were found to be located within or near certain genes. This could 

indicate that the virus prefers transcriptionally active regions for the integration event. 

Such genes included oncogenes such as myc, transcription factors like TP63, MECOM, 

etc. The importance of genes like myc and TP63 has already been demonstrated in the 

context of HPV integration (Wentzensen et al., 2002).  Again, integration of the virus 

near or within fragile sites is a frequently reported phenomenon (Kraus et al., 2008; 

Thorland et al., 2000). In our study 29/48 integrations were located within or near a 

common or rare fragile site which is in concordance with previous reports. Comparison 

of the physical state of the virus (episomal/integrated) with the clinical outcome after 

radical radiotherapy revealed that patients with episomal form of the virus had increased 

disease free survival compared to those with integrated form. This observation is 

supported by various reports which state that the integration event is associated with a 
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decreased disease free survival (Vernon et al., 1997). However, there are contrasting 

reports as well, according to which physical state of the virus does not correlate with 

disease free survival. This needs to be studied further. 

Though infection by HPV plays a major role in the etiology of cervical cancer, possible 

role of several genetic alterations, such as Point mutations, Chromosomal aberrations 

etc. cannot be completely ruled out. Especially among older women genetic mutations 

may be a reason for cervical cancer acting in synergy with a lower immune response. 

Studies have identified genes such as LKB1, FGFR3, PI3KA, Ras, Smad, etc. to be 

frequently mutated in cancer of the cervix (Cui et al., 2009; Maliekal et al., 2003; Wong 

et al., 1995; Yee et al., 2000). However, these studies were mostly based on candidate 

gene approach and till date there are no reports describing the mutational landscape of 

the disease. Therefore, we attempted to identify the alterations that might play role in 

cervical carcinogenesis by carrying out whole-exome sequencing of 6 locally advanced 

cervical biopsies (3 paired and 3 unpaired). Apart from helping understanding the 

mutational landscape of cervical cancer, these novel variations would be a valuable 

source of information about the Indian genome which the dbSNP currently lacks. We 

obtained about 6114 novel nonsynonymous variations unique to this population. A 

proportion of this data was also validated by customized DNA microarray and sanger 

sequencing. The significance of the exome sequencing analysis lies in the fact that it 

provides significant information about the Indian genome with special reference to 

cervical cancer. To the best of our knowledge, this is the first report where we have 

applied whole exome sequencing for identifying single nucleotide variations, short 

indels, LOH and CNV in cervical cancer in Indian women.  
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1.1 Introduction 

Dr. Hutchison’s words “Lets us not make the cure of the disease more unbearable 

than the disease itself” had been one of the most enduring and inspiring lines in 

medicine. Inspite of having being spoken almost a century ago, these profound words 

still find a haunting echo in today’s context, particularly when it comes to diagnosing 

and treating cancer. Keeping in agreement with its Latin meaning – a ‘crab’, the disease 

is too hard to crack just like the Crustacean. This is clearly reflected in the statistics that 

indicates the disease as one of the principal causes of deaths worldwide, including India, 

where it accounts for approximately 6% of total human deaths (Dikshit et al., 2012; 

GLOBOCAN, 2008a) 

Cancer of the cervix is one of the most prevalent forms of cancer worldwide, the 

major burden of the disease being felt in developing countries like India. Although, 

early detection and advancement in diagnostic and treatment modalities have led to 

improved disease management and increased survival of patients in developed countries, 

in India, cervical carcinoma still continues to be the most common cancer among 

women and accounts for the maximum cancer deaths each year (GLOBOCAN, 2008b; 

IARC, 2009). Persistent infections with high-risk (HR) Human Papillomaviruses, such 

as HPV 16, 18, 31, 33 and 45 have been identified as a major, although not sufficient 

etiological factor in the development of the disease. The relationship between exposure 

to HPV and the disease might vary with the infecting HPV type, viral integration status 

and viral load; these factors could have profound implications on patient prognosis 

(Josefsson et al., 2000; Woodman et al., 2007).  

  Till date 120 official HPV types have been identified. However, the prevalence 

and distribution of HPV types in cervical neoplasias vary with geographic regions and 

by grade of disease (Clifford et al., 2005; Insinga et al., 2008; Smith et al., 2007). 
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Therefore, studies involving detection and genotyping of the virus in a population have 

become extremely important. At least 50% of sexually active men and women get HPV 

at some point in their lives, but in most cases the infection regresses spontaneously and 

only in about 10% cases it persists and progresses to high-grade cervical intraepithelial 

neoplasia. This generally occurs through integration of the HPV genome into the host 

chromosome with associated loss or disruption of E2 (Wentzensen et al., 2004). In the 

absence of E2 the expression of E6 and E7 increases eventually leading to 

immortalization and transformation of the cells (Romanczuk and Howley, 1992).  

Besides infection by HPV, genetic instability has been reported as a significant 

event in disease pathogenesis. Genetic instability may range from point mutations, copy 

number changes, chromosomal rearrangements to widespread aneuploidy. Identification 

of such alterations through high throughput techniques such as Next Generation 

Sequencing would not only provide a detailed picture of the genomic landscape of the 

disease but would also be significant for understanding disease prognosis and response 

to therapy.  

Studies addressing all the major aspects involved in pathogenesis of cervical 

cancer such as incidence of HPV infection and contribution of its different genotypes; 

physical state and site of viral integration combined with viral load in cervical lesions as 

well as genetic alterations would help in better understanding the disease and be a step 

forward towards identifying biomarkers and newer treatment modalities for 

management and cure of cervical cancer.  
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1.2 Review of Literature 

With about 134000 new cases and 72800 deaths annually, cervical cancer ranks as the 1
st
 

most frequent cancer among women in India. Characterized by abnormal bleeding, 

pelvic pain and unusual heavy discharge, the disease develops in the tissues of the 

cervix, a part connecting the upper body of the uterus to the vagina. It comprises of 

endocervix or the upper part which is close to the uterus and covered by glandular cells; 

and the ectocervix, the lower part which is close to the vagina and covered by squamous 

cells. The two regions of the cervix meet at the ‘transformation zone’ (Fig. 1.1). It is 

this region where most cervical cancers begin to develop. 

 

 

Fig 1.1: Cervical cancer- facts. Section through the cervix showing malignant growth (a) 

(A.D.A.M. Medical Encyclopaedia). Diagram showing different stratas of the cervix and their 

characteristic cell types (b). The zone of transformation marks the site of initiation of 

malignancy in most cases (Viernes, 2010). 

 

 

Based on the histology, carcinomas of the cervix may be classified into the 

following groups, with each group further having several morphological variants: 

 Squamous carcinomas - Carcinomas arising from the ectocervical epithelium and 

characterized by the highest incidence rate, 85-90%.  

 Adenocarcinomas - Carcinomas arising from endocervical columnar/glandular 

epithelium and constituting the remaining 10-15% 
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 Adenosquamous carcinomas or mixed carcinomas - Cancers with features of both 

squamous cell carcinomas and adenocarcinomas, constitute a small percentage (<1%) of 

the disease burden 

 

1.2.1 Incidence of cervical cancer 

Cervical cancer is the third most common cancer in women worldwide, and the seventh 

overall. Majority of this global burden is felt in low & middle income developing 

countries (WHO, 2009) and in low socio-economic groups within countries (Kurkure 

and Yeole, 2006).  

 

Fig. 1.2: Estimated cervical cancer cases in developed and developing countries. The incidence 

of cervical cancer in developing countries is approximately 72% higher than that of developed 

countries.  (Globocan, 2008). 

 

 

Five year survival rates of less than 21% are reported from developing countries 

whereas rates as high as 70% are reported from developed regions like United States. 

India has a disproportionately high burden of cervical cancer, with the highest rate of 

incidence and mortality among Indian women (GLOBOCAN, 2008b; IARC, 2009). 

 

 

Fig. 1.3: Incidence and Mortality of cervical cancer in India. Cancer of the cervix has the 

highest incidence and mortality rate in Indian women (Globocan, 2008). 
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 The incidence of the disease begins to rise at ages 30–39 and peaks in the fifth or 

sixth decade of life (WCR, 2008). While the cumulative risk of incurring the disease 

before the age 64 is 1.19% for a female if world population is considered, it is 2.10% for 

an Indian female, making them highly susceptible group. The age-adjusted incidence is 

highest in Chennai and lowest in Thiruvanathapuram. There is also a high incidence belt 

in the north eastern districts of Tamil Nadu, as well as in two districts in the North-

Eastern region of the country. Also, compared to the world and Southeastern Asia, the 

age specific mortality from the disease is highest in India, the five year overall survival 

rate being only 48% (Sankaranarayanan et al., 1998). 

With the given rate of incidence and mortality, the estimated number of new 

cervical cancer cases and deaths in India is projected to increase by a large fraction by 

2025 (WHO, 2009). 

 
Fig. 1.4: Estimated number of cervical cancer cases and deaths in India projected in 2025. 

The estimated number of cervical cancer cases and deaths is expected to increase by 86% and 

87% in the age group of 65+ by 2025  (IARC Globocan, 2008). 

 

 

1.2.2 Natural History of Cervical Cancer 

Cancer of the cervix marks its beginning with the development of pre-cancerous, benign 

lesions. WHO classification describes the first stage of development as mild dysplasia, 

which can then progress to moderate dysplasia, severe dysplasia, and carcinoma in situ 

(CIS) or invasive cervical cancer, with increasing degrees of severity. Mild dysplasia 

usually regresses spontaneously without treatment. However, in a small percentage of 
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women it progress to more severe forms. Women with moderate to severe dysplasia are 

at high risk of developing invasive cancer, although the progression may take several 

years. There are two other systems of classification-  

The Cervical Intraepithelial Neoplasia (CIN) system (Buckley et al., 1982) is based 

on the degree of involvement of epithelial thickness by the atypical cells. According to 

this system, mild to moderate dysplasia are classified as CIN1 and involves lower one 

third of the mucosa, intermediate dysplasia involving two thirds of the mucosa as CIN2, 

and severe dysplasia and carcinoma in situ are together classified as CIN3, where the 

whole epithelial layer is replaced but with no disruption of the basal membrane.  

The Bethesda system simplifies it further, by classifying CIN1 as Low Grade 

Squamous Intraepithelial Lesion (LSIL), and both CIN2 and CIN3 as High Grade 

Intraepithelial Lesion (HSIL).  

The invasive form of carcinoma is further classified into various stages, as per the 

International Federation of Gynaecology and Obstetrics (FIGO) (Sankaranarayanan and 

Wesley, 2003). This classification is often used to decide the treatment options. 

 

 
Fig 1.5: FIGO staging of cervical cancer. The FIGO stages I-IV of cervical carcinoma has 

been depicted (temanggunggaul12.blogspot.com; Sankaranarayanan and Wesley, 2003). 

 

 

 



 Chapter 1 

 

32 
 

FIGO staging of cervical cancer 

Stage I: Carcinoma strictly confined to the cervix. 

 Stage IA: Invasive cancer identified only microscopically. Invasion is limited to measured 

stromal invasion with a maximum depth of 5 mm and no wider than 7 mm. 

 Stage IA1: Measured invasion of the stroma no greater than 3 mm in depth and no wider than 7 

mm diameter. 

 Stage IA2: Measured invasion of stroma greater than 3 mm but no greater than 5 mm in depth 

and no wider than 7 mm in diameter. 

 Stage IB: Clinical lesions confined to the cervix or preclinical lesions greater than Stage IA. 

  

 Stage IB1: Clinical lesions no greater than 4 cm in size. 

 Stage IB2: Clinical lesions greater than 4 cm in size. 

 

 Stage II: Carcinoma extends beyond the cervix but does not extend into the pelvic wall. The 

carcinoma involves the vagina, but not as far as the lower third. 

 Stage IIA: No obvious parametrial involvement. Involvement of up to the upper two thirds of 

the vagina. 

 Stage IIB: Obvious parametrial involvement, but not into the pelvic sidewall. 

 

 Stage III: Carcinoma that has extended into the pelvic sidewall. On rectal examination, there is 

no cancer-free space between the tumour and the pelvic sidewall. The tumour involves the 

lower third of the vagina.  

 Stage IIIA: No extension into the pelvic sidewall but involvement of the lower third of the 

vagina. 

 Stage IIIB: Extension into the pelvic sidewall or hydronephrosis or non-functioning kidney. 

 

 Stage IV: Carcinoma that has extended beyond the true pelvis or has clinically involved the 

mucosa of the bladder and/or rectum. 

 Stage IVA: Spread of the tumour into adjacent pelvic organs. 

 Stage IVB: Spread to distant organs. 

 

 

1.2.3 Etiology of cervical cancer 

Infection by HR-HPV has been identified as the key etiological factor for cervical 

carcinogenesis. The infecting HPV type, viral integration and viral load – all these have 

profound implication on the disease. Besides HPV infection, the disease is also 

associated with a genetic component. Genetic variations ranging from point mutations, 

single nucleotide polymorphisms and chromosomal abnormalities have been identified 

to contribute to disease development. Apart from these, several exogenous cofactors, 

such as hormonal contraceptives, smoking, parity, and co-infection with other sexually 

transmitted agents also play an important role. Each of these major factors is described:  
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1.2.3.1 Human papillomavirus (HPV) Infection 

The association between HPV infection and carcinoma of the cervix has its origin in the 

works of Prof. zur Hausen in the early 1980s. Since then, several studies have 

established that persistent infection with HR- HPV is the major risk factor for the 

development of high-grade precancerous and cervical carcinoma (de Villiers et al., 1981; 

Gissmann and zur Hausen, 1980; Nobbenhuis et al., 1999). More than 30 to 40 types of 

HPV are typically transmitted through sexual contact and at least 50% of sexually active 

men and women get HPV at some point in their lives. Most HPV infections in young 

females are transitory and have little long-term significance. However, in 5-10% cases 

the infection persists and can progress to invasive cervical cancer. Besides being a key 

etiological factor for cervical cancer, there is growing evidence for the central role of 

HPV in oral carcinoma as well as cancers of other anogenital sites (Fig. 1.6).   

 

 

Fig. 1.6: Frequency of HPV contribution in several HPV related cancer. The annual number 

of cases worldwide for each of these is depicted. The fraction of cancers estimated to be induced 

by HPV is shown in red (Wikipedia).  

 

 

1.2.3.1.1 HPV Genome 

Papillomaviruses belong to the Papovaviridae family, characterized by a small non-

enveloped DNA genome with a virion size of ~55 nm in diameter. The virus consists of 

a double stranded DNA genome (~7800-7900 bp) and an icosahedral capsid of 72 

capsomers, which contain at least two capsid proteins, L1 and L2. The HPV genome can 
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be divided into three regions - the noncoding long control region (LCR) or the upper 

regulatory region (URR), and the protein encoding early (E) and late (L) gene region 

(Fig. 1.7). The three regions in all papillomaviruses are separated by two 

polyadenylation (pA) sites: polyA Signal 1 and polyA Signal 2. 

 

 

Fig. 1.7: Organization of the HPV genome. The circular form (a) and the simplified linearised 

form (b) are depicted. The ‘E’ and ‘L’ regions represent the early and late gene regions 

(Wikipedia and Expert Reviews in Molecular Medicine). 

 

 

Most of the cis-responsive elements that influence viral transcription and 

replication are located in LCR, a 400 to 1,000 bp genomic segment. The LCR contains a 

number of recognizable short motifs that show high conservation across the 

papillomavirus family. It regulates the production of viral proteins and particles by 

controlling viral transcription from the early and late regions. This region also contains 

overlapping binding sites for many different transcriptional activators and repressors 

such as AP1, glucocorticoid receptor, progesterone receptor NFI TEF-1 Oct-1, etc. 

which in turn can modulate viral gene expression. Immediately downstream the of the 

LCR, lies the early region that contains six open reading frames, E1, E2, E4, E5, E6 and 

E7 and is involved in viral replication and oncogenesis. This is followed by the late 

region genes. The major function of each of these is summarized in Table 1.1.  
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Table 1.1: Function of the HPV genes 

 

Viral 

region 
Function 

E1 

Functions in origin recognition and exhibit both ATPase and 3’-5’ helicase 

activities. Works in conjunction with E2 protein and unwinds the DNA strands for 

viral replication; also linked to genome maintenance. 

E2 

Regulates viral replication and transcription by enabling E1 protein to bind to the 

viral origin of replication in the LCR; encodes a LCR-binding protein that 

regulates transcription of the early region and facilitates the correct segregation of 

genomes during cell division. High levels of E2 also have the ability to repress E6 

and E7. 

E4 

Although E4 is part of the early region, it is expressed later in the virus life cycle, 

when complete virions are being assembled. The exact role played by E4 is not 

clear, but it is believed to interact with cytokeratin in the epithelial cells. 

E5 

Interacts with cell membrane growth factors such as EGF and PDGF and 

increases cellular proliferation and DNA synthesis. Also associated with an 

increase in mitogen-activated protein kinase activity and down regulation of major 

histocompatibility complex (MHC) class I molecules. 

E6 

Viral oncogene. Transforming potential is attributed to its ability to bind to p53 

targeting its rapid degradation via ubiquitin ligase; and induction of telomerase 

activity. 

E7 
Viral oncogene. Has the ability to bind to hypophosphorylated form of Rb thereby 

promoting S phase entry; also interacts with inhibitors of cyclin dependent kinases 

L1 
Encodes the major capsid protein; functions in self-assembling into virus-like 

particles. 

L2 

Encodes the minor portions of the capsid and is expressed before L1 to allow for 

proper construction of the capsid. Has the ability to improve infectivity and 

packaging. 

 

1.2.3.1.2 Viral life cycle 

HPVs are host-specific and show distinct tropism for squamous epithelial cells. The 

virus enters the epithelial basal layer through mild abrasion or microtrauma and infects 

the dividing basal cells. The nature of the receptor that facilitates viral entry is still a 

subject of debate, but it is generally agreed that heparan sulphate proteoglycans might 

function in the initial binding and/or virus uptake (Joyce et al., 1999; Shafti-Keramat et 

al., 2003). Besides heparan sulphate proteoglycans, efficient HPV infection is also 

believed to require secondary receptors such as α6 integrin, laminin 332 and syndecans 

(Abban and Meneses, 2010; Culp et al., 2006). After being taken into the cell, 

papillomavirus particles disassemble in late endosomes and/or lysosomes, eventually 
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transferring the viral DNA to the nucleus with the help of the minor capsid protein L2 

(Day et al., 2004). Following infection, the early HPV genes E1, E2, E4, E5, E6 and E7 

are expressed, and the virus establishes itself as a stable episome, maintaining its 

genome as a low copy number, in the basal cells of the epithelium (Fig. 1.8). This stage 

is mediated by the viral early genes E1 and E2. (Francis et al., 2000). In the suprabasal 

layers of the epithelium, the virus switches to a rolling circle mode of DNA replication 

and begins its productive stage (Flores and Lambert, 1997). This involves amplification 

of the viral genome to higher copy number by the E4 and E5 protein (Wilson et al., 

2005), expression of the late genes encoding L1 and L2 that form the capsid proteins in 

upper epithelial layers and production of viral progeny (Fig. 1.8). In cervical lesions, the 

viral genome generally gets integrated with associated loss or disruption of E2 (Durst et 

al., 1985; Jeon et al., 1995) . In absence of functional E2, the transcriptional control on 

the viral oncogenes, E6 and E7 is lost, thereby increasing their expression (Jeon and 

Lambert, 1995) and in turn proliferation of the suprabasal epithelial cells (Fig. 1.8).  

 

 
Fig. 1.8: HPV life cycle. HPV infects the basal layer of epithelium. In the suprabasal layers E6 

and E7 drive continued proliferation as cells differentiate and other early genes increase HPV 

gene expression and genome amplification. In the epithelial granular layers, the late L1 and L2 

genes are expressed, forming infectious virions. With increase in disease progression, 

proliferation of the suprabasal epithelial cells increases mediated by increased expression of E6 

and E7 (Doorbar, 2006). 
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1.2.3.1.3 Molecular Pathophysiology of HPV infection- Role of E6 and E7 

The viral oncogenes, E6 and E7 interfere with the normal cell cycle machinery through 

biochemical interactions with several important cellular molecules.  

Viral E6 binds E6 - associated protein (E6 - AP), an endogenous E3 ubiquitin 

ligase in the epithelial cells. This complex has the ability to bind the critical cell cycle 

protein p53 thereby targeting it for degradation by the 26S proteasomal pathway 

(Scheffner et al., 1993). In absence of p53, epithelial cells fail to recognize senescence 

or apoptosis signals and continue to divide throughout the stratified squamous epithelial 

layers. Besides, E6 has also been associated with degradation of the pro-apoptotic 

protein Bak and proteins containing PDZ domain such as human Scribble, MUPP - 1, 

and MAGI - 1, 2, and 3, as well as induction of the  telomerase activity in the cervical 

cancer cells (Klingelhutz et al., 1996) (Fig. 1.9).  

 

 

Fig 1.9: Role of E6 in pathophysiology of HPV infection. E6 targets p53, Bak and PDZ domain 

- containing proteins, for degradation. It also activates telomerase via induction of expression of 

the catalytic subunit, hTERT (modified from Jo et al., 2005). 

 
 

E7 has been reported to function in tandem with E6 to drive continuous division of 

differentiated epithelial cells. It has the ability to bind to members of the ‘pocket protein’ 

family such as retinoblastoma protein (Rb) and  target it for ubiquitin-mediated 
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degradation by the proteasome (Boyer et al., 1996). Degradation of pRb releases E2F, a 

transcriptional activator from the pRB/E2F complex, which then activates expression 

from S - phase promoters resulting in DNA replication and cellular division (Fig. 1.10).  

Besides, E7 can also associate and interfere with the activity of several endogenous 

molecules such as cyclin dependent kinase inhibitors p21
cip1

 and p27
kip1

, histone 

deacetylases and members from the AP1 family of transcription factors. HR- E7 can also 

activate the proto-oncogene DEK, which may be critical in HPV mediated malignant 

progression (Wise-Draper et al., 2005). E6 and E7 have also been reported to 

cooperatively disturb chromosome duplication and segregation during mitosis, thereby 

inducing severe chromosomal instabilities (Duensing and Munger, 2001). 

 

 

Fig. 1.10: Role of E7 in pathophysiology of HPV infection E7 targets retinoblastoma protein, 

for proteasomal degradation, releasing E2F which promotes S - phase entry of the cell cycle 

(modified from Jo et al., 2005). 

 

 

The relationship between exposure to HPV and the disease might vary with the 

infecting HPV type, viral integration status and viral load (Josefsson et al., 2000; 

Woodman et al., 2007). Each of these parameters might have profound implications on 

patient prognosis and are described in greater detail. 

  



 Chapter 1 

 

39 
 

1.2.3.1.4 HPV types 

Currently, 120 different HPV types are officially recognized (Bernard et al., 2010). 

These can be classified into five evolutionary groups – Alpha, Beta, Gamma, Mu and 

Nu, based on whether L1 nucleotide sequence of one is at least 10% dissimilar from that 

of any other papillomavirus type. HPV types that infect the cervix belong to the group 

Alpha with over 60 members. The Alpha group also include cutaneous viruses such as 

HPV2, which cause common warts, and are very rarely associated with cancers. Those 

belonging to the Beta, Gamma, and Mu and Nu groups are primarily related to 

cutaneous infections (Fig. 1.11).  

 

 

Fig. 1.11: HPV cladogram. Different HPV types are classified based on their sequence 

similarities. The genus alpha papillomaviruses primarily infect mucosal epithelium, while genus 

beta, gamma, mu and nu papillomaviruses primarily infect the skin (Doorbar, 2006).  

 

 

Twenty four of the most common members of the Alpha family of papillomaviruses can 

further be divided into three categories high risk, putative high-risk types and low risk or 

cutaneous (Munoz et al., 2003; Schmitt et al., 2006) that include: 

15 high-risk (HR) types - 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82 

  3 putative high-risk types - 26, 53, and 66 

  6 low-risk (LR) types - 6, 11, 42, 43, 44 and 70 
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However, the classification of HPV types into high-risk, putative high-risk and low-risk 

groups is often confusing especially for the weakly carcinogenic and rare HPV types, 

and most importantly due to the co-infection of multiple HPV types within the cervical 

epithelium (Schiffman et al., 2009; Wentzensen et al., 2009).  

 

Methods for HPV detection and genotyping 

Detection of HPV infection is quiet challenging since they cannot be cultured in 

conventional cell cultures, and serological assays for the detection of anti-HPV 

antibodies have limited accuracy. Moreover, classical direct virological diagnostic 

techniques, such as electron microscopy and immunohistochemistry, lack sensitivity as 

well as specificity for routine detection. Therefore, almost all HPV detection techniques 

that are presently being used,  rely on the detection of HPV nucleic acids in a specimen 

(Poljak and Kocjan, 2010).  The most common method for detection as well as HPV 

genotyping till date is PCR followed by sequencing.  The primers used for the PCR can 

be either type specific primers (Baay et al., 1996) or universal primers that include 

degenerate MY09/11 and its modified version PGMY 09/11 (Gravitt et al., 2000; Manos 

et al., 1989), CP65/70, and internal primers, CP66/69 (Berkhout et al., 1995), consensus 

GP 5/6 and the modified version GP5+/6+ (Jacobs et al., 1997; van den Brule et al., 

1990), OBI/II (Jenkins et al., 1991), CPI/CPII (Tieben et al., 1993), SPF1/2 (Kleter et 

al., 1998), and FAP primers specific for the cutaneous HPV types (Forslund et al., 

1999). As opposed to type specific primers, general or consensus PCR primers have the 

ability to detect a broad spectrum of HPV genotypes. These general primers, also known 

as universal primers are mostly designed in the L1 region of the viral genome (except for 

CPI/II primers that are based in the E1 region) which is well-conserved across all HPVs. 
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Some of the commonly used general primers for detection of mucosal HPV infections 

are depicted in Fig 1.12.  

 

 

Fig. 1.12: Diagrammatic illustration of the position of the different general primer sets on the 

HPV genome. The circular HPV DNA genome, ~8 kb in size is divided into early (E) and late 

(L) genes. The general primers are usually designed in the L1 region as this is well conserved 

across the HPV types. The positions of the amplification targets of these primer sets along with 

the expected amplicon sizes are depicted (modified from Kleter et al., 1999). 

 

 

However, with advancement in technologies, multiplex detection and genotyping 

methods have become popular. Most of these technologies are based on PCR coupled 

with other high-throughput methods for detection as well as genotyping of multiple HPV 

types. Some of the important multiplex detection methods available for the alpha-HPVs 

are summarized in Table 1.2.  

  



 Chapter 1 

 

42 
 

 

Table 1.2: Important currently available methods for multiplex detection of HPVs 

 
Assay Underlying principle HPV types detected 

Hybrid Capture 2 

(hc2)  HPV DNA 

Test (Digene 

Corporation,  USA) 

Nucleic acid hybridization 

assay. Most frequently used 

HPV diagnostic assay. Does 

not allow exact determination 

of HPV type 

13 HR-HPVs (cocktail B): 16, 18, 31, 

33, 35, 39, 45, 51, 52, 56, 58, 59 and 

68 and five low- risk HPVs (cocktail 

A): 6, 11, 42, 43 and 44. 

Cervista HPV HR 

Test 

(Third Wave 

Technologies USA) 

PCR amplification coupled to 

fluorescence detection. Does 

not determine the exact HPV 

types. 

14 HPVs using 3 oligonucleotide 

probe sets: A5/A6 (51, 56 and 66), 

A7 (18, 39, 45, 59 and 68) and A9 

(16, 31, 33, 35, 52, 58) 

The Amplicor HPV 

Test  

(Roche Molecular 

Systems, USA) 

PCR amplification and 

detection on microwell plates. 

Does not determine the exact 

HPV types 

same 13 HPV types as hc2 

CareHPV Test 

(Qiagen) 

 

Based on hc2 technology, 

allows quick detection (~3 h) 

13 HPV types included in the original 

hc2 plus HPV66, 

Cervista HPV 16/18 

Test (Hologic)  

Real-time PCR. Currently the 

only FDA approved HPV 

genotyping assay. 

HPV16 and HPV18 

INNO-LiPA HPV 

Genotyping. 

 

Combines PCR amplification 

and reverse line-blot.  

Allows identification of  17–28 

(depending on the assay version) 

HPVs: 6, 11, 16, 18, 31, 33–35, 39, 

40, 42–45, 51–54, 56, 58, 59, 66, 68, 

70, 73 and 74 (26, 69/71 and 82) 

digene HPV 

Genotyping RH 

Test RUO 

PCR amplification combined 

with reverse line-blot 

hybridization. 

18 HPV types: 6, 18, 26, 31, 33, 35, 

39, 45, 51–53, 56, 58, 59, 66, 68, 73 

and 82. 

The PapilloCheck 

HPV-Screening 

Test (Greiner Bio-

One GmbH, 

Germany) 

PCR combined with 

microarray.  

Identifies 24 alpha-HPV types: 6, 11, 

16, 18, 31, 33, 35, 39, 40, 42–45, 51–

53, -56, 58, 59, 66, 68, 70, 73 and 82. 

The Multiplex HPV 

Genotyping Kit 

(Progen/Multimetri

x, 

Germany)  

PCR combined with bead- 

based xMAP technology 

Detection and identification of 24 

HPV types: 6, 11, 16, 18, 26, 31, 33, 

35, 39, 42–45, 51–53, 56, 58, 59, -66, 

68, 70, 73 and 82. 

PreTect HPV-

Proofer (NorChip, 

Norway) 

Based on detection of viral 

E6/E7 mRNA transcripts by 

nucleic acid sequence-based 

amplification (NASBA).  

5 most common HR-HPV types: 16, 

18, 31, 33 and 45. 

INFORM HPV 

(Ventana, USA) 

In situ hybridization (ISH) 12 HPVs: 16, 18, 31, 33, 35, 39, 45, 

51, 52, 56, 58 and 66. 

 

 

Using one or combination of these methods, a huge number of studies have been carried 

out across the globe that shed considerable light on the association of HPV infection 
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with cervical cancer as well as contribution of different genotypes to disease 

pathogenesis. 

 

Incidence and prevalence of different HPV types in cervical cancer  

The prevalence and distribution of HPV types in cervical neoplasias vary with 

geographic regions and by grade of disease (Clifford et al., 2005; Insinga et al., 2008; 

Smith et al., 2007). Also, the magnitude of risk of cancer following infection is virus 

type specific (Chan et al., 1995; Munoz and Bosch, 1997; Munoz et al., 2003). Some of 

the recent major studies that highlight the global as well as Indian scenario of incidence 

of HPV infection and the prevalence of different HPV genotypes are summarized in 

Table. 1.3. 

 

Table 1.3: Incidence and prevalence of HPV – Global and Indian scenario 

 

Worldwide studies 

Study 
No. of 

cases 
Method of detection 

Prevalence 

(%) 

Major HPV types 

(%) 

(Varela et al., 

2011) 
30,848 

Meta-analysis of 243 studies 

published from 1990 to 2010. 
89.9 

16 (57), 18 (16), 58 

(4.7), 33 (4.6), 45 

(4.5), 31(3.8), 52 

(3.4), 35 (1.7), 59 & 

39 (1.3), 51 (1) 

(de Sanjose et 

al., 2010) 

10,575 

 

PCR (SPF10 primers) and 

enzyme immunoassay 

Reverse hybridisation line 

probe assay (LiPA25)13 

85 

16 (61), 18 (10), 31 

&33 (4), 45(6), 52 

(3) 

(Ciapponi et al., 

2011) 
5540 

Meta-analysis of 62 studies 

of invasive cervical 

carcinoma from Latin 

America and the Caribbean 

89 

16 (53.2), 18 (13.2), 

31 (7.5), 58 (3), 33 

(4.3), 45 (4.6), 52 

(3.2). 

 

 

Studies from India 

(Deodhar et al., 

2012) 
113 

Multiplex E7 PCR/APEX 

assay 
92 

16 (76), 18 (10.6), 

59 (4), 33, 45 (2.7), 

58 (4.4), 59 (3.5) 

(Bhatla et al., 

2008) 
558 

Meta-analysis of 9 studies 

from India 
94.6 

16 (63.3), 18 

(15.6),45 (6), 33 

(5.4), 35 (5), 58 
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(3.6), 59 (2), 31 

(1.9), 56 (1.8), 51 

(1.3), 73 1.1) 

(Franceschi et 

al., 2003) 
191 

PCR (GP5+/6+ primers) and 

enzyme immunoassay 
99.4 

16(59), 18(12), 

33(2.8), 45(2.2), 

31(1.7), 

51,52,58,59,66,73≤1

% 

(Grace Nirmala 

and 

Narendhirakann

an, 2012) 

119 Type specific PCR - 16 (57%), 18 (18%) 

(Basu et al., 

2011) 
278 

PCR (MY09/11 primers) and 

genotyping; PreTect HPV-

Proofer 

91.7 

16 (59.4), 18 (13.3), 

33 (4%), 31 (2.5%), 

45 (1.8%), 56 

(1.4%), 52, 53, 59,  

62, 67, 69, 73 ≤1% 

(Basu et al., 

2009) 
192 MassARRAY; Sequenom 94.8 

16 (57.5), 18 (10.4), 

16+ 18 (7.3), 33 (3), 

59 (2), 45, 56 & 

58(1.6), 

(Peedicayil et 

al., 2006) 
119 

PCR (PGMY 09/11 primers) 

and the line blot assay 
95 

16 (60), 18 (14),  31 

(3), 33& 58 (6), 35& 

45 (5), 42, 51, 56 & 

61(2), 62, 64, 81 & 

82 (1) 

(Pillai et al., 

2010) 
667 

PCR (PGMY09/11 primers ) 

and reverse dot blot assay 
92.1 

16 (67.8), 18 (7.6), 

45 (2.7), 73 (1.8), 31 

(1.3), 56 (1.2), 52, 

58, 59, 33, 68, 51, 

35, 26 & 39<1 

(Singh et al., 

2009) 
110 PCR and line blots 93.6 

16 (76.4), 18 (13.7), 

45 (3.9), 31 (2.9), 73 

(1.96), 33, 56, 58 & 

59 <1 

(Das et al., 

2012) 
270 

The Multiplex HPV 

Genotyping Kit; PCR 

(MY09/11, SPF1/2 and 

HPV16, 18 Type specific 

primers) 

95 

16 (63), 18 (2), 

16+18 (6), 16+45 

(3.5) 

(Saranath et al., 

2002) 
337 

PCR and Southern 

hybridization  
- 

16 (73), 18 (16), 

16+18 (12) 

 

The above reports clearly bring out the fact that the incidence of HPV infection in 

carcinoma of cervix is more in the Indian subcontinent as compared to other countries. 

However, HPV16 and 18 are most the most common types universally and hence 

clinically more important. 
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 Rather than simply detecting the presence of virus, studies involving further 

characterization of the infection status such as viral load and its physical status would be 

much more informative. 

 

1.2.3.1.5 Viral load 

A high viral load has been found to be directly associated with the persistence of HPV 

infection (Dalstein et al., 2003; Ho et al., 1998). Also, there are reports stating direct 

correlation of viral titre with disease stage, being gradually increased from mild 

dysplasia to cervical cancer (Abba et al., 2003; Hernandez-Hernandez et al., 2003; 

Josefsson et al., 2000; Swan et al., 1999; van Duin et al., 2002).  However, most of these 

findings are in context of HPV16 and it has been observed that the viral load of other 

HPVs such as HPV18, 31 and 45 does not increase with increasing disease severity 

(Gravitt et al., 2003; Ho et al., 2005; Swan et al., 1999), indicating a type specific 

relation between copy number and disease prognosis.  Further, in the study by Singh et 

al. in a North Indian cohort, although significant increase in viral loads for HPV16 and 

18 was observed from controls through SILs to tumours, but no significant differences 

was detected between different stages of cancer (Singh et al., 2009). In this context it 

has also been argued that it is indeed the E6 and E7 expression and not the viral load 

that is associated  with disease prognosis (de Boer et al., 2007). An altogether different 

finding was presented by Kim et al. wherein they showed that patients with lower HPV 

viral load showed worse disease free survival (Kim et al., 2009) after radiation therapy. 

These conflicting results might be due to the variation in sampling techniques and 

different methods used to calculate viral load. Nonetheless, the relationship between 

viral load and disease is far more complex than was initially thought. The picture is 

further complicated by another important characteristic of the virus – viral integration. 
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While with increasing disease severity, the integrated forms of the virus become 

dominated, integration itself is followed by a decrease in viral load. In most of the 

studies that have measured viral load, integration status is not defined. Considering these 

facts, it becomes apparent that studies involving robust quantitation of type specific viral 

load in samples with known physical status of the virus could provide useful insights 

into the pathophysiology of HPV infections and their relationship to disease. 

 

1.2.3.1.6 Viral integration 

An important event in cervical carcinogenesis is the integration of the HPV into the host 

genome. Viral integration has been looked upon as a significant event in progression of 

cervical cancer from precancerous lesions to invasive carcinoma (Durst et al., 1985; 

Kalantari et al., 2001; Klaes et al., 1999). The frequency of viral integration into the host 

genome in cervical carcinomas has been reported to be as high as 100% in HPV18 

positive tumours (Corden et al., 1999; Cullen et al., 1991; Pirami et al., 1997) and up to 

80% in HPV16 positive tumours (Cullen et al., 1991; Melsheimer et al., 2004; Pirami et 

al., 1997).  However, recent reports have confirmed presence of only episomal form of 

the virus in advanced cervical squamous cell carcinomas, thereby establishing  that  

integration might not be absolutely mandatory for  the process of carcinogenesis (Gray 

et al., 2010; Vinokurova et al., 2008).   

Studies have also been undertaken to study the association between physical state 

of the virus and disease prognosis. The reports are quiet conflicting; while some report 

that the integration event is associated with a decreased disease free survival (Kalantari 

et al., 1998; Vernon et al., 1997) there are others according to which physical state of the 

virus does not correlate with disease free survival (Holm et al., 2008; Nambaru et al., 
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2009). Whatever the case may be, the event of viral integration by itself is a significant 

episode in cervical carcinogenesis. 

 

Methods of detecting HR-HPV integration 

Several strategies have been used to study viral integration. Existing methods can be 

divided into two broad categories (Pett and Coleman, 2007): 

a) Detection of viral integrants those are transcriptionally active by techniques such as 

Amplification of Papillomavirus Oncogene Transcripts assay (APOT) (Klaes et al., 

1999), based on 3’ RACE-PCR and RNA ISH (Van Tine et al., 2004) 

b) Detection of integrated viral DNA irrespective of its transcriptional status by 

Southern blotting (Cullen et al., 1991), Quantitative real-time PCR (Peitsaro et al., 

2002), Ligation-mediated PCR (Luft et al., 2001), Restriction site-PCR (Thorland et al., 

2000) and DNA ISH (Adler et al., 1997; Evans and Cooper, 2004) 

 

Significance of viral integration 

The event of integration is characterized by deletion of viral genes essential for 

synthesis of an infectious virion, and hence is not a normal part of the HR-HPV life 

cycle. It generally occurs in the E2 region and results in complete or partial disruption of 

the open reading frame (ORF) for E2 (Woodman et al., 2007). However, the viral 

oncogenes E6 and E7 oncogenes together with the viral upstream regulatory region are 

always retained. The integrant derived transcripts usually comprise of viral sequences at 

their 5’- ends and cellular sequences at their 3’- ends (Type A transcript). In certain rare 

cases, however, the viral genome either gets disrupted within the E4 region resulting in 

viral-cellular fusion transcripts that comprises of E6-E7-E1 sequences at their 5’-ends 

followed by E4 sequences and cellular sequences at their 3’-ends (Type B transcript); or 
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directly read through from viral to cellular sequences within the E1 gene (Type C 

transcript) (Fig. 1.13). As opposed to this, transcripts derived from the episomal form 

mostly comprise of the E1-splice donor signal spliced to the E4-splice acceptor site and 

terminated at the viral polyadenylation site (Fig. 1.13).  

 

 

Fig. 1.13: Common types of viral transcripts generated from viral - cellular fusion. Integration 

may occur in any of the three ways-Type A, B and C; type A being most common (modified from 

Klaes et al., 1999). 

 

 

The significance of viral integration in the context of cervical carcinogenesis may be 

due to the following reasons: 

 Loss of viral E2 not only inhibits transcription from the integrated viral promoter 

(Dowhanick et al., 1995; Hwang et al., 1993), but also releases the transcriptional 

control on E6 and E7, thereby resulting in their increased expression. 

 Since hTERT expression is inhibited by E2 (Lee et al., 2002) and activated by E6 

(Veldman et al., 2001),  HR-HPV integration activates telomerase and, along with E7, 

brings about immortalization of epithelial cells (Kiyono et al., 1998).  
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 Disruption of the viral genome results in the failure of early gene transcription from 

the viral early polyadenylation signal. This  leads to the use of host poly(A) signals and 

generation of stable virus–host fusion transcripts  with a longer half life (Couturier et al., 

1991; Di Luca et al., 1986; Jeon and Lambert, 1995), which imparts the cells  with a 

selective growth advantage (Jeon et al., 1995). 

 

 

Fig. 1.14: Significance of HR-HPV integration in cervical cancer. Viral integration results in 

the disruption of E2 ORF. In absence of E2, expression of the oncogenes E6 and E7 increases, 

imparting a proliferative advantage to the cells. Loss of E2 combined with overexpression of E6 

activates telomerase, shifting the cellular balance towards immortality. Increased Levels of 

these oncogenes can also bring about genomic instability (adapted from Pett and Coleman, 

2007). 

 

 

In addition to the effects mentioned above, integrated viral genes may activate 

cellular oncogenes or inactivate tumour suppressive genes though insertional 

mutagenesis, eventually leading to alterations in cellular growth and proliferation. For 

example, APM-1, a putative tumour suppressor has been reported to get inactivated in a 

number of cervical carcinoma cells lines as a result of  insertional mutagenesis 

combined with the deletion of its second allele (Reuter et al., 1998). Also, in a number 

of tumours, viral integration has been observed near the MYC locus (Ferber et al., 

2003b; Peter et al., 2006) and into the human telomerase reverse transcriptase (Ferber et 

al., 2003a). Besides, viral integration can render both viral coding genes as well as the 



 Chapter 1 

 

50 
 

cellular genes susceptible to epigenetic changes which could regulate their expression. 

Overall, the process may be looked upon as an event that promotes cellular 

immortalization, deregulated proliferation, and increased genomic instability, all of 

which are the cellular hallmarks of cancer. 

An additional important and largely overlooked situation arises in case of a cell 

harbouring mixed forms of the virus, i.e. both integrated and episomal. In such cases, E2 

may be available in trans to modulate the expression levels of oncogenic E6 and E7, and 

that overcoming this inhibition would represent an important event on part of the virus 

for selection of its integrated form (Arias-Pulido et al., 2006)  Therefore, as 

demonstrated by Pett et al., loss of episomes is as much important as integration of the 

virus into the host genome for progression of lesions to cervical neoplasia (Pett et al., 

2006). 

 

 ‘Hotspots’ of viral integration- whether a random event 

Studies on viral integration have identified integration sites to be distributed throughout 

the host genome, with no specific preference for any chromosomal  loci (Wentzensen et 

al., 2004). However, according to more recent reports, although the integration event 

encompasses almost all the chromosomal loci, certain hotspots can be identified such as  

3q28, 4q13.3 , 8q24.21, 13q22.1, 1p36.23, 1p36.33, 3q26.33, 3q28, 6q22.31, 6q23.3, 

8p11.21, 9q22.32, 13q22.1 and 20q11.21 (Das et al., 2012; Kraus et al., 2008; Schmitz 

et al., 2012).  Besides, the virus has been shown to prefer fragile sites, translocation 

break points and transcriptionally active regions for its integration (Koopman et al., 

1999; Thorland et al., 2000; Wentzensen et al., 2004; Ziegert et al., 2003). Fragile sites 

are specific regions in the chromosomes that nonrandomly undergoes break in response 
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to certain stress, making them as susceptible targets for foreign DNA integration. These 

can be divided into two types- 

 Rare fragile sites (RFSs) – present in less than 5% of the population and are 

associated with expanded CCG repeats or expanded AT-rich minisatellite repeats 

(Richards, 2001).  

 Common fragile sites (CFSs) - present in all individuals and the mostly induced in 

response to treatment with the DNA polymerase inhibitor, aphidicolin (Thorland et al., 

2003) 

A high correlation has been reported between the fragile sites and the HPV integration 

sites, owing mainly to their accessibility to the viral DNA (Dall et al., 2008; Kraus et al., 

2008; Matovina et al., 2009; Thorland et al., 2003; Thorland et al., 2000; Wentzensen et 

al., 2002).  Apart from the fragile sites, several tumour related genes such as myc, TP63, 

NR4A2, APM-1, FANCC, TNFAIP2, and hTERT  have been shown to be involved in the 

viral integration process (Wentzensen et al., 2002).  Further, a recent study has 

highlighted an association of site of HPV integration with micro RNAs (Schmitz et al., 

2012). 

 

1.2.3.2 Genetic Alterations 

Though infection by HPV has been established as a major etiological factor for the 

genesis of cervical cancer, it may not be sufficient for tumour development. The 

evidence for this is based on the fact that the disease develops in a small proportion of 

women who have been infected with HPV and generally arises decades after the initial 

HPV exposure. Therefore, the possible role of genetic aberrations contributing to 

malignant transformation and tumour progression cannot be ruled out. These alterations 

may include chromosomal abnormalities, point mutation (both somatic and germline), 
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single nucleotide polymorphisms and allelic discrimination that might either be involved 

directly in causing the disease or increase the susceptibility to developing it. The 

commonly reported alterations in cervical carcinoma are summarized in Table 1.4 and 

1.5. 

Table 1.4: Major genetic alterations associated with cervical cancer 

 

Gene 
Nature of 

alteration 
Alterations reported Study 

HLA class 

II antigen 
Allelic variation 

DQB1*03, DRB1*1501 and 

DQB1*0602, DRB*13 and  

DQB1*0603 alleles 

(Hildesheim et al., 1998; 

Madeleine et al., 2002). 

LKB1/ 

STK11 

Missense and 

Nonsense point 

mutation; Deletion 

Frameshift 

S19X,P6Q, E57X, 140611_1420 

del CTC TGTCCCAGGG 

AAATTCAACTACT 

H107R ,P294fs, F298L, R304W 

(Wingo et al., 2009); 

COSMIC 

CDKN2A 
Missense point 

mutation; Deletion 

codon 74 (CTG→ATG); codon 129 

(ACC→ATC); del exon 2–intron 2 

region, etc. 

(Nakashima et al., 1999; 

Park et al., 1999); 

COSMIC 

TP53 

Point mutation, 

Deletion; 

Frameshift 

Polymorphism 

Codon 234 (TAC→TGC), Codon 

273  

(CGT→TGT); Codon 170 (ACG 

→CCG); Codon 154 

(GGC→AGC); Codon 297 (CAC-

CCC);  Codon (AGC→ACC); 

Codon 273GCT→TGT; codon 166 

(A insertion, frameshift); codon 175 

(CGC→CAC); codon 192 

(CAG→TAG); Codon 213 

(CGA→CGG); R72P 

(Andersson et al., 2006; 

Busby-Earle et al., 1994; 

Crook et al., 1992; 

Ikenberg et al., 1995; 

Kim and Kim, 1995; Liu 

et al., 1994; Miwa et al., 

1995; Storey et al., 

1998; Tenti et al., 1998); 

COSMIC 

PTEN 
Nonsense point 

mutation, Deletion 

R233X, 800delA, 415delTATT, 

1038del16 bp, etc. 

(Harima et al., 2001; 

Minaguchi et al., 2004; 

Yaginuma et al., 2000); 

COSMIC 

CTNNB1 
Point mutation, 

Frameshift 

Codon 45 (TCT→TTT); Codon 47 

(AGT→GGT); Codon 37 

(TCT→ACT); Codon 45 TCT→TT 

Frameshift ; Codon 41 

(ACC→AAC);  Codon 37 

(TCT→TTT). 

(Shinohara et al., 2001); 

COSMIC 

FGFR3 Point mutation S249C 
(Yee et al., 2000); 

COSMIC 

PI3KA 
Missense point 

mutation 

R88Q; E542K; E545K; Q546E; 

H1047R; M1043I 

(Cui et al., 2009; 

Miyake et al., 2008); 

COSMIC 

Ras (H-

ras, K-ras, 

N-ras) 

Point mutation Codon 12, 13 and 61 

(Grendys et al., 1997; 

Huang et al., 1996; 

Kang et al., 2007; Lee et 

al., 1996; Pappa et al., 



 Chapter 1 

 

53 
 

2006; Parker et al., 

1997; Wong et al., 

1995); COSMIC 

Smad 
Insertion and 

frameshift 
Ins A- codon 122 (Maliekal et al., 2003) 

EpCAM 
Non-synonymous 

polymorphism 
M115T (Hu et al., 2012) 

CCND1 Polymorphism G/A polymorphism in rs9344 (Wang et al., 2012) 

CD83 
Nonsense point 

mutation 
F138 X (Zhang et al., 2007) 

RNASEL 
Germline point 

mutation 

T→C (rs3738579) present in 

5’UTR of exon 2, 95 bp upstream 

from the translation initiation 

codon. 

(Madsen et al., 2008) 

BRAF Point mutation G595D; G468E ; L596V; G465V 
(Kang et al., 2007); 

COSMIC 

 

Table 1.5: Major chromosomal aberrations associated with cervical cancer 

 
Nature of 

alteration 
Chromosomal region Study 

 

Amplifications 

 

 

 

 

Gains 

3q21, 3q26–q29, 5p, 7q22, 8q23–q24, 

8q24.3, 9p22, 9p23–24, 10q21, 11q13, 

11q21, 11q22–23, 12p13, 14q12, 17q12, 

17q25, 19q13.1, 20q11.2, 20q13.1 

 

1q22–q23, 1q25.3–q32.1, 3q24–29, 5p12–

p13, 6p, 7q11.22–q11.23, 7q31.1–q31.2, 

8q24.13–q24.22, 9q33.2–q34.3, 17q25.1–

q25.2, 17q21–q22, 19q13.3, 20q11.22, 

20q11.21–q13.33, 20q11.21–q12, 20q13.12–

q13.31, 20q12, Xp11.2–p11.3, Xq12, Xq22, 

Xq28 

(Heselmeyer et al., 

1996; Hidalgo et al., 

2005; Lockwood et 

al., 2007; Narayan and 

Murty, 2010; Scotto et 

al., 2008a; Scotto et 

al., 2008b; Wilting et 

al., 2008; Yang et al., 

2001) 

 

Losses 

 

 

 

 

 

 

LOH 

2q33–q37, 3p12–23, 4p16.3–p16.1, 4, 4q, 

4q28.3–q32.1, 4q13.3, 4q35.2, 4q28, 6q, 

8p23.3, 8p12–21.3, 8q23.2–q23.3, 9p, 

11p15.5, 11q13.3, 11q22.3–25, 3q12.11–

13q14.3, 13q14.3–q21.33, 13q31.1–q31.3, 

17p13.3, 18q11.2–18q23 

 

1q21–42, 2q33–q37, 3p13–21.1, 3p14.1–

p24, 4p, 4q34–qter, 5p15.1–15.33, 6p21.2, 

6p25–21.3, 6q16.3–q27, 8p23–p21, 8q22.2, 

9p21, 10p15–p14, 10q23.3, 11p15.5, 

11p15.3–p15.11, 11p13–p12, 11q13, 

11q23.1–q24.1, 13q12–14, 17p13–p12, 

17q12–q21, 17q11.2, 18q21–q22, 19p13.3, 

19q13.4, Xq21–q22 

(A et al., 2004; 

Acevedo et al., 2002; 

Bethwaite et al., 1995; 

Bhattacharya et al., 

2004; Choi et al., 

2007; Chuaqui et al., 

2001; Herrington et 

al., 2001; 

Kersemaekers et al., 

1998; Manolaraki et 

al., 2002; Miyai et al., 

2004; Narayan et al., 

2003; O'Sullivan M et 

al., 2001; Pulido et al., 

2000; Sherwood et al., 

2000; Tsuda et al., 

2002) 
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The mutations involved in cervical cancer, described so far are mostly based 

on candidate gene approach and till date there are no reports describing the entire 

genomic landscape of the disease. With advances in technology, it is now possible 

to carry out such high-throughput studies. 

 

1.2.3.2.1 Next generation sequencing - a new face of cancer research  

During the past 5 years, ‘next generation’ sequencing technologies or NGS have 

surfaced as a promising tool for genomics research. With the advent of NGS, cancer 

genomics have moved from focused approaches based on single-gene sequencing and 

arrays to comprehensive genome-wide approaches. Contrary to Sanger, NGS is based on 

sequential imaging of the stepwise addition of nucleotides, resulting in the generation of 

hundreds of megabases to gigabases of nucleotide sequence output in a single 

instrument run, depending on the platform. Some of the popular NGS platforms 

available today include Roche 454 GS FLX, Illumina Genome Analyzer, Applied 

Biosystems SOLiD, Helicos BioSciences HeliScope, etc. 

NGS technologies broadly include whole genome sequencing, whole exome 

sequencing and transcriptome sequencing. Of these whole exome sequencing has gained 

popularity over others in identifying disease mutation. Though exons constitute only 

about 1% of the genome (37.6 Mb), sequencing them can yield significant information 

as they have been reported to harbor most variations (Botstein and Risch, 2003). Also 

most frequent type of disease mutations are those that cause amino acid substitutions 

resulting from variations in exons. Further, approaches involving targeted sequencing 

provide increased sequence coverage of a particular region of interest at high throughput 

and lower cost compared to whole genome sequencing making it highly suitable for 

understanding the genetic landscape of cancer (Meyerson et al., 2010). Some of the 
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major recent studies where exome sequencing has successfully been employed for 

identifying novel mutations are summarized in Table 1.6. In addition to these genetic 

alterations, studies have identified an epigenetic component in cervical cancer. Promoter 

CpG island hypermethylation in genes such as p16, DAPK, MGMT, APC, HIC-1, E-

cadherin  RARß, FHIT, GSTP1and hMLH1have been  associated with cervical 

carcinogenesis (Dong et al., 2001; Virmani et al., 2001). 

 

Table 1.6: Mutations in different cancers as identified by whole exome sequencing 

Type of cancer Gene harbouring mutation Study 

Myelodysplasia RNA splicing machinery genes-

U2AF35, ZRSR2 and SRSF2 

(Yoshida et al., 

2011) 

Head and Neck 

Squamous cell Carcinoma 

Notch1 (Agrawal et al., 

2011) 

Prostrate No. of mutations in 20 genes 

including TP53, PDZRN3, 

SDF4, etc. 

(Kumar et al., 2011) 

Renal cell Carcinoma PBRM1 (Varela et al., 2011) 

Acute Monocytic 

Leukemia 

DNMT3A (Yan et al., 2011) 

Primary Colon cancer BMPR1A (Timmermann et al., 

2011) 

Multiple Endocrine 

Neoplasia Type 2A 

RET Germline mutation 

 

(Qi et al., 2011) 

Uveal Melanomas BAP1 (Harbour et al., 

2010) 

Kaposi Sarcoma STM1 (Byun et al., 2010) 

 

1.2.4 Molecular biomarkers in cervical cancer – from diagnosis to prognosis  

‘Cancer can be cured, if detected early’- this paradigm is apt in the context of cervical 

carcinoma. Although, early detection combined with improved treatment modalities can 

help managing the disease and control the death toll to a very large extent, the existing 

screening and treatment modalities face issues with specificity and sensitivity. Hence, in 

recent times the main focus of cervical cancer research have shifted towards 



 Chapter 1 

 

56 
 

identification of molecular biomarkers, which, combined with the existing screening and 

treatment procedures, are expected to improve diagnosis, prognosis, prediction of 

response or recurrence, and disease monitoring. A number of biomolecules including 

HPV oncogenes E6 and E7 are effectively being used as diagnostic biomarkers. E6 and 

E7 interfere with the cell cycle regulators and bring about a change in the expression 

pattern of a large number of molecules, thereby contributing to neoplastic progression. 

Some of the important biomarkers of cervical carcinoma include mini chromosome 

maintenance (Stoeber et al., 2002), cell division cycle protein 6, p16INK4A (Murphy 

et al., 2003), squamous cell carcinoma antigen (serum markers of squamous cell 

carcinoma) (Duk et al., 1990; Farghaly, 1992) and cell proliferation markers- PCNA 

and Ki-67 (Konishi et al., 1991; Mittal et al., 1993). 

Besides these diagnostic biomarkers, molecules such as VEGF and EGFR are 

being used as potential therapeutic targets in cervical carcinoma. VEGF inhibitors 

including monoclonal antibodies, such as bevacizumab and small-molecule tyrosine 

kinase inhibitors (TKIs), such as sunitinib, could be successfully used in clinics either in 

the form of combinatorial therapy or monotherapy for treating locally advanced or 

recurrent disease (Monk et al., 2009). Similarly treatment regimen involving targeting of 

EGFR by  small molecules such as  cetuximab,  gefitinib, erlnotinib or anti-EGFR 

antibody matuzumab, in combination with standard radiotherapy and chemotherapy 

protocols are in various phases of clinical trial (Goncalves et al., 2008). 

The discovery of these and other plentiful molecular biological markers for 

diagnostics, therapeutics and prognosis has paralleled advances in high-throughput 

molecular biologic techniques in the genomic, transcriptomic, and proteomic fields. The 

use of Next generation sequencing technologies in this context has already been 

described. Some of other high-throughput technique includes Array Comparative 
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Genomic Hybridization for identification of chromosomal copy number changes, Single 

Nucleotide Polymorphism (SNP) Profiling, Gene Expression Profiling, Proteomics and 

Metabolomics. Of all the high-throughput technologies, the field of microarray 

technology have witnessed the maximum growth. It has been used extensively for 

classification, subclass identification, identification of prognostic biomarkers and 

predictive signatures in the field of cancer biology. Identification of HER2/neu 

(ERBB2) in metastatic breast cancer and EGFR in metastatic colorectal cancer as 

potential drug targets as well as determination of gene signatures to predict 

aggressiveness in prostate cancer and survival in colon cancer are some of the recent 

achievements of microarray. Not only this, two diagnostic arrays, Oncotype DX 

(Genomic Health, USA) and MammaPrint assay (Agendia,The Netherlands) have even 

found their way to the clinics for prediction of breast cancer recurrence and response to 

therapy.  

In the field of cervical cancer, a plethora of biomolecules have been identified 

from a large number of studies that focuses on diagnostic, predictive and prognostic 

biomarkers.  Differential gene expression pattern has been reported between squamous 

cell carcinoma and adenocarcinoma of the cervix (Chao et al., 2006; Contag et al., 

2004). Besides, overexpression of EGFR, ERBB2, CDKN2A, KRAS, MYCN, KIT, 

TOP2A have been associated with malignancy of cervical epithelium. Apart from this, 

microarray has also been employed in cervical cancer to predict treatment response to 

radiotherapy or concurrent chemo-radiotherapy as well as prognosis after therapy. A 

number of studies have come up in recent time with different gene signatures in 

important pathways such as MAPK, apoptosis, metastasis, hypoxia, b-catenin, etc. that 

can predict response to therapy as well as prognosis (Harima et al., 2003; Huang et al., 

2011; Huang et al., 2012; Iwakawa et al., 2007; Rajkumar et al., 2009). 
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Overall, the availability of high-throughput technologies has vastly broadened the 

potential for biomarker discovery, however, establishing validity and maintaining 

quality control throughout each phase of biomarker discovery and development remains 

the primary concern. 

 

 

RATIONALE OF THE STUDY 

Considering the overwhelming increase in the rate of cervical cancers, particularly in 

developing countries, approaches addressing all the major aspects of disease 

pathogenesis are the need of the hour. HPV has been recognized as the major etiological 

factor for the disease, however, the risk of disease development, progression and 

prognosis of the infected individuals depend to a great extent on the infecting viral 

genotype, physical state of the virus (i.e., integrated or episomal) and the viral load.  

HPV by itself can also bring about several genetic alterations thereby destabilizing the 

genome. Identifying the association of these viral factors as well as the genetic 

alterations in the tumour genome, in context of disease development, is important in 

understanding cervical carcinogenesis.  

Pretreatment cervical cancer biopsies as well as blood samples from a cohort of 

Indian patients with a good follow up were available in the laboratory. This formed an 

ideal set to address most of the questions related to the pathogenesis of the disease. We 

undertook a multifaceted approach to study the contribution of several viral cofactors as 

well as the genetic alterations that are believed to play a role in the genesis of the 

disease. Through this study we aim towards identification of a set of genetic biomarkers 

for genesis, progression and prognosis of the disease. 
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AIMS AND OBJECTIVES 

1. Determination of HPV status in cervical cancer biopsies. 

2. Identification of integration site of the virus by Amplification of Papillomavirus 

Oncogene Transcripts (APOT) assay.  

3. Identification of genomic alterations in cervical cancer biopsies by exome sequencing 

4. Correlation of the data from the study with clinical data.
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2.1 INTRODUCTION 

Human papillomavirus (HPV) is the major etiologic cause of nearly all carcinomas of 

the uterine cervix (Bosch and Munoz, 2002; Crum et al., 2003; Walboomers et al., 1999; 

zur Hausen, 2002). Different HPVs have been categorized as ‘types’ based on whether 

L1 nucleotide sequence of a particular type is at least 10% dissimilar from that of any 

other papillomavirus type. Currently, 120 different HPV types are officially recognized, 

ranging from HPV1 to HPV124, with  HPV46, HPV55, HPV64 and HPV79, initially 

identified as distinct types, now classified as subtypes  as these did not yet meet the 

criteria of unique HPVs (Bernard et al., 2010). In addition to the 120 official HPVs, 

several new types were characterized during 2009–2010, the last being HPV152 

(Nomenklatura., 2010). Clinically most important HR-HPVs are HPV16 and HPV18, 

being associated with 50–65% and 7–20% of cases of cervical cancer, respectively (Li et 

al., 2011). The prevalence and distribution of HPV types in cervical neoplasias vary 

with geographic regions and by grade of disease (Clifford et al., 2005; Clifford et al., 

2003; Insinga et al., 2008; Smith et al., 2007). Also, the magnitude of risk of cancer 

following infection is virus type specific (Chan et al., 1995; Munoz and Bosch, 1997; 

Munoz et al., 2003; Van Ranst et al., 1992). Considering the above facts, there is a 

strong need to identify HPV genotypes in order to investigate the epidemiology and 

clinical behaviour of particular types. This information would not only serve as the basis 

to assess the protection offered against cervical cancer by the currently available 

vaccines, but would enable to identify the potential types that should be included in the 

vaccine regime in near future so as to offer maximum protection.  

Although several studies have been reported from the Indian subcontinent on the 

prevalence and distribution of HPV genotypes in invasive cervical carcinoma (Bhatla et 

al., 2008), considering the fact that the major global burden of the disease is felt in this 
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country, more number of such studies is essential. Several strategies have been 

effectively used to detect and type different HPVs, ranging from simple PCR using 

general / type specific primers (Basu et al., 2009; Gravitt et al., 2000; Hart et al., 2001; 

Soderlund-Strand et al., 2009) followed by sequencing, to high throughput assays such 

as INNO-LiPA HPV Genotyping, Linear Array HPV Genotyping Test, Digene HPV 

Genotyping RH Test RUO, Multiplex HPV Genotyping Kit, Roche AMPLICOR HPV, 

etc. Most of the high-throughput methods combine PCR using general primers with 

techniques like reverse line-blot hybridization, luminex bead array and solid phase 

microarray. 

 

2.2. MATERIALS and METHODS 

MATERIALS 
 

Chemical/ Reagent Company 

Ethanol, KOH, KCl, NaOH, Glacial 

acetic acid 

SD Fine-Chem. Ltd., Mumbai, India 

Lysine, Proteinase K, Phenol, 

Agarose, Bromophenol blue, Xylene 

cyanol, SDS, R-phycoerythrin 

conjugated streptavidin 

Sigma, St. Louis, MO, USA 

Tris , EDTA USB corp., Cleveland, OH, USA 

NaCl, Sodium acetate, Chloroform, 

Isoamyl alcohol, Glycerol 

Qualigens fine chemicals, Mumbai, India 

Ethidium bromide, dNTP mix, RNase 

DNase free water   

Invitrogen, Carlsbad, CA, USA 

PCR reagents, DNA molecular 

weight markers 

MBI Fermentas Canada Inc., Burlington, 

Ontario, Canada 

Multiplex HPV Genotyping Kit  Multimetrix, Heidelberg, Germany 

Hybridization plate, Filter plate Luminex Corporation, Austin, TX, USA 

PCR tubes, Tips, Glass slides Axygen , Union city CA, USA 
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METHODS 

2.2.1 Clinical Sample accrual 

Pretreatment cervical tumour biopsies, predominantly from FIGO stage IIB and IIIB as 

well as blood samples were obtained from patients undergoing radiotherapy alone or 

concomitant chemo-radiation at the Radiation Oncology Department, Tata Memorial 

Hospital, Mumbai after obtaining IRB approval. A generic consent for basic research 

was obtained prior to acquiring the blood and biopsies. However, for the current study a 

consent waiver was obtained from the Hospital Ethics Committee since the samples 

were collected more than 10 years ago. The biopsies were obtained from histologically 

proven, primary cervical tumour, before the start of radical radiation therapy and were 

coded for de-identification by the physician prior to testing. The samples were collected 

in liquid nitrogen and stored at -80°C freezer till use. 

 

2.2.2 Processing of tumour samples 

For most of the cervical biopsies, cryosectioning was performed for determining tumour   

percentage by H&E staining and for DNA/ RNA isolation. Frozen cervical tumour 

tissues were attached to cryostat (Leica CM1100) chuck by applying small amount of 

RNase free water around the tissue and immediately freezing it inside the cryostat. First 

two 5µm sections of tissues were mounted on lysine coated slides for H&E staining. The 

stained slides were examined by a pathologist and the tumour percentage was arrived at. 

Next five 30µm sections were collected for isolation of DNA and seven, 30µm sections 

for RNA, as described below.  
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2.2.3 Genomic DNA isolation 

Isolation of genomic DNA from mammalian cells is usually done by using a hypotonic 

lysis buffer containing a detergent (SDS), EDTA and Proteinase K. SDS and Proteinase 

K lyses the cell membrane while EDTA inhibits the action of DNase by chelating 

divalent cations like Mg
2+ 

required for the activity of the enzyme. This is followed by 

extraction with phenol chloroform and alcohol precipitation. Phenol helps in removal of 

protein contaminants by denaturing them, while chloroform removes any lipid 

components from the lysate leaving nucleic acids in the aqueous phase. Finally DNA is 

salted out by the effect of 100% alcohol.  

For extraction of genomic DNA from the cervical cancer biopsies, five 30 µm 

sections were collected in 700 μl STE buffer (0.1 M NaCl, 0.05 M Tris pH 7.5, 1 mM 

EDTA pH 8.0, 1% SDS) containing Proteinase K (20 mg/ml) and incubated at 37°C 

ON. The lysate was centrifuged at 12000 rpm/10 min/RT. To the supernatant, 700 μl 

Tris equilibrated phenol was added, mixed vigorously, centrifuged at 12000 rpm/10 

min/RT and the upper aqueous phase was carefully collected in a fresh tube. Equal 

volume of phenol:CIA mix (24:1 v/v) was added to the aqueous phase, mixed 

vigorously and centrifuged at 12000 rpm/10 min/RT. The upper aqueous phase was 

collected in a fresh tube and extraction was repeated with CIA alone. Phases were 

separated by centrifugation as mentioned earlier. To the aqueous phase, two volumes of 

chilled absolute ethanol and 1/10
th

 volume of 3M sodium acetate (pH 7.0) were added, 

followed by centrifugation at 12000 rpm/10min/RT to precipitate DNA. The 

precipitated DNA was washed with 1 ml 70% ethanol; air dried and resuspended in 

~200 μl TE (pH 8.0). Quantity and quality of DNA was assessed by measuring 

concentration and OD260/OD280; OD260/OD230 ratio on NanoDrop UV-Vis 
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spectrophotometer. The integrity of DNA was ascertained by 0.8% agarose gel 

electrophoresis.  

 

2.2.4 Agarose gel electrophoresis 

Agarose gel electrophoresis is a routinely used method for separation of nucleic acids. 

The method uses naturally occurring polymer obtained from an Alga in order to achieve 

a semi solid gel conformation on which nucleic acids are separated based on their size 

and shape and visualized as fluorescent bands by intercalating dyes like Ethidium 

Bromide (EtBr) exposure to UV. 

Agarose gel was made in the buffer TAE (0.484% w/v Tris, 0.15% v/v glacial 

acetic acid and 10% v/v 0.5M EDTA in distilled water) and contained EtBr. About 1μg 

DNA or 5-7 l of PCR product was mixed with 6x loading dye containing 0.25% 

Bromophenol blue, 0.25% xylene cyanol and 30% glycerol in distilled water, and loaded 

in to the well. The percentage of agarose gel varied (0.8-2%) depending on the size of 

the DNA to be analyzed. Standard DNA markers of known fragment sizes were run in 

parallel to the samples in order to have a known reference. The gel was run at a constant 

voltage not exceeding 100V, and visualized on a Gel documentation system. 

 

2.2.5 Genotyping of HPV 

HPV genotyping was determined in 270 cervical cancer biopsies by: 

 High throughput Luminex bead based assay using biotinylated GP5
+
/GP6

+
 primers 

and allows genotyping of 24 HPV types. 

 Polymerase chain reaction with MY09/11 and SPF1/2 primers followed by PCR with 

HPV16/18 type specific primers. 

Each of these methods is described in detail below.  
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2.2.5.1 Genotyping of HPV by high throughput Luminex assay 

Genotyping of 24 HPV types which included 15 high-risk types (16, 18, 31, 33, 35,39, 

45, 51,52, 56, 58, 59, 68, 73, and 82), 3 putative high-risk types (26, 53, and 66), and 6 

low-risk types (6, 11, 42, 43, 44, and 70) (Munoz et al., 2003) was carried out in 270 

cervical biopsies using Multiplex HPV Genotyping kit  based on Luminex xMAP 

technology. In the assay, the 150 bp region of the HPV L1gene was first PCR amplified 

using biotinylated GP5
+
/GP6

+
 primers (primer set 1) concurrently with the human β-

globin gene, serving as an internal control. The resulting amplicons were then genotyped 

using 26 distinct fluorescence labelled polystyrene bead populations - 24 HPV type 

specific, one β-globin specific and one hybridization control specific. 

 

 PCR Amplification: PCR reactions were carried out in sterile thin walled 0.6ml 

capacity microfuge tubes in 50 μl reaction volumes containing 300 ng of DNA template, 

2 µl of primer set 1(provided in the kit), 200 μM of dNTP mix, 2U of Taq polymerase, 

3.5 mM MgCl2 and PCR buffer.  

 

Table 2.1: Program for PCR amplification by Multiplex HPV Genotyping Kit 

 
Step Temperature (ºC) Duration (min:sec) 

Initial denaturation 94 15:00 

Denaturation 94 0:20 

Annealing 38 0:30 

Elongation 71 0:80 

 

40 cycle step 2-4 
 

Final elongation 71 4:00 

 

 

Luminex array: The biotinylated PCR products which showed amplification on a 2% 

agarose gel were subjected to genotyping for 24 HPV types in the luminex array, 

following manufacturer’s protocol. Briefly, 10 µl of PCR product was mixed with 40 µl 
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of bead mix and 1 µl of hybridization control for internal control of hybridization 

efficiency in each well of a 96 well hybridization plate. A negative control was also set 

up containing 10 µl water and 1 µl of hybridization control. The plate was incubated at 

95°C for 10 min to allow denaturation of the amplified products, followed by 1 min 

incubation on ice and 30 min incubation at 41°C under agitation (370 rpm) for 

hybridization. During hybridization, each well of a filter plate was equilibrated with 100 

µl wash buffer and incubated 30 min at room temperature. The Wash Buffer was 

removed by vacuum filtration. The hybridized ‘bead mix PCR samples’ were mixed 

thoroughly and transferred to the filter plate. This was followed by washing with 100 µl 

wash buffer and incubation with 70 µl staining solution at room temperature for 30 min 

under slight agitation (250 rpm). After twice washes (each with 100 µl wash buffer), 

100 µl wash buffer was added, mixed thoroughly for 5 min. and the plate was read in the 

Luminex analyzer (Luminex Corporation, Austin, TX, USA). 

Note: Staining solution was prepared by diluting the Conjugate (R-phycoerythrin 

conjugated streptavidin) 1:10 in staining buffer. For each well 75 µl staining solution 

was prepared. Bead Mix was resuspended by vortexing before adding into each well of 

the Hybridization plate. 

 

Data analysis: The Luminex analyzer analyzes the reporter fluorescence signal of at 

least 100 beads of each individual bead set per well. The fluorescence signals were 

evaluated by the software of the Luminex analyzer. The fluorescence intensities of each 

sample was calculated as the median fluorescence intensity (MFI). Accordingly, HPV 

types were discerned as per the unique bead signature, whereas the presence of PCR 

products was determined by phycoerythrin fluorescence. For each run and each HPV 

type a background and cut-off value was calculated based on the signal of the negative 

control as follows: 
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Background = 1.25 x negative control value (MFI) 

Cut-off value = Background + 15 MFI 

For HPV type 16, 59 and 82, cut-off = Background + 30 MFI 

 

For a given sample, infection with a particular HPV type was considered positive if the 

MFI was above the background value. 

 

2.2.5.2 Genotyping of HPV by using MY09/11 and SPF1/2 primers 

The samples that tested HPV negative by luminex array (n=92) were further screened 

for HPV by PCR using MY09/11 and SPF1/2 primers. Prior to this, all 92 samples were 

subjected to PCR using β-actin primers to check the quality of DNA. PCR reactions 

were carried out in 25 μl reaction volume containing 100 ng of DNA template, 10 μM of 

each forward and reverse gene specific primers (Table 2.2), 200 μM of dNTP mix, 2U 

of Taq polymerase, 1.5-2.5 mM MgCl2 and PCR buffer. The cycling profile for β-actin, 

MY09/11 and SPF1/2 is given in Table 2.3.  

 

Table 2.2: Primers used for HPV detection and genotyping 

 
Name Sequence (5’-3’) PCR product size 

(bp) 

MY09/11 F-CGTCCMARRGGAWACTGATC 450 

R- GCMCAGGGWCTATAAYAATGG 

SPF1/2 F-GCiCAGGGiCACAATAATGG 65 

F-GCiCAGGGiCATAACAATGG 

F-GCiCAGGGiCATAATAATGG 

F-GCiCAAGGiCATAATAATGG 

R-GTiGTATCiACAACAGTAACAAA 

R-GTiGTATCiACTACAGTAACAAA 

HPV16 F-AAGGCCAACTAAATGTCAC 217 

R-CTGCTTTTATACTAACCGG 

HPV18 F-ACCTTAATGAAAAACCACGA 100 

R-CGTCGTTTAGAGTCGTTCCTG 

β-actin F-ACACTGTGCCCATCTACGAGGG 621 

R-AGGGGCCGGACTCGTCATACT 
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Table 2.3: PCR programs for MY09/11, SPF1/2, HPV16/18 and β-actin 

 
Primer Denaturation Annealing Elongation No. of 

cycles 

MY09/11 95⁰C 30 sec  55 ⁰C 30 sec 72⁰C 30 sec 35 

SPF1/2 94⁰C 1 min 55 ⁰C 1 min 72⁰C 1 min  40 

HPV16 95⁰C 30 sec  55 ⁰C 30 sec 72⁰C 30 sec 35 

HPV18 95⁰C 30 sec  55 ⁰C 30 sec 72⁰C 30 sec 35 

β-actin 94⁰C 1 min  55⁰C 1 min 72⁰C 1 min 30 sec 30 

 

For all PCR reactions initial denaturation was done at 95°C for10 min and final 

elongation was done at 72⁰C for 5 min. About 7 μl of the reaction product was analyzed 

on 1.2-3% agarose gel electrophoresis as mentioned earlier. The samples which tested 

positive for HPV either by MY09/11 or SPF1/2 or both were further genotyped for the 

two most common HR-HPV types- HPV16 and 18 using HPV16/18 specific primers. 

 

2.2.6 Statistical analysis 

The genotyping data for the two HR-HPV types, HPV16, HPV18 and HPV16/18 

together, where adequate follow-up data was available was compared with the clinical 

outcome of the patients. Kaplan-Meier analysis (SPSS 15.0) was done to determine 

association between infection with these HR-HPV types and recurrence of disease. 

Disease free survival was considered from start of radiation therapy to the time when 

recurrence occurred or till last follow-up. Statistical significance was evaluated using the 

log-rank test (SPSS 15.0). 

 

2.3 RESULTS 

2.3.1 Genotyping of HPV by high throughput Luminex assay 

Detection and genotyping of HPV was carried out in 270 locally advanced cervical 

cancer biopsies using Multiplex HPV Genotyping Kit that allows simultaneous 

detection and genotyping of 24 HPV types - 15 high-risk types (16, 18, 31, 33, 35, 39, 
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45, 51,52, 56, 58, 59, 68, 73, and 82), 3 putative high-risk types (26, 53, and 66), and 6 

low-risk types (6, 11, 42, 43, 44, and 70). The kit combines PCR with biotinylated, 

consensus primer set with Luminex xMAP technology for this purpose. Using the 

GP5
+
/GP6

+
primer set for PCR, 178 out of 270 samples were found to be positive for 

HPV (Fig. 2.1).  

 

 

Fig. 2.1: HPV positivity in cervical cancer biopsies by GP5
+
/6

+
 primers set. DNA from cervical 

cancer biopsies were PCR amplified using GP5+/6+ consensus primers and resolved on 2% 

agarose gel. Presence of 150 bp band confirms HPV positivity.The the sample names begin with 

‘CT’ followed by the lab code. M= 50 bp ladder.   

 

 

The HPV positive samples were further subjected to hybridization to bead-bound probes 

by luminex array as described earlier. Following were the observations: 

 169 samples were found to hybridize to the different HPV probes, whereas 9 

samples were negative. These 9 samples could have HPV infection not included in the 

24 types detected by the kit (Fig. 2.2).  

 168/169 samples were positive for one or more HR-HPV types indicating a high 

association of cervical cancer with HR-HPV infection.  

 Of the 24 HPV genotypes included in the HPV Genotyping Kit, the following 14 

HPV types were present in this cohort of 270 patients: HPV 11, 16, 18, 31, 33, 35, 39, 

45, 51, 52, 56, 58, 59 and 73 (Fig. 2.2). 

 HPV16 and/or HPV18 infection were most common - 114 samples being positive 

for HPV16 alone and 6 samples for HPV18 alone (Fig. 2.2). 
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 Dual infection by HPV16 and HPV18 (n=16) and HPV16 and HPV45 were also 

common (n=9) (Fig. 2.2). 

 Triple infection by HPV 16, 39 and 59 was observed in one sample. 

 HPV type 31, 33 and 35, high-risk viruses were detected at a very low frequency. 

 

 

Fig. 2.2: Frequency of 24 HPV types as detected by Luminex array. The graph depicts 

frequency of 24 HPV types in 178 cervical cancer biopsy samples which were found to be 

positive GP5+/6+ primers. HPV16 infection predominated in the samples. Each bar represents 

different HPV types. 

 

 

2.3.2 Genotyping of HPV by using MY09/11 and SPF1/2 primers: 

In order to estimate the true HPV positivity in the 270 cases, the 92 cervical cancer 

biopsies negative for HPV by luminex array, were first subjected to PCR using β-actin 

primers to check the quality of DNA. All were found to be positive for β-actin. Next 

they were subjected to PCR using MY09/11 and SPF1/2 primers. These primer sets 

amplify a 450 bp and 65 bp fragments in the L1 region of the viral genome 

respectively. Twenty five out of 92 samples were found to be positive for HPV by 

MY09/11 PCR (Fig. 2.3a). Since the amount of DNA was limiting, SPF 1/2 PCR could 

not be carried out in 4 of the 92 samples. Screening with SPF1/2 primers revealed 79 

samples to be HPV positive (Fig. 2.3b). These 79 samples also included the 25 samples 

that tested HPV positive by MY09/11 PCR.  
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The HPV positivity was therefore calculated taking into account the results from 

luminex array, MY09/11 and SPF1/2 PCR. The overall HPV positivity in this cohort 

was found to be 95% (257/270). Since the prevalence of HPV type 16 and 18 were 

highest from the luminex data, the 79 samples that tested positive by MY09/11 and 

SPF1/2 primer sets, were further genotyped using HPV 16/18 specific primers. Forty 

nine samples were found to be positive for HPV16 (Fig. 2.3c). None of these 79 samples 

were positive for HPV18. Therefore, the overall prevalence of HPV16 and/or HPV18 in 

this cohort was 72% (185/257).  

 

 

Fig. 2.3:  HPV positivity in cervical cancer biopsies by MY09/11 and SPF1/2 primer sets. 92 

samples that were found to be HPV negative by GP5+/6+ primers were tested for DNA integrity 

by β-actin PCR. Samples that were positive for β-actin were further amplified by MY09/11 and 

resolved on a 1.5% agarose gel. A 450 bp band confirms presence of HPV (a). Also, the 

negative samples were checked by SPF1/2 primers and resolved on a 3% agarose gel wherein a 

65 bp amplicon shows HPV positivity (b).  HPV positive samples were checked for HPV16 and 

HPV18 infection by type- specific primers. 217 bp and 100 bp amplicon confirms presence of 

HPV16 and HPV18 respectively. 49 samples were positive for HPV16 (c). The sample names 

begin with ‘CT’. PC= positive control, PC1= DNA from Hela cells, PC2= DNA from Caski 

cells, NC= negative control, DNA from C33A cells, RC=reagent control, M= molecular weight 

marker 
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2.3.3 Correlation with clinical outcome 

 Of all the cases positive for the two HR-HPV types - HPV16, HPV18 and HPV16/18 

(n=185), adequate follow-up data was available for 125 cases (median follow-up for 125 

cases was 54 months). The detail clinicopathological data of these 125 cases is given in 

Appendix I. The survival data of these 125 cases, in terms of recurrence of the disease, 

was compared with presence of the above- mentioned HPV genotypes. Kaplan-Meier 

survival analysis data revealed that there was no significant difference between 

infections with these two HR-HPV types in terms of disease outcome (Fig. 2.4). 

However, HPV16 alone positive cases showed a trend for better survival as compared to 

the other two groups. 

 

 

 

 

 

 

 

 

 

Fig. 2.4: Kaplan-Meier analysis for two HR-HPV types - HPV16 and/or HPV18 and disease 

outcome. Kaplan-Meier survival analysis for HPV16 and/or HPV18 in 125 patients who had a 

good clinical follow up was carried out. Patients with HPV16 infection alone showed a trend 

towards better disease free survival as compared to HPV18 infection alone and dual infection 

with HPV16/18.  

 

 

2.4 DISCUSSION 

The association of HPV with cancer of the cervix has been proven beyond doubt. 

Reports from different parts of the sub-continent indicate a prevalence of HPV ranging 

from 73 to as high as 99% (Basu et al., 2011; Basu et al., 2009; Bhatla et al., 2008; 
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Chatterjee et al., 2003; Deodhar et al., 2012; Franceschi et al., 2003; Grace Nirmala and 

Narendhirakannan, 2011; Peedicayil et al., 2006; Pillai et al., 2010; Saranath et al., 

2002; Singh et al., 2009; Sowjanya et al., 2005; Travasso et al., 2008). The main 

concern that remains with HPV detection is that since the virus still cannot be cultured 

efficiently and the available serological assays are not sensitive enough, diagnosis is 

mainly based on the detection of HPV nucleic acids in a specimen (Poljak and Kocjan, 

2010). The most common method for detection as well as HPV genotyping till date is 

PCR (with general or type specific primers) followed by sequencing. As opposed to type 

specific primers, general or consensus PCR primers have the ability to detect a broad 

spectrum of HPV genotypes. These general primers, also known as universal primers are 

mostly designed in the L1 region of the viral genome (except for CP primers that is 

based in the E1 region) which is well-conserved across all HPVs, and include MY09/11 

(Gravitt et al., 2000; Manos et al., 1989), OBI/II (Jenkins et al., 1991), CPI/CPII (Tieben 

et al., 1993), GP5
+
/6

+
(Jacobs et al., 1997) and SPF1/2 (Kleter et al., 1998). Although 

MY09/11 and GP5
+
/6

+
 primer sets are widely used for routine diagnosis of HPV 

infections, there are several issues with their sensitivities and performance (Kleter et al., 

1998). SPF primers have been considered to be the most sensitive, mainly due to the 

small amplicon size. Recent studies have shown that the overall prevalence of HPV can 

be underestimated considerably if only a single DNA detection method is used (Baay et 

al., 1996; Karlsen et al., 1996; Smits, 1996; Smits et al., 1995). Therefore, in order to 

estimate the true HPV positivity in our cohort of 270 advanced cervical cancer biopsies, 

detection of HPV was carried out using 3 primer sets - GP5
+
/6

+
, MY09/11 and SPF1/2. 

Using these 3 primer sets, we observed 95% HPV positivity and it is apparent from this 

study that a single set of primers is not sufficient to estimate the true HPV infectivity. 

However, we could genotype 24 HPV types only in the samples those were positive by 
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GP5
+
/6

+
 primers (n=178) since the Multiplex HPV Genotyping Kit relies on  

amplification by GP5
+
/6

+
 primer set. For the remaining 92 samples, genotyping for the 2 

most common HR-HPV types - HPV16 and HPV18 was done (Fig. 2.5). Overall 

observation was that infection with HPV16 was most common (60%) followed by 

infection with HPV18 alone (2%). Dual infection with HPV16/18 (6%) and HPV16/45 

(3%) was also seen. 

 

 

Fig. 2.5: Flowchart depicting summary of the genotyping study. Genotyping was carried out 

on 270 advanced stage cervical cancer samples by high-throughput, GP5+/6+ primers based 

luminex array; consensus MY09/11 and SPF1/2 primers. HPV positivity was 95% (257/270) 

with infection by HPV16 and 18 being most common. 

 

 

Major studies, particularly from the Indian subcontinent indicate 57-65% HPV16 

positivity followed by HPV18, 45, and 33, in cervical neoplasias. One of these studies 

by Bhatla et al. comprising of meta-analysis of 6 Indian studies  provides a clear picture 

of  the prevalence of a broad spectrum of HPV types apart from 16 and 18 in invasive 

cervical cancers (Bhatla et al., 2008). Five of these studies were based in South India 
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with one of them including some patients from the eastern region; the sixth was 

conducted in North India (Bhatla et al., 2006; Franceschi et al., 2003; Munirajan et al., 

1998; Peedicayil et al., 2006; Sathish et al., 2004; Sowjanya et al., 2005). A more recent 

study by Basu et al., that determined HPV genotypes in cervical cancer cases across four 

cities representing different regions of the Indian subcontinent, also reports similar 

distribution of HPV genotypes, with HPV16, 18 infection followed by infection with 

HPV33 (Basu et al., 2009). The distribution of HPV genotypes in our study was in 

concordance with these reports except for the fact that infection by HPV33 was<1%, 

which might be an underrepresentation, owing to technical limitations.  

Although, reports have confirmed the prognostic value of HPV genotypes in 

cervical cancer treated with radiotherapy (Wang et al., 2010), in our study HPV16 

positive cases showed a trend towards better disease free survival after radiation 

therapy, as compared to HPV18 and dual infection by HPV16 and 18,  but this was not 

statistically significant. This disparity may be attributed to a difference in the size of 

study population between the two studies. 

 

2.5 CONCLUSION 

The association of HPV with carcinoma of the cervix in this cohort of patients was 

found to be as high as 95%, with HPV type 16 (66%), 18 (2%) and dual infection by 

16+18 (6%) being most common. Other HR-HPV types infecting the cohort included 

31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 73. Association with clinical outcome showed 

that HPV16 positive cases had better prognosis in terms of response to radiation therapy 

as compared to the HPV18 positive ones. 



 Chapter 3 

 

77 
 

 

 

 

 

 

 

 

 

 

 

Chapter- 3 
 

Identification of Integration 
site of the virus by 
Amplification of 

Papillomavirus Oncogene 
Transcripts (APOT) assay  



 Chapter 3 

 

78 
 

3.1 INTRODUCTION 

Integration of HPV DNA into the host genome represents an important event in cervical 

carcinogenesis (Durst et al., 1985; Wentzensen et al., 2004). Viral genome is present in 

cervical cancer cells in either episomal or integrated or both forms. Integration event 

generally occurs downstream of the early genes E6 and E7, often in the E1 or E2 region 

(Fig. 3.1) resulting in disruption of the E2 gene. 

 

 

Fig. 3.1: Integration of the HPV genome into the host chromosomes. Integration event occurs 

in the E2 region with associated loss or disruption of the same. 

 

 

In the absence of E2, transcriptional control on the viral oncogenes, E6 and E7 is 

lost thereby leading to immortalization and transformation of cells (Romanczuk and 

Howley, 1992).  However, in many precancers and cancers, episomal viral genomes are 

also present along with the integrated form, thereby providing E2 in trans to regulate E6 

and E7 expression (Arias-Pulido et al., 2006). In most cases, integration gives rise to 

fusion transcripts comprising of viral oncogenes E6, E7 and adjacent cellular sequences 

(Choo et al., 1987; Couturier et al., 1991; Di Luca et al., 1986; Klaes et al., 1999). These 

host genomic sequences might take over the control machinery of the integrated viral 

genomes using its own promoter, thereby resulting in higher levels of E6 and E7 

expression even in presence of E2 (von Knebel Doeberitz et al., 1991).  

Studies carried out in vitro have demonstrated that the viral-cellular fusion 

transcripts are more stable and impart the cells with a selective growth advantage as 
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compared to the episomal counterparts (Jeon et al., 1995; Jeon and Lambert, 1995). 

Also, according to available studies, the event of viral integration is random involving 

almost all the chromosomes, and till date more than 200 virus-host integration sites have 

been mapped into the human genome (Wentzensen et al., 2004; Yu et al., 2005). 

However, there are certain hotspots e.g., fragile sites, translocation break points and 

transcriptionally active regions which are preferred by the virus for its integration 

(Koopman et al., 1999; Thorland et al., 2003; Wentzensen et al., 2004; Ziegert et al., 

2003).  On integration within or near a gene, the virus can bring about a change in its 

expression. This phenomenon of insertional mutagenesis might activate cellular 

oncogenes or inactivate cellular tumour suppressive genes, eventually leading to 

alterations in cellular growth and proliferation. Besides, viral integration can render both 

viral coding genes as well as the cellular genes susceptible to epigenetic changes which 

could regulate their expression.  

Another important factor that may play considerable role in carcinogenesis apart 

from HPV genotype and viral integration is the viral load. The relationship between 

viral load and the disease is quiet complex. While most of the evidence indicates that a 

high viral load is associated with persistent infection and progression to high-grade 

lesions (Dalstein et al., 2003; Gravitt et al., 2007; Hernandez-Hernandez et al., 2003), 

there are others that report either no association, or a higher viral load in women with 

low-grade squamous intraepithelial lesion (LSIL) than in those with high-grade 

squamous intraepithelial lesion (de Boer et al., 2007; Kim et al., 2009). Moreover, while 

considering the relationship between viral load and disease prognosis, the physical status 

of the virus also becomes important. This information, when combined together could 

provide a complete picture about the natural history of HPV infections and their 

relationship to disease. 
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3.2 MATERIALS and METHODS 

MATERIALS 
 

Chemical/ Reagent Company 

InsTA PCR Cloning Kit Fermentas, Lithuania, EU 

KOH, KCl, NaOH, Glacial acetic acid SD Fine-Chem. Ltd., Mumbai, India 

β- Mercaptoethanol, Formamide , 

DEPC, Ampicillin, X-gal (5-bromo-4-

chloro-3-indolyl--D-galactosidase), 

IPTG (Isopropyl--D-

Thiogalactopyranoside), PIPES, 

CaCl2, DMSO 

Sigma, St. Louis, MO, USA 

RNAeasy Mini kit Qiagen, Hilden, Germany 

Formaldehyde, N-N-Dimethyl 

formamide  

MERCK, Mumbai, India 

MOPS USB corp., Cleveland, OH, USA 

Tryptone, Yeast Extract HiMedia Laboratories Ltd., Mumbai, India 

MgSO4, Glucose, Potassium Acetate Qualigens fine chemicals, Mumbai, India 

SuperscriptTM first strand synthesis 

for RT-PCR 

Invitrogen, Carlsbad, CA, USA 

DNA free kit  Ambion, Austin, TX, US 

2X Power SYBR Green, 96 well plate,  

Optical adhesive cover 

ABI, Foster City, CA, USA 

GFX PCR DNA and Gel Band 

Purification Kit  

GE Healthcare, Buckinghamshire, UK 

MnCl2 Sisco Research Laboratories Pvt., Ltd., 

Mumbai, India 

MgCl2 Thomas Baker Chemical Ltd., Mumbai, India 

Sterile disposable 90mm petri plates  Axygen , Union city CA, USA 

0.2 µ membrane filter Millipore, USA 

 

Clinical Sample  

The study was performed on 86 pretreatment cervicaltumour biopsies, predominantly 

from FIGO stage IIB and IIIB with HPV16 and/or HPV18 infection and a good clinical 

follow-up (Appendix-I).  

 

METHODS 

3.2.1 RNA extraction from cervical cancer biopsies 

RNA was isolated from the biopsies using RNAeasy Mini kit, following manufacturer’s 

instructions. RNA was finally eluted in 30 μl nuclease free water and its quantity and 



 Chapter 3 

 

81 
 

quality assessed by measuring concentration and OD260/OD280; OD260/OD230 ratio 

on NanoDrop UV-Vis spectrophotometer. The integrity of RNA was ascertained by 

reducing agarose gel electrophoresis. 

Note: Buffer RPE is supplied as a concentrate, so before using 4 volumes of ethanol (96 

-100%) was added to it to obtain a working solution. 

 

3.2.2 Formaldehyde agarose gel electrophoresis of RNA  

Formaldehyde agarose gel was used for checking the integrity of RNA. Unlike DNA, 

RNA has a high degree of secondary structure, making it necessary to use a denaturing 

gel. Formaldehyde in the gel disrupts secondary RNA structure enabling the RNA 

molecules to be separated by charge migration.  

A 1.2% reducing agarose gel was prepared by melting 0.36 gm agarose in 25.5 ml 

DEPC water. To this 3 ml, 10x MOPS, 1.5 ml formaldehyde was added and the gel was 

allowed to set at RT. 1 μl of RNA was mixed with RNA loading buffer containing 10X 

MOPS, Formaldehyde, Formamide and DEPC water and heated at 65°C for 7 min. This 

was kept in ice for 5 min and after adding 2 μl of loading dye and 0.2 μl EtBr, loaded on 

the gel and run at a constant voltage of 50V for 1.5 h. RNA bands were visualized and 

captured on a Gel documentation system.  

Note: 10X MOPs was prepared by mixing 0.2M MOPS pH 7, 50mM Sodium acetate and 

5mM EDTA pH 8.0. The solution was prepared in DEPC water, filtered through 0.45μ 

Millipore filter and stored in brown coloured bottle.  

 

3.2.3 DNase treatment of RNA 

In order to get rid of any DNA contamination which is the pre-requisite for RT-PCR, the 

isolated RNA samples were treated with DNase using DNA-free kit. Total RNA with 

~200 ng/μl concentration was taken in thin walled 0.6 ml microfuge tube. Depending 

upon the amount of RNA being treated with the enzyme, per 10 μl reaction, 1 μl 10x 

DNase Buffer and 1U γ DNase I enzyme was added and the reaction was incubated at 
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37°C for 30 min. To stop the enzyme activity 1 μl DNase inactivator slurry was added 

and the reaction was incubated for 2 min at RT with intermittent mixing so that 

inactivator can interact with total enzyme in the reaction mixture. The contents were 

centrifuged at 10,000 rpm/ 1.5 min /RT and RNA was transferred to fresh tube. 

  

3.2.4 Amplification of Papillomavirus Oncogene Transcripts (APOT) assay 

Site of viral integration was identified in a subset of cervical tumour samples (n=86) 

positive for HPV16, HPV18 or both and with a follow up  data of minimum 1 years, 

using APOT assay, a RT-PCR based assay that allows the discrimination of HPV 

mRNAs derived from integrated and episomal viral genomes. In this method, a modified 

3’-RACE PCR using upstream HPV E7-specific and downstream oligo dT adaptor 

primers are applied to amplify HPV E7-specific transcripts derived from both integrated 

and episomal viral genome. The integrated form is then distinguished from the episomal 

counterpart on the basis of difference in size between the two by agarose gel 

electrophoresis. The primers used in the APOT are given in Table 3.1. 

 

Table 3.1: List of primers used in APOT assay 

 
Name Sequence (5’-3’) 

p1-HPV16 F- CGGACAGAGCCCATTACAAT 

p1-HPV18 F- TAGAAAGCTCAGCAGACGACC 

p3 F- GACTCGAGTCGACATCG 

p2-HPV16 F- CCTTTTGTTGCAAGTGTGACTCTACG 

p1-HPV18 F- ACGACCTTCGAGCATTCCAGCAG 

Frohman primer: 

(dT).17-p3 
F- GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT 

 

3.2.4.1 Preparation of cDNA from total RNA: The first step of APOT assay was 

synthesis of cDNA from the RNA using Superscript II Reverse Transcriptase enzyme 

and the Frohman primer [(dT)17-p3]. Following steps were followed: 0.5-1 µg of DNA 

free RNA was taken in 0.6 ml microfuge tube followed by addition of 2.5 μl of 10 mM 
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Frohman primer [(dT)17-p3] and 1 μl 10 mM dNTP mix. The total volume was made 10 

μl with nuclease free water and the tubes were incubated at 65°C for 5 min followed by 

snap cooling on ice for 5 min. Next, a reaction mixture containing 10X buffer (2µl), 

25mM MgCl2 (4µl), 0.1M DTT (2µl), 40U/ μl RNase out (0.5 μl) and 200 U/ μl SS II 

(0.5 μl) was added to each sample. The contents were mixed gently and were incubated 

for 10 min at RT followed by 42°C for 1 h. The reaction was terminated by incubating 

at 85°C for 5 min. Finally, 1μl RNaseH (2U/ μl) was added to each tube and incubated 

at 37°C for 20 min, for specific degradation of the RNA in RNA:cDNA hybrids. This 

cDNA was first subjected to β - actin PCR, to check the integrity of the cDNA and then 

taken for nested PCR with E7 specific primers. 

3.2.4.2 PCR using oligo dT / Adaptor primers and HPV E7 specific primers: The 

first strand cDNA was subjected to two sets of PCR. PCR reactions were carried out in 

50 μl reaction volumes containing about 200 ng of cDNA template. In the first reaction, 

amplification was done using HPV E7–specific primer (p1-16 specific for HPV16 and 

p1-18 specific for HPV18) as forward primers and linker p3 as the reverse primer. Next, 

7 µl of the PCR product was used as template for the second PCR using forward primers 

p2–16 specific for HPV16 or p2–18 specific for HPV18 and (dT)17-p3 as reverse 

primer. All the amplifications were carried out in a reaction volume of 50 µL containing 

2.5 mM MgCl2, 200 mM dNTPs, 25 mM of each primer and 1 unit of Taq polymerase.  

 

Table 3.2: Thermocycler program for APOT analysis 

Step 
1st PCR: Temperature (ºC)/ 

Duration (min: sec) 

2nd PCR: Temperature (ºC)/ 

Duration (min: sec) 

Initial denaturation 94/ 2.00 94/ 2.00 

Denaturation 94/ 0.30 94/ 0.30 

Annealing 58/0.30 66/0.30 

Elongation 72/ 4.00 72/ 4.00 

 

35 cycles step 2-4 
 

Final elongation 72/ 20.00 72/ 20.00 
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3.2.4.3 DNA fragment isolation from agarose gel: The final PCR products were 

electrophoresed on a 1.2% agarose gel, as described earlier pg. 67. Viral-cellular fusion 

transcripts (Offsize bands) would deviate from the characteristic size of the major viral 

transcript derived from episomal viral DNA (~1050 bp for HPV16 and ~1000 bp for 

HPV18) and be differentiated. These were excised from the gel and DNA isolated using 

GFX PCR DNA and Gel Band Purification Kit. For this, the gel slice containing the 

required band (seen under UV) was cut from the gel using a clean scalpel and placed 

into an autoclaved pre-weighed 1.5 ml microcentrifuge tube. The weight of the gel was 

estimated and for each 10 mg of gel slice, 10 μl capture buffer (contained in the kit) was 

added, followed by through mixing and incubation at 60ºC for 30 min or until the 

agarose was completely dissolved. This mixture was transferred onto an assembled GFX 

Microspin column and collection tube, incubated at RT for 1 min. and spun at 13,000 

rpm /30 s/ RT. The flow through was discarded and the column was washed twice with 

500 μl Wash buffer type 1. Finally, a blank spin was given to get rid of any ‘carryover’ 

wash buffer and the DNA eluted from the column with 30 μl Elution buffer. 

3.2.4.4 Preparation of ultra-competent E.coli cells: For better cloning efficiency of 

DNA fragments, E.coli strain DH5 cells was made ultra-competent. Host cells were 

streaked on a freshly made LB agar plate from the glycerol stock and incubated at 

37ºC/ON. Next day, a single colony was inoculated in 5 ml SOB broth (2% 

Bactotryptone, 0.5%Yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4), and incubated overnight on shaker incubator at 37ºC. This served as the starter 

culture from which 2.5 ml was inoculated in 250 ml SOB in a 1 L flask and incubated at 

18ºC while shaking (at 250 rpm) till OD600 reached ~0.6. Culture was immediately 

transferred to pre chilled centrifuge bottles and centrifuged at 4000 rpm/10 min/ 4ºC in a 

swing out rotor; cell pellet was resuspended in 80 ml transformation buffer and kept on 
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ice for 10 min followed by centrifugation at 4000 rpm/10 min/ 4ºC. Transformation 

buffer was made by adding 10 mM PIPES, 15 mM CaCl2, 250 mM KCl, to 100 ml D/W, 

followed by pH adjustment to 6.7 with 5N KOH and addition of 55 mM MnCl2.  The 

solution was finally filter sterilized through 0.2 µ membrane filter. Following this, the 

cell pellet was again resuspended in 20 ml transformation buffer to get a homogeneous 

suspension, incubated on ice for 10 min and DMSO was added drop-wise to final 

concentration of 7%. Suspension was mixed, made to aliquots, and 200 µl aliquots were 

snap frozen in liquid nitrogen and stored at -80
0
C. 

3.2.4.5 Cloning of viral cellular fusion transcripts: Direct cloning of a PCR amplified 

fragment or ‘TA cloning’ takes the advantage of the terminal transferase activity of 

thermostable polymerases lacking proofreading activities, e.g. Taq DNA polymerase, 

adding a single 3’-A overhang to both the ends of the PCR products. PCR products 

generated using these polymerases favour direct cloning into a linearized vector with 

single 3’-dT overhangs. The ligation mix contained DNA (300-600 ng depending on the 

size of the fragment of interest), 5X buffer (4 µl), T4 DNA ligase (6U), pTZ57R/T 

vector (50 ng) and D/W to make the volume up to 20 µl. Reaction mixture was 

incubated at 22ºC ON and then used for transformation in E. coli DH5α cells. 

3.2.4.6 Transformation of recombinants: The process of introducing foreign DNA 

into bacterial cells is referred to as transformation. The cells are made susceptible 

(competent) to uptake DNA molecules by treatment with a solution of CaCl2 and then 

briefly warmed to generate pores in the bacterial cell wall for very short period of time, 

triggering the uptake of surrounding DNA molecules in solution.  

200 μl of ultra-competent cells were thawed on ice and ligation mix from the 

above step was gently added, mixed by gentle pipetting and incubated on ice for 30 min. 

Heat shock treatment was given for 55 s in a 42°C water bath and the transformation 
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mixture was immediately snap chilled by transferring on the ice for 5 min. 400 μl of 

SOC broth was gently added to the transformation mixture under the sterile conditions 

followed by incubation at 37°C for 1 hr in a shaker incubator at 150 rpm. Finally, the 

transformation mixture was spread on a LB agar plate containing ampicillin and pre-

treated with X- gal/ IPTG followed by ON incubation at 37°C. Positive colonies were 

selected based on blue-white selection. The principle behind X- gal/IPTG selection is 

that vectors with an intact MCS within the β - galactosidase gene (lacZ) results in 

accumulation of blue colour in presence of substrate X-gal, while disruption in the MCS 

by incorporation of DNA fragment results in the formation of white colonies. 

Accordingly, positive colonies were screened by selecting the white colonies. 

3.2.4.7 Plasmid mini preparation by alkaline lysis: Bacterial colonies were inoculated 

in 2 ml LB medium containing ampicillin and cells were recovered next day by 

centrifugation at 14000 rpm/ 2 min/ RT. The cell pellet was suspended in 100 l 

solution I (50 mM Glucose, 25 mM Tris.Cl pH 8.0, 10 mM EDTA in D/W), followed by 

addition of 200 l lysis solution (solution II: 0.2 N NaOH and 1% SDS in D/W). Next, 

150 l chilled neutralization solution (solution III: 5M Potassium Acetate and Glacial 

acetic acid in D/W) was added, mixed by inversion and incubated on ice/10 min. The 

mixture was centrifuged at 14000 rpm/ 10 min/ RT; the clear solution was transferred 

into a fresh microfuge tube and the plasmid was precipitated using 1 ml of absolute 

chilled ethanol at -20ºC/20 min and centrifugation at 14000 rpm/ 20 min/ RT. Finally, 

the plasmid pellet was washed with 0.5 ml 70% ethanol, semi air-dried at RT and 

dissolved in 20 l RNAse TE buffer. 

3.2.4.8 Screening of recombinants by PCR: In order to confirm presence of the insert, 

PCR was performed with the plasmid DNA using p2 and (dT).17-p3 primers as 

described in section 2.4.3. 
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3.2.4.9 Sequencing of viral cellular fusion transcripts: The positive clones or in 

some cases, the PCR product itself were sequenced on DNA Sequencer (3100 Avant 

Genetic analyzer, Applied Biosystems, Foster City, CA, USA). The chromosomal 

integration loci were determined using National Centre for Biotechnology Information  

(BLAST) and the University of California, Santa Cruz (UCSC) hg19 (Feb. 2009) 

(BLAT) human genome assemblies. Further, the integration sites were checked for the 

presence of fragile sites and any genes of known identity using NCBI fragile site map 

viewer and the UCSC Blat tool respectively.   

 

3.2.5 Validation of the recurrent integration sites 

Some of the recurrent integration sites were checked at the genomic level by genomic 

DNA PCR with HPV E7 primers as the forward primer and primers specific to a given 

chromosomal region as the reverse one. The PCR reaction was carried out as described 

earlier on pg. 85-86. 

  

3.2.6 Estimation of viral load by qRT-PCR 

Quantitative real time polymerase chain reaction (qRT-PCR), a technique based on PCR 

is used to amplify and simultaneously quantify a targeted DNA/RNA molecule. The 

quantity can be either an absolute number of copies or a relative amount when 

normalized to the input or additional normalizing genes. 

Copy number of two high-risk HPV types HPV16 and HPV18 was assessed in all 

the 86 samples where the physical status of the virus was studied by SYBR green based 

qRT-PCR.  The primers used for the study are given in Table 3.3. 
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Table 3.3: List of primers used for HPV copy number analysis 

 

Name Sequence (5’-3’) 
PCR product size 

(bp) 

HPV16 E7 
F- TCCAGCTGGACAAGCAGAAC 

100 
R- CACAACCGAAGCGTAGAGTC 

HPV18 E7 
F- AACATTTACCAGCCCGACGA 

100 
R- TCGTCTGCTGAGCTTTCTAC 

TBP 
F-  GGACTGACCCCACAGCCTATTCAG 

80 
R- TGTTGTTGCTGCTGCTGCCTTTG 

 

Copy number was determined by amplification of a 100 bp sequence located in the 

E7 gene of HPV16 or HPV18. A DNA fragment in the TBP gene, a single copy gene 

that maps to 6q27 was used as a reference. A reaction mixture containing 20 ng of 

genomic DNA, 2.5 μM of each forward and reverse primers and 5μl of 2xPower SYBR 

Green was made in 10μl volume in a 384 well plate. This was sealed tightly with the 

optical adhesive covers and the reaction was carried out in the ABI Prism 7700 

Sequence Detection System (ABI, Foster City, CA, USA). All the PCR reactions were 

done in duplicate and a negative control with no template was also set. Thermocycler 

conditions for the reaction are given in Table 3.4. 

 

Table 3.4: Thermocycler program for copy number analysis 

 
Step Temperature (ºC) Duration (min:sec) 

Initial denaturation 95 15:00 

Denaturation 95 0:15 

Annealing 60 0:30 

Elongation 72 1:00 

 

45 cycle step 2-4 
 

Final elongation 71 4:00 

 

The read out was obtained in the form of Ct values which is defined as the number 

of cycles at which the fluorescence exceeds the threshold. The average Ct value was 

calculated for each of the samples for both E7 and TBP gene, and the ΔCt value was 
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obtained for each by substracting average Ct value of the reference, TBP from that of 

E7.  HPV copy number was finally estimated by the formula 2
-ΔCt

*2 as described by 

Peter et al (Peter et al., 2006). 

 

3.2.7 Association with clinical data  

The data obtained was compared with the clinical outcome of the patients. Kaplan-

Meier analysis (SPSS 15.0) was done to determine the association of the viral state 

(episomal/integrated) with recurrence of the disease. Disease free survival was 

considered from start of radiation therapy to the time when recurrence occurred or till 

last follow-up (median follow-up for 86 cases was 44 months). Statistical significance 

was evaluated using the log-rank test (SPSS 15.0).  Further, where viral integration was 

observed at a particular chromosomal locus in ≥4 cases, Kaplan-Meier analysis was 

performed to check whether the site of integration in the host genome had any bearing 

on the disease prognosis. The copy number of the two HR-HPV types- HPV16 and 

HPV18 was compared with the clinical follow-up of all the 86 patients in terms of 

recurrence of the disease as well as the physical status of the virus. 

 

3.3 RESULTS 

3.3.1 Determination of physical state of the virus by APOT assay 

APOT assay was performed on 86 samples positive for HPV16 and/or HPV18 and with 

adequate clinical follow up as well as good quality RNA. The assay uses an oligo(dT)17 

primer coupled to a linker sequence [(dT)17-p3] for the reverse transcription followed 

by nested PCR, using E7 specific forward primers in combination with primers p3 and 

(dT)17-p3, respectively, This results in amplification of both episome- and integrate-

derived HPV oncogene transcripts . Integrate-derived transcripts were differentiated 
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from episome-derived transcripts (1050 bp for HPV16 and 1000 bp for HPV18) by gel 

electrophoresis (Fig. 3.2). Integration was further confirmed by cloning and sequencing 

of the PCR fragments. 

 

 

Fig. 3.2: APOT from the cervical cancer biopsies. RT-PCR products were separated on 1.2% 

agarose gels. The amplicons of about 1000-bp length represent the episomal transcript, while 

that with a different size might be derived from the integrated form. The 250-bp product, 

observed in almost all the samples resulted from misannealing of the (dT)17-p3 primer to an 

adenosine-rich sequence stretch within the HPV16 E1 gene during RT, as confirmed by 

sequencing. 

 

 

3.3.2 Association of physical state of the virus with clinical outcome 

APOT assay for all the 86 cases revealed the viral genome to be integrated in 79% cases 

(n =68), whereas in 21% (n =18) only episomal transcripts could be identified. In 12 

cases both integrated as well as episomal form of HPV were detected. The physical state 

of the virus (episomal/ integrated) was associated with the individual patient’s disease 

outcome. Survival data with a median follow up of  44 months, revealed that 16 out of 

18 patients with only episomal form of HPV (16 and/or 18), had disease free survival as 

compared to those with integrated form of the virus, indicating a good clinical outcome 

(p= 0.067, representing a borderline significance) (Figure 3.3).  
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Fig. 3.3: Kaplan-Meier analysis for episomal vs. Integrated viral genome. Kaplan-Meier 

survival curve for patients with episomal form of virus (n = 18) vs. integrated form (n = 68) is 

depicted. Most of the patients with episomal form (16 out of 18) had a disease free survival as 

compared to patients with integrated form, indicating a good clinical outcome, although with a 

borderline significance (p = 0.06). 

 

 

3.3.3 Identification of viral integration sites in the genome 

In order to understand whether the integration event is random or there is some 

preference for certain sites within the chromosomes, the sequencing data for 68 cases 

derived from APOT assay were investigated by BLAST and/or BLAT. The site of 

integration could be predicted with a high score in 48 cases, for the remaining 20 cases 

the score was low. Here a low score implies that even though in these 20 cases, the viral 

genome was integrated, the exact site could not be identified with high confidence by 

the existing browsers (BLAST / BLAT). Although the sites of integration were found to 

be distributed throughout the genome there were recurrent sites e.g., at the chromosomal 

loci 1p (n =7), 3q (n= 8), 13q (n= 4), 6q (n =4), 11q (n= 4) and 20q (n= 4) (Fig. 3.4). 

One sample showed HPV integration at two chromosomal loci simultaneously. 
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Fig. 3.4: Frequency of HPV integration at different chromosomal loci. Site of integration as 

determined by APOT assay in 48 cases positive for HPV16, HPV18 or both and with high 

prediction score using BLAST/BLAT. Integration event was found to be more common in 1p and 

3q chromosomal loci. Each bar represents different chromosomal locus. 

 

 

3.3.4 Validation of the recurrent integration sites 

For most of the recurrent integration sites including 1p36.23, 3q28, 3q23, 6q22.31, 

6q23.3, 8p11.21 11q13.1 and 13q22.1, PCR amplification using genomic DNA was 

done. Amplification was observed for all but 3 cases, confirming recurrent integrations 

with APOT. For some cases, multiple amplicons were observed (Fig. 3.5). The failure of 

amplification with genomic DNA in 3 cases with integration into 1p36.33 locus and 

presence of multiple amplicons might be attributed to the difference in scenario at the 

transcript and that at the genomic level. Effects such as splicing occur frequently in the 

DNA, contributing to complexities. Further, the multiple amplicons might be an 

indication of multiple viral integrations into the genome. However, only one or at the 

most two of these sites were transcriptionally active and was identified by APOT. 

Nonetheless, since information given by APOT analysis was based on sequencing and 

gave the true picture wherever sequencing coverage was good, we have reported all the 

sites predicted by APOT with high score. 
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Fig. 3.5: Genomic DNA PCR of the recurrent integration sites. Representative gel images (a, 

b) showing HPV integration at the genomic level. Recurrent integrations at chromosomal loci 

1p36.23, 3q28, 6q23.3, 8p11.21 and 11q13.1 is depicted. 

 

 

3.3.5 Association of site of viral integration with clinical outcome 

The site of viral integration could be identified with high confidence in 48 cases by 

BLAST and/or BLAT. Comparison with clinical information of the patients revealed 

that those with integration at chromosomal loci 1p (7/7), 6q (4/4) and 11q (4/4) were 

disease free, while most of the patients with integration at the chromosomal loci 3q 

(5/8), 13q (4/4) and 20q (2/4) showed recurrence of the disease in the form of either 

loco-regional or distant metastasis (Fig. 3.6). 

 

 

Fig. 3.6: Association of site of viral integration with clinical outcome. Recurrent viral 

integration in ≥4 cases is shown. Patients with viral integration at 3q, 8q, 13q and 20q showed 

poor prognosis in terms of recurrence of the disease, while those with integration at 1p, 6q and 

11q loci were disease free.  
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3.3.6 Features associated with HPV integration 

Since available reports suggest that the virus generally prefers fragile sites and 

transcriptionally active regions in the human genome for integration (Thorland et al., 

2003; Wentzensen et al., 2004; Ziegert et al., 2003), the 48 cases where site of viral 

integration could be determined with high confidence were analyzed further for such 

sites using NCBI Fragile site Map Viewer and UCSC BLAT. With NCBI Fragile site 

Map Viewer it was observed that 60% of integrations (29/48) were located in or close to 

a common or rare fragile site (Table 3.5). Using the UCSC BLAT tool 58% of the 

sequences (28/48) were observed to be either within or nearby protein coding genes. 

These genes belonged to various categories ranging from oncogenes, transcription 

factors and tumour suppressor genes (Table 3.5). 

 

Table 3.5: Summary of HPV integration 

 

Sample ID Histology 
HPV 

type 

Integration 

locus 
Gene Fragile site involved 

CT 712 SCC 16 1p36.12 ALPQTL2 FRA1A(1p36) com 

CT 700 SCC 16 1p36.23 - FRA1A(1p36) com 

CT 702 SCC 16 1p36.23 - FRA1A(1p36) com 

CT 709 SCC 16 1p36.23 - FRA1A(1p36) com 

CT 1138 SCC 16 1p36.33 - FRA1A(1p36) com 

CT 809 SCC 16 1p36.33 - FRA1A(1p36) com 

CT 866 SCC 16 1p36.33 - FRA1A(1p36) com 

CT 864 SCC 16 1q42.13 ABCB10 FRA1H(1q42) com 

CT 755 SCC 16 3q23 SLC25A36 - 

CT 785 SCC 16 3q23 SLC25A36 - 

   20q11.21 COX4I2 - 

  18 - - - 

CT 1210 SCC 16 
3q26.2 and 

Episomal 
MECOM - 

CT 723 SCC 16 3q26.31 - FRA3C(3q27) com 

CT 706 SCC 16 3q26.33 SOX2 FRA3C(3q27) com 

CT 892 SCC 16 3q26.33 - FRA3C(3q27) com 

CT 711 SCC 16 
3q28 and 

Episomal 
LEPREL1 FRA3C(3q27) com 

CT 739 SCC 16 3q28 TP63 FRA3C(3q27) com 

CT 999 SCC 16 4q13.3 IL8(~3kb) - 

CT 1114 SCC 16 4q21.22 HNRPDL - 

CT 893 SCC 16 6q22.31 - - 

CT 1117 AC 16 6q22.31 - - 

  18 - - - 

CT 1122 SCC 16 6q23.3 PDE7B - 
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CT 846 SCC 16 6q23.3 MAP3K - 

CT 1019 SCC 16 7q11.21 TYW1 FRA7J(7q11) com 

CT 796 SCC 16 8p11.21 - - 

CT 915 SCC 16 8p11.21 - - 

  18 - - - 

CT 1160 SCC 16 8q24.21 MYC/PVT 

Flanked by 

FRA8E(8q24.1) rare; 

FRA8C(8q24.1) 

com; 

FRA8D(8q24.3) com 

CT 714 SCC 16 9q22.32 C9orf3 FRA9D(9q22.1) com 

CT 1162 SCC 16 
9q22.32 and 

Episomal 
C9orf3 FRA9D(9q22.1) com 

  18 - - - 

CT 753 SCC 16 9q34.11 SLC25A25 - 

CT 821 SCC 18 10q23.33 - 
FRA10A(10q23.3) 

rare 

CT 859 SCC 16 10q23.31 PTEN 
FRA10A(10q23.3) 

rare 

CT 1169 SCC 16 
11q13.1 and 

Episomal 
DRAP1 

FRA11H(11q13) 

com 

CT 1183 SCC 16 11q13.1 DRAP1 
FRA11H(11q13) 

com 

CT 836 SCC 16 11q14.3 - 
FRA11F(11q14.2) 

com 

CT 871 AC 18 11q23.3 ARCN1 
FRA11G(11q23.3) 

com 

CT 1094 SCC 16 13q - - 

CT 927 SCC 16 13q12.3 POMP - 

      

CT 896 SCC 16 13q22.1 - 
Flanked by 

FRA13B(13q21) com 

CT 976 SCC 16 13q22.1 KLF5 
Flanked by 

FRA13B(13q21) com 

CT 848 SCC 16 
17q12 and 

Episomal 
HNF1B - 

CT 914 SCC 16 17q23.1 VMP1 
FRA17B(17q23.1) 

com 

CT 1097 SCC 16 18q11.2 - - 

CT 740 SCC 18 18q21.3 - 
FRA18B(18q21.3) 

com 

  16 Episomal - - 

CT 906 SCC 16 19p13.3 - FRA19B(19p13) com 

CT 889 SCC 16 
19q13.43 and 

Episomal 
- 

FRA19A(19q13) 

com 

CT 918 SCC 16 
20q11.21 and 

episomal 
COX4I2 - 

CT 1170 SCC 16 20q11.21 COX4I2 - 

  18 - - - 

CT 839 SCC 16 20q13.13 - - 

CT 1015 SCC 16 - - - 

CT 1082 SCC 16 - - - 

CT 1101 SCC 16 - - - 

CT 1107 SCC 16 - - - 

CT 1108 SCC 16 - - - 

CT 1135 SCC 16 - - - 

CT 1161 SCC 16 - - - 

CT 759 SCC 16 - - - 
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CT 787 SCC 16 - - - 

CT 792 SCC 16 - - - 

CT 800 SCC 16 - - - 

CT 828 SCC 16 - - - 

CT 868 SCC 16 - - - 

CT 887 SCC 16 - - - 

CT 905 SCC 18 - - - 

CT 934 SCC 16 - - - 

CT 935 SCC 16 - - - 

CT 951 SCC 16 - - - 

 

Key: – SCC: Squamous cell carcinoma, AC: Adenocarcinoma, Com: Common Fragile site 

 

3.3.7 Determination of viral load by quantitative qRT-PCR 

Viral copy number was determined for all the 86 cases with known viral physical status 

by SYBR green based relative quantitation method. Copy number could not be 

determined in 2 samples. The average copy number was 47.5. The copy numbers of the 

individual samples are given in Table 3.6. 

 

Table 3.6: Viral load and HPV physical status in 86 cases 

 

Sample HPV type Viral state Copy no. Survival (months) 

CT 1082 16 Epi 103 36 

CT 1101 16 Epi 104 55 

CT 1107 16 Epi 30 66 

CT 1108 16 Epi 11 65 

CT 1135 16 Epi 119 43 

CT 1161 16 Epi 90 49 

CT 759 16 Epi 70 29 

CT 787 16 Epi 10 32 

CT 792 16 Epi 52 1 

CT 800 16 Epi <1 32 

CT 828 16 Epi 29.9 73 

CT 868 16 Epi 3 44 

CT 887 16 Epi 16 83 

CT 905 18 Epi 207 46 

CT 934 16 Epi 3 60 

CT 935 16 Epi 24 61 

CT 951 16 Epi 10 62 

CT 1015 16 Epi 47 62 

CT 1019 16 Int 1 92 

CT 1094 16 Int 112 3 

CT 1097 16 Int 5 39 

CT 1114 16 Int <1 56 

CT 1117 16 Int <1 33 

 18 - 3  



 Chapter 3 

 

97 
 

CT 1122 16 Int 3 68 

CT 1123 16 Int 11 65 

CT 1138 16 Int <1 42 

CT 1160 16 Int 260 4 

CT 1170 16 Int <1 29 

 18  3  

CT 1183 16 Int 4 56 

CT 1194 16 Int <1 10 

CT 1202 16 Int ND 50 

CT 1215 16 Int 115 2 

CT 700 16 Int 24 48 

CT 702 16 Int 3 54 

CT 706 16 Int 73 73 

CT 707 16 Int 219 7 

CT 709 16 Int 1 32 

CT 712 16 Int 2 50 

CT 714 16 Int 114 6 

CT 716 16 Int 12 59 

CT 718 16 Int ND 27 

CT 723 16 Int 1 15 

CT 733 16 Int 25 71 

CT 739 16 Int 10 . 

CT 744 16 Int 180 12 

CT 753 16 Int 7 34 

CT 755 16 Int 5 24 

CT 763 16 Int 3 20 

CT 785 16 Int <1 38 

 18 - 5  

CT 793 16 Int <1 39 

CT 796 16 Int 25 32 

CT 809 16 Int 13 77 

CT 819 16 Int 4 3 

CT 821 18 Int 236 55 

CT 825 16 Int 19 74 

CT 836 16 Int 112 57 

CT 837 16 Int 8 5 

CT 839 16 Int 43 29 

CT 846 16 Int 98 58 

CT 859 16 Int 1 51 

CT 864 16 Int 4 69 

CT 866 16 Int <1 59 

CT 871 18 Int 1 70 

CT 892 16 Int 3 19 

CT 893 16 Int 1 41 

CT 896 16 Int 47 49 

CT 906 16 Int 50 44 

CT 914 16 Int <1 12 

CT 915 16 Int <1 8 

 18 - Negligible  

CT 922 16 Int <1 43 

CT 927 16 Int 442 18 

CT 940 16 Int 76 61 
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CT 976 16 Int 4 47 

CT 999 16 Int <1 50 

CT 1162 16 Int and Epi <1 17 

 18 - <1  

CT 1169 16 Int and Epi 4 58 

CT 1210 16 Int and Epi 16 53 

CT 711 16 Int and Epi 20 67 

CT 740 18 Int <1 13 

 16 Epi 1  

CT 752 18 Int and Epi 5 71 

 16  Negligible  

CT 777 16 Int and Epi 182 32 

CT 848 16 Int and Epi 12 50 

CT 889 16 Int and Epi 23 20 

CT 912 16 Int and Epi 77 38 

CT 918 16 Int and Epi 10 31 

CT 959 16 Int and Epi 12 56 

 

Key: – Epi: Episomal, Int: Integrated, ND: Not determined 

 

3.3.8 Physical state of the virus, viral load and clinical outcome 

Estimation of viral load in samples with known integration status could provide useful 

information about natural history of HPV infections and disease prognosis. We 

therefore, tried to understand whether there was any relationship between these 3 

parameters. Comparison with survival of the patients as well as physical status revealed 

that cases where the virus was in the episomal form, the survival had no association with 

copy number. But those with integrated form of the virus showed a trend towards 

reduced survival when the copy number was high as compared to when it was low (Fig. 

3.7). Therefore, we believe that the copy number of the virus combined with the 

physical state might serve as a good prognostic marker for the disease. 
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Fig. 3.7: Association of viral load with patient survival and HPV physical status. When the 

virus was in the episomal form alone, the survival had no association with copy number. 

However, cases with only integrated form of the virus showed reduced survival when the copy 

number was high, as compared to when it was low.  

 

 

3.4 DISCUSSION 

Integration of the HPV genome is a distinctive step in cancer of the cervix and is 

believed to be a characteristic of progression of the disease from precancerous lesions to 

invasive carcinoma (Durst et al., 1985; Kalantari et al., 2001; Klaes et al., 1999; Pett and 

Coleman, 2007; Wentzensen et al., 2004). However, studies have confirmed presence of 

only episomal form of the virus in advanced cervical squamous cell carcinomas, thereby 

establishing  that  integration might not be absolutely mandatory for  the progression of 

the disease (Gray et al., 2010; Vinokurova et al., 2008).  Integration generally occurs 

downstream of the early genes E6 and E7, often in the E1 or E2 region. The E2 gene 

gets transcriptionally inactivated once the virus gets integrated due to disruption of its 

open reading frame. This releases the negative regulation of E2 on the viral oncogenes - 

E6 and E7, in turn resulting in elevated expression of these oncogenes (Baker et al., 

1987; Romanczuk and Howley, 1992). However, a recent study reports no correlation 

between the expression of viral oncogenes and the physical state of the virus (Hafner et 

al., 2008). Nevertheless, due to their role in the process of HPV induced carcinogenesis, 

elucidation of viral integration event becomes important.  
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Several strategies have been used to study viral integration including Ligation-

mediated PCR (Luft et al., 2001), Restriction site-PCR (Thorland et al., 2000)  and 

APOT assay (Klaes et al., 1999).  We chose APOT not only  to  limit our study to 

integration sites with a transcriptionally active viral genome, but also because APOT 

assay allows detection of integrated viral genome in clinical lesions even in the presence 

of a large excess of unintegrated  episomal form of viral genomes (Klaes et al., 1999; 

Vinokurova et al., 2008).  

Out of 86 cases of advanced cervical lesions, viral integration was observed in 68 

cases, whereas in the remaining 18 episomal form of HPV was detected. Presence of 

only episomal form in advanced disease stage could be an indication that viral 

integration might not be solely responsible for the progression of the disease. The 

frequency of viral integration into the host genome in cervical carcinomas has been 

reported to be as high as 100% in HPV18 positive tumours (Corden et al., 1999) and up 

to 80% in HPV16 positive tumours (Melsheimer et al., 2004). In our study we found 

four HPV18 positive samples where the virus was integrated and one HPV18 positive 

sample where the virus was episomal. The incidence of integration in HPV16 positive 

samples was higher (64/68). Compared to a similar study by Nambaru et al. in Indian 

population, the frequency of integration in case of HPV16 was higher in our study 

(56.7% vs. 79%), although the integration frequency for HPV18 was comparable (80%) 

(Nambaru et al., 2009). This could be attributed to the different stages of the disease in 

the two studies. 

Comparison of the physical state of the virus (episomal/integrated) with the 

clinical outcome after radical radiotherapy revealed that patients with episomal form of 

the virus had increased disease free survival compared to those with integrated form. 

This observation is supported by various reports which state that the integration event is 
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associated with a decreased disease free survival (Kalantari et al., 1998; Vernon et al., 

1997). However, there are contrasting reports as well, according to which physical state 

of the virus does not correlate with disease free survival (Holm et al., 2008; Nambaru et 

al., 2009). This requires further study with increased sample size to come to a 

conclusion. 

Although integration sites were distributed throughout the genome in different 

samples, there was a preference for certain chromosomal loci such as 1p, 3q, 6q, 11q, 

13q, 6q and 20q. Our finding that integration event was observed more than once into 

3q28 and 13q22 chromosomal loci is in agreement with recent reports according to 

which regions in the genome such as 3q28, 4q13.3, 8q24.21 and 13q22.1 are more 

frequently affected by  integration than other parts (Kraus et al., 2008; Schmitz et al., 

2012). The chromosomal locus 3q28 involving members of p53 family of transcription 

factors was also identified by Nambaru et al., in their study which was the first of its 

kind in Indian population (Nambaru et al., 2009). In addition to these, repeated 

integration was observed into chromosomal loci 1p36.23, 1p36.33, 3q26.33, 3q28, 

6q22.31, 6q23.3, 8p11.21, 9q22.32, 13q22.1 and 20q11.21, which may be regarded as 

‘hotspots’ for HPV integration (Fig. 3.8). Most of these loci were also checked for 

integration at the genomic level to rule out any technical bias.  However, integration into 

4q and 8q loci was observed in only single cases in our study, which may be attributed 

to the difference in the ethnicity between the study groups. 

The 3q, 13q and 20q loci besides being preferential target for HPV integration 

have been reported to be sites for genomic instability associated with cervical cancer. 

Gain of 3q and 20q and loss of 13q has been reported in various stages of the disease 

(Rao et al., 2004; Scotto et al., 2008a; Wilting et al., 2008). Also more recent reports 

show that a significant association exists between genomic rearrangement and HPV 
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integration (Peter et al., 2010).  It would therefore be interesting to study whether the 

preferential integration of the virus into these loci has a role to play in inducing 

genomic instability. Comparison of the integration site with the clinical outcome after 

radical radiotherapy revealed that patients with viral integration at chromosomal loci 

3q, 13q and 20q had poor prognosis, while those with integration at 1p, 6q and 11q loci 

showed increased disease free survival. Though the numbers in each group are small 

considering the fact that the integration event was more frequent into these loci, we 

speculate site of viral integration into the host genome might have important bearing on 

disease prognosis. 

 

 

Fig. 3.8: Chromosomal hotspots for HPV integration. All the chromosomal loci with more than 

one integration event are depicted. Each red arrow represents a single case and indicates the 

particular cytoband where integration was observed; genes, wherever involved in the process of 

HPV integration, are also shown; yellow regions represent fragile sites at or near the respective 

integration locus.   

 

 

Most of the integrations (28/48) were found to be located within or near certain 

genes, including candidates like myc, transcription factors such as TP63, MECOM, etc. 

This observation is supported by previous report by Wentzensen et al wherein they have 

shown involvement of tumour related genes (myc and TP63) in HPV integration process 

(Wentzensen et al., 2002).  Studies in our lab have shown that some of the genes within 
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which integration was observed, such as ABCB10, SLC25A36, IL8, COX4I2, HNF1B, 

myc, demonstrated increased expression, implying cis regulatory effects being exerted 

by the viral genome.   

Integration was also observed to be more frequent near or within fragile sites (29/ 

48 cases). These are specific regions in the chromosomes that nonrandomly undergo 

break in response to certain stress, making them susceptible targets for foreign DNA 

integration. Viral integration near or within such sites have frequently been reported 

(Dall et al., 2008; Kraus et al., 2008; Matovina et al., 2009; Thorland et al., 2003; 

Thorland et al., 2000; Wentzensen et al., 2002).  Besides, coding regions and fragile 

sites, in a few cases site of integration was associated with one or more micro RNAs 

such as miR-1204, miR-1205, miR-1207, miR-1302-5, miR-645, miR-7-3, miR-220b, 

miR-23b, miR- 27b, miR- 24-1, miR-1302-8, and miR-1825.  The association of sites of 

HPV integration with micro RNAs have been shown by Nambaru et al., where they 

identified 53 miRNAs including a miR cluster which were associated with HPV 

integration (Nambaru et al., 2009) Similar report has also been recently by Schmitz et al 

(Schmitz et al., 2012). The role of miRNAs in the regulation of important cellular 

processes such as development, proliferation, differentiation and apoptosis have been 

well established; also they are often reported to be deregulated in cancer cells (Calin and 

Croce, 2006; Iorio and Croce, 2009).  Whether HPV could bring about changes in the 

genome through integration within or near a miR would be interesting to study. 

Although physical status of the virus might act as a prognostic marker for cancer 

of the cervix, information of the viral load could complement it and provide useful 

insights into the natural history of HPV infections and their relationship to disease. 

SYBR green based relative quantitation was done for estimation of viral load of HPV16 

and HPV18 in the 86 samples with known viral physical status (Peter et al., 2010). This 
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method was used mainly due to its reduced cost and simplicity as compared to Taqman 

chemistry. The mean copy number for the cases with only integrated viral genome was 

43. However, from the APOT results it is apparent that only one (or at the maximum 2) 

of these sites were transcriptionally active.  

The association between viral load, physical status and disease prognosis was 

quiet complex. It was observed that where the virus was in the pure episomal form, 

survival of the patients had no association with viral load. But those with integrated 

form of the virus showed reduced survival when the copy number was high as compared 

to when it was low. These results hint at the fact that copy number of the virus combined 

with the physical state could present a much clear scenario of the disease. 

 

3.5 CONCLUSION 

We have successfully identified the physical status of HPV and the viral load in 86 cases 

with advanced cervical carcinoma, as well as located the exact site of integration into 

the genome in 48 cases. Viral integration was more frequent in chromosomal loci 1p, 

3q, 6q, 11q, 13q and 20q. Also, regions within or near fragile sites and known genes 

were identified as integration ‘hotspots’.  

Association with the clinical outcome revealed that both physical status and site of 

integration of the virus could have important bearing on disease prognosis. It was also 

observed that estimation of the viral copy number could further complement the 

information and together with physical status of the virus provide useful insights into the 

pathophysiology of HPV infection and its relationship to disease prognosis. 
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4.1 INTRODUCTION 

Athough HPV has been identified as the prime etiological factor for cervical cancer, 

several genetic alterations also play an important role in the genesis of the disease.  A 

wide array of alterations  including both germline and somatic mutations (Cui et al., 

2009; Hu et al., 2012; Madsen et al., 2008; Storey et al., 1998; Wang et al., 2012; Wingo 

et al., 2009; Wong et al., 1995; Yee et al., 2000), indels (Maliekal et al., 2003; 

Nakashima et al., 1999) and chromosomal aberrations (Narayan and Murty, 2010) have 

been reported to have a significant role in either directly causing cervical carcinoma or 

predisposing an individual to disease development. However, these studies were mostly 

based on candidate gene approach and arrays; and till date there are no reports 

describing the genomic landscape of the disease.  

With the advent of ‘next generation’ sequencing (NGS) technologies, the focus in 

cancer genomics has shifted from single-gene approach and arrays to comprehensive 

genome-wide approaches which are capable of providing voluminous information. NGS 

methods such as whole exome sequencing can provide increased sequence coverage of a 

particular region of interest at high throughput and lower cost, compared to whole 

genome sequencing (Meyerson et al., 2010). Also, despite constituting only about 1% of 

the genome (37.6 Mb), exons are reported to harbour most variations and hence 

sequencing them can yield significant information (Botstein and Risch, 2003). Exome 

sequencing has been quiet successfully employed in identifying novel mutations in 

diseases characterized by marked genetic heterogeneity like cancer, including rare forms 

of the disease (Agrawal et al., 2011; Byun et al., 2010; Harbour et al., 2010). Therefore, 

making use of this technique, we hope to obtain large amounts of useful information on 

the genetic variations in cervical cancers which could help in understanding the 

fundamental rules of the disease. 
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4.2 MATERIALS and METHODS 

In order to study the genetic variations in cervical cancer, initially it was proposed 

to use SNP arrays, however, with the availability of NGS technology it was decided 

to carry out whole exome sequencing as it is known to provide much more 

information about the genetic make-up of an individual including the novel ones, 

which could be missed in the SNP arrays. 

 

MATERIALS 

Source of chemicals and reagents 

Reagent Company 

DNA Mini Kit Qiagen, Hilden, Germany 

RNase A  Sigma, St. Louis, MO, USA 

Paired-End Sample Preparation kit  Illumina, San Diego, CA, USA 

SureSelect Human All Exon kit  Agilent Technologies, Santa Clara, CA, USA 

 

Clinical sample 

The patient population was the same as described earlier on pg. 65. From this 

population, whole-exome sequencing of 11 tumours (all stage IIIB and >70% 

tumour) and 8 matched controls (DNA from blood or buffy coat from same 

individual) was done in two separate sets; this included: 

Dataset-I: 6 tumour and 3 matched blood DNA 

Dataset-II: 5 tumour and 5 matched blood DNA 

The quality of runs from the two sets was not comparable as for the dataset-I, 

the technique was not properly standardized and the library preparation was sub-

optimal. However, the second set of runs was of a much better quality. Hence, 

although the methodology followed was exactly the same for the two sets, they 

were analyzed separately and therefore, have been discussed under separate 

headings. 
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4.2.1 Isolation of genomic DNA 

Genomic DNA was isolated using DNA Mini kit from tumour and blood according 

to the manufacturer’s instructions, and treated with RNaseA to remove any RNA 

contamination that might interfere with subsequent library preparation and capture.  

 

Dataset-I 

4.2.2 Exome capture and sequencing 

Exome capture and sequencing was carried out at Genotypic Technology (P) Ltd, 

Bangalore, on Illumina Genome Analyzer IIx (GAIIx) platform. Following steps 

were involved in the sequencing process: 

 Paired End library preparation - This was done using Paired-End Sample 

Preparation kit, according to the manufacturer’s instruction. Briefly, the genomic 

DNA was sheared to less than 800 bp fragments and adapters ligated after end- 

repair and 3’-dA overhang generation. The ligated products were purified 

through gel extraction and finally adapter- ligated library was amplified.  

 Hybridization - Hybridization of the DNA library to biotinylated RNA library 

was carried out using SureSelect Human All Exon kit that targets 37 Mb 

sequence from exons, as per manufacturer’s instruction. This was followed by 

selection of DNA-RNA hybrids by streptavidin coated magnetic beads and 

digestion of RNA. 

 Post-Hyb processing - The captured library was PCR amplified, purified and 

finally sequenced on Illumina GAIIX sequencing platform (Illumina, San Diego, 

CA, USA) by multiplexed paired end sequencing using 2 pools of samples.  
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4.2.3 Analysis for identification of single nucleotide variations and indels  

The raw reads obtained as short fragments (~54 bp) were first filtered by the software 

SeqQC (www.genotypic.co.in/SeqQC.html). The filtered reads were then aligned 

against the Homo sapiens genome (Hg19 UCSC Build) by the program BWA (Li and 

Durbin, 2010). The aligned SAM-BAM file was used for variant calling using Samtools 

(Li et al., 2009). The derived single nucleotide variations (SNVs) and insertions and 

Deletions (InDels) were next compared with dbSNP and ‘1000 Genome’ to identify the 

novel ones. In order to further shortlist the potential somatic variations (mutations), data 

from only the paired samples was considered. The 3 unpaired samples were kept as 

validation sets. KEGG pathway and GO analysis was done for the entire novel, somatic 

and non-synonymous variations to shortlist important candidate genes harboring the 

variations. These selected variations were further subjected to prediction tools such as 

SIFT (Kumar et al., 2009) and Polyphen 2 (Adzhubei et al., 2010) for identifying 

whether a given amino acid substitution affects protein function. In addition, all variants 

were screened for mutations reported in OMIM, HGMD and COSMIC databases. 

 

4.2.4 Validation of the data by Sanger sequencing  

A few of the selected variations, following all the analysis, including SNVs as well 

as short indels, were validated by PCR amplification followed by Sanger 

sequencing. Primers were designed flanking the variation - ~250 bp upstream and 

250 bp downstream (Table 4.1) and standard PCR conditions were followed. The 

annealing temperature ranged between 55- 65˚C. 
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Table 4.1: Primers used for validation of dataset-I 

 
Name Sequence (5’-3’) PCR product 

size (bp) 

RNASEL 
F - ACTCTAGGCCTTTCCTCTCTGCAA 

403 
R - TGAAGACGTTCTGTGAGGGCAGC 

PTPRJ 
F - CTCAGGCTCTGCTTGATTTCCC 

268 
R - CGTGACGTGCCATCTGCGTA 

ZFP64 
F - AATAACAGGCAGGACTCACCCGT 

307 
R - TTTCCTGCTGCCATCTGTGTGTGT 

SREBF1 
F - AGCTGCCTGGGGAGCTGGTAT 

258 
R - CCTGGTGGCATTGCCCACACATA 

FBN1 
F - TTGGGTAGGCATGTCCAGCCTGT 

230 
R - ATGTGAGAGGCTTTGTTGACTGGAC 

BANF1 
F - GGGGTGGCTGCGTGTACCTA 

387 
R - AGGCGTCGCACCACTCTCGAA 

 

4.2.5 Validation of the data by Customized SNP Array:  

Apart from validation by Sanger sequencing, the exome sequencing data was also 

validated by customized SNP array. Accordingly, 700 known (reported in dbSNP 

version131) and 3178 novel nonsynonymous variations across all the samples 

(except B_1123 which was totally exhausted) were selected for validation on an 

8x60K customized Agilent oligonucleotide microarray. Validation of the few 

known variations was done as a check for the quality of the exome sequencing data. 

For each variation, 8 probes with Tm between 50° to 70° C and probe lengths 23, 

27 or 31 bp depending on Tm, covering all 4 bases (A, T, G, C; 4 sense and 4 

antisense orientation) were designed. The GC percentage was calculated based on 

Tm range and all probes were designed with the SNP base located in the centre of 

the probe. The microarray slides were scanned using the Agilent 

microarray scanner G2505C (Agilent Technologies, Santa Clara, CA, USA) at 3 

micron resolution followed by analysis using Feature Extraction software Version 

(Agilent 10.5.1). Variations were detected based on comparison of signal intensities 

(both sense and antisense direction) with reference base. Finally the results were 

compared with those from the exome sequencing data. 
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4.2.6 Analysis for detection of Copy Number Variation (CNV) and Loss of 

Heterozygosity (LOH) 

Identification of LOH and CNV was done from the exome sequencing data of two 

paired samples, where the coverage between blood and tumour was comparable 

using ‘ExomeCNV’ package as described by Sathirapongsasuti et al. 

(Sathirapongsasuti et al., 2011). The steps involved in the analysis can be 

summarized in Fig. 4.1. This part of the work was done at Philips Research Asia, 

Bangalore. 

 

 

Fig. 4.1: Outline of the methodology used for identification of CNV and LOH. Steps 

involved in CNV and LOH detection by ExomeCNV package is shown. 

 

 

4.2.7 Validation of Copy Number Variation by qRT-PCR 

As a proof of principle, one of the predicted CNVs in 17q12 for the paired sample 

T_785 was validated by SYBR green based qRT-PCR on ABI Prism 7700 Sequence 

Detection System (ABI, Foster City, CA, USA) as described on pg. 91. DNA from the 
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matched blood was used as control and the single copy gene TBP as reference for 

relative quatitation. Copy number was finally evaluated by using the comparative ΔΔCt 

cycle threshold method. 

 

Dataset-II 

Paired end library preparation, exome capture and sequencing was done exactly the 

same way as for dataset-I. The average read length for the dataset-II was ~72 bp. 

Analysis of the sequencing data, including alignment, variant calling, filtering for 

novel, somatic and nonsynonymous single nucleotide variations, KEGG and GO 

analysis was performed in an identical manner as done for dataset-I.  However, the 

analysis for the indels from the dataset-II is still ongoing. 

 Some of the SNVs in the top candidate genes were validated by PCR 

followed by Sanger sequencing as done for dataset-I. Criterion for designing the 

primers and PCR conditions were the same as for dataset-I (Table 4.2).  

 

Table 4.2: Primers used for validation of dataset-II 

 
Name Sequence (5’-3’) PCR product size (bp) 

FGF7 
F - CCAACTTTGCTCTACAGATCATGC 

292 
R - TGCTAAGGTTCATGAGCAGTAC 

MAP3K3 
F - TGCTGACAGAGAAACCACCGTGG 

311 
R - CTCCATGGTCCACAGCCTTGCC 

DIDO1 
F - CCCTTTATCCCTTGGTCTTCGC 

312 
R - GCTTGTCACTCACGTCCCAT 

RASA1 
F - GGCATATTACATAAGCTTTGGAAT 

281 
R - CTGCCAAAGAGACTATCATGAAC 

SOS2 
F - GTGTATTTGGAGAGGTTGGTGC 

264 
R - AGGTAGCTCTAAGTCACAGAAAC 

 

4.3 RESULTS 

Exome sequencing of 11 cervical cancer biopsies with locally advanced disease and 

8 matched controls (blood) was done on Illumina GAIIx platform in two sets.  The 

quality of runs from dataset-II was more superior to those obtained in the dataset-I, 
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both in terms of coverage and read depth. Therefore, the two data sets were 

analyzed separately; to avoid loss of significant amount of information. The 

methodology followed was exactly identical for the two sets. Accordingly, the 

results for the two sets are discussed separately under dataset-I and dataset-II in 

results. 

 

Results from Dataset-I  

Samples taken in this dataset were DNA from 3 paired (tissue and blood from the 

same individual) and 3 unpaired samples.  

 

4.3.1 Exome capture, sequencing and analysis 

After filtering, reads were aligned against the Homo sapiens genome (Hg19 UCSC 

Build) by the program BWA. The alignment statistics are given in the Table 4.1.  

 

Table 4.3 Alignment statistics – Dataset-I (Genotypic Technology P. Ltd.) 

 

Sample* B_755 T_755 B_1123 T_1123 B_785 T_785 T_837 T_887 T_940 

Total Reads 28639119 53462144 67772740 22512450 20036640 38045654 20929914 23173283 24802172 

% Reads aligned to genome 98.62 99.10 97.87 98.36 97.37 99.21 99.26 99.17 99.11 

Reads aligned  to targets 17808671 12684711 11078107 7831065 7401569 8499890 8276237 9973663 10387685 

% Reads aligned  to targets 62.18 23.73 16.35 34.79 36.94 22.34 39.54 43.04 41.88 

Reference Sequence Length 37364139 37364139 37364139 37364139 37364139 37364139 37364139 37364139 37364139 

% Covered with at least 5X 

read depth 
88.52 70.77 55.33 70.22 61.68 57.74 70.74 72.44 80.75 

% Covered with at least 10X 

read depth 
75.34 51.11 43.12 49.48 43.31 35.41 50.64 54.03 63.03 

% Covered with at least 15X 

read depth 
61.79 36.99 35.29 34.89 31.19 22.46 36.27 40.84 47.98 

% Covered with at least 20X 

read depth 
49.58 27.00 29.68 24.92 22.98 14.82 26.25 31.46 36.37 

  

* B (blood) / T (tumour) followed by the sample number 

 

 

 After variant calling using Samtools, about 14400 unique sequence variants 

including single nucleotide variations and indels across all 9 samples were detected. 
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Of all these variations, a total of 7407 SNVs, 94 small deletions and 71 small 

insertions were not reported in dbSNP131 and hence were considered putative 

novel sequence variants. 

The distribution of the SNVs and small indels across the samples is 

summarized in Fig. 4.2.  

 

 

Fig. 4.2: Distribution of the SNVs, insertions and deletions from Dataset-1. Number of 

known and novel SNVs (a), Insertions (b) and Deletions (c) as obtained after analysis of 

the exome sequencing data is shown. Each bar represents a single sample. ‘Known’ 

variations are those that are reported in dbSNP. 

 

 

The graphs clearly show that the sequencing data was not ideal since the 

distribution of the SNVs across the samples was not uniform. Further, filtering for 
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the somatic and nonsynonymous variations yielded 874 potential somatic SNVs, 30 

small deletions and 22 small insertions. 

 Following KEGG and GO analysis, for narrowing down the variations with 

important/defined functions, the number reduced to 383 SNVs, 12 small deletions 

and 5 small insertions (Fig. 4.3). KEGG analysis identified genes such as NTRK1, 

PIK3CB, STAT5A, CSF2RB TAOK2, NRG3, CCNB3, NFAT5 involved in 

important signalling pathways as well as various members of the integrin family 

involved in cellular processes like ECM-receptor interaction and focal adhesion.  

 

 

Fig. 4.3: KEGG pathway analysis. KEGG pathway analysis was done for the genes 

harbouring novel, somatic and nonsynonymous variations. The important pathways are 

shown in the pie-chart. Metabolic pathway genes were the most common ones, followed by 

the ones involved in signal transduction. 

 

 

The steps involved in short listing the variations are summarized in Fig. 4.4. 

The 383 putative novel, somatic and nonsynonymous variations were further 

subjected to prediction analysis using SIFT and Polyphen-2 to predict the 

functional significance of a particular alteration. These prediction tools are based on 

sequence homology and physicochemical properties. SIFT analysis predicted 164 

variations to have a potential deleterious effect on the protein function while with 

Polyphen 2, 118 variations were predicted to be damaging. Both the prediction 

tools predicted 71 common variations to be deleterious (Fig. 4.5). 
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Fig. 4.4: Flow chart for short listing the SNVs and indels. The methodology employed for 

short-listing the variations is shown. 

 

 

 

 

Fig. 4.5: SIFT and Polyphen prediction of selected variations from dataset-I. SIFT and 

Polyphen analysis was done for the 395 putative novel, somatic and nonsynonymous 

variations with important function as predicted by KEGG and GO analysis. 73 variations 

were predicted to be damaging by both the tools. 

 

 

4.3.2 Screening for identical variations from the OMIM, HGMD and/or COSMIC 

databases 

All the variations were screened for identical matches from the OMIM, HGMD and 

COSMIC databases. Variations in genes such as KCJN12 (reported in ovarian 
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carcinoma) and CDC27 (reported in lung carcinoma) from the COSMIC were found to 

be identical. Moreover there were other identical matches from the OMIM and HGMD 

databases as well as from published literature as shown in Fig. 4.6. 

 

 

Fig. 4.6: Identical variations reported from other databases. All the variations were checked 

for exact match in databases such as COSMIC, OMIM, HGMD and also in published reports.  

 

 

4.3.3 Validation of the data by Sanger sequencing 

Validation of these somatic variations was done by Sanger sequencing. However, most 

of the variations that were selected for validation could not be validated by this method. 

This may be due to the fact that Sanger sequencing can accurately detect 1:2 or 1:3 

representations of heterozygotes and since almost all of these variations were 

heterozygous, there is a chance of missing out the mutant allele. Another possibility was 

that the quality of the runs which was sub-optimal. 

 The putative somatic variations (Table 4.4) in genes such as RNASEL, PTPRJ, 

ZFP64, NFAT5 FBN1 SREBF1 and BANF1 were validated by Sanger sequencing. 

However these variations were detected in the blood as well, indicating that they were 
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not true somatic as given by the exome sequencing data. Nonetheless, they could 

represent novel germline mutations contributing to cervical cancer genesis and/or 

predisposition.  

 

Table 4.4: Novel variations from dataset-I validated by Sanger sequencing 

 

Gene 

No. of paired 

samples with 

the variation 

Somatic/ 

Germline Nature of the 

Variation 

Amino acid 

change 

Identical 

variation 

from other 

databases 

RNASEL 1 Germline Missense point  R462Q OMIM 

PTPRJ 1 Germline Missense point  R1222H - 

ZFP64 1 Germline Nonsense point Y210X - 

NFAT5 1 Germline Missense point  Y1188C - 

FBN1 1 Germline Deletion del AGG - 

SREBF1 1 Germline Deletion del AGG - 

BANF1 1 
Germline 

Deletion 
del 

CACTGAG 

- 

 

Representative gel images and electropherograms are shown in Fig. 4.7 and 4.8. 

 

Fig. 4.7: Validation of exome sequencing data from dataset-I by PCR. Representative gel 

images for validation of dataset-I are depicted. PCR was carried out with blood and tissue 

DNA using specific primers. The amplified PCR products were purified and subjected to 

Sanger sequencing for identification of specific mutation. T= Tissue, B= Blood, RC=reagent 

control, M= molecular weight marker 
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Fig. 4.8: Representative electropherograms from Dataset-I obtained by Sanger sequencing. 

SNVs in RNASEL and PTPRJ in different paired have been shown. Presence of both wild type 

and mutant allele confirms the variations to be heterozygous. However, these were present in 

the corresponding blood as well, indicating them to be germline and not true somatic as was 

obtained in the exome sequencing data. 

 

 

4.3.3 Validation of the data by Customized SNP Array 

 Since the total number of variations obtained after analysis was quiet large, and there 

was a chance that Sanger sequencing was not able to detect the heterozygotes 

adequately, a customized SNP array was performed wherein a large number of potential 

variations were validated in a single experiment for all the samples except the sample 

B_1123 that was exhausted and was not available for validation. About 3178 novel 

nonsynonymous (somatic as well as germline) and 700 known SNVs were selected for 

validation on a 8x60K customized Agilent oligonucleotide microarray. From this 

1455/3178 novel nonsynonymous and 192/700 known single nucleotide variations were 

validated. Under stringent conditions, with a very high cut-off value being kept for a 

SNV to be called as positive, the overall concordance rate between the exome 

sequencing and SNP array data was found to be 33% (Fig.4.9).  
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Fig. 4.9: Graph showing concordance between whole exome sequencing and microarray data. 

Paired- end sequencing was done on Illumina GAIIx platform and a set of 3178 novel 

nonsynonymous and 700 known SNVs were selected for validation on a 8X60K customized 

Agilent microarray. The fraction of the exome sequencing data that was validated by DNA 

microarray is depicted. The sample B1123 could not be taken for microarray validation as it 

was totally exhausted. 

 

 

However, non-confirmation in the array did not mean that a particular variation call was 

incorrect since a very high threshold was used as cut off while analyzing the array data. 

Although, most of the SNVs that were validated were germline in nature, variations in 

genes such as OR51F2 (Y75C) and YWHAH (Q192K) were not present in the 

corresponding blood, and hence might be considered as somatic in nature.  

 

4.3.4 CNV and LOH identification:  

CNV and LOH analysis was done from the exome sequencing data of the paired 

samples using ‘ExomeCNV’ package. One of the requirements for this analysis is that 

the coverage between blood and tumour should be comparable. Two of the three 

samples (CT 785 and CT 1123) met this criterion and hence CNV and LOH analysis 

was done for these two.  Some of the major copy number alterations that were predicted 

by the ‘ExomeCNV’ package were in chromosomal regions 1q, 3p and 3q, 8q, 11q, 17q 
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and Xq. A number of these aberrations such as those in 3q, 8q, 17q12 and Xq28 have 

already been reported.  

The detection for LOH was not very accurate. However, some of the chromosomal 

regions that showed putative loss of heterozygosity included 2q, 3p, 5 and 11q 

(Fig.4.10). Nonetheless, the CNV and LOH results are only predictions and require 

validation by more robust methods. 

 

 

Fig. 4.10: CNV and LOH results. CNV and LOH were identified from the exome 

sequencing data using ‘ExomeCNV’ package. Copy number alteration in chromosome 17, 

3 and 8 are shown. Copy Number states in ascending order are represented by green, 

yellow, red, purple and blue (a). LOH in chromosome 2, 3 and 5 are depicted yellow 

represents no LOH and red LOH (b) (Philips Research Asia). 

 

 

Validation of Copy Number Variation by qRT-PCR 

The predicted CNV in chromosomal loci 17q12 in T_785 was validated by qRT-

PCR by relative method of quantitation, using TBP gene as reference and B_785 as 

control. 2
-ΔΔCt 

method of quantitation identified a 4- fold gain in copy number in the 

17q12 region in the tumour as compared to blood, thereby corroborating the exome 

sequencing data. 
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Results from Dataset-II  

 The second set of sequencing was done much later (due to the high cost of 

sequencing and paucity of fund), in order to increase the sample size as well as to 

add on to the dataset-I. DNA from 5 cervical biopsies and the corresponding blood 

was used. Very preliminary data analysis and validation has been reported in this 

thesis. 

 

4.3.4 Exome capture, sequencing and analysis  

Exome capture, sequencing and analysis was performed exactly the same way as 

described for dataset-1. The alignment statistics is given in Table 4.5.  

 

Table 4.5: Alignment Statistics - Dataset-II (Genotypic Technology P. Ltd.)  

 
Sample* B_937 T_937 B_938 T_938 B_1099 B_1103 T_1099 T_1103 B_999 T_999 

Total Reads 34414310 41341708 37132906 38398592 50817255 44909761 30074211 37798969 31324870 38795066 

% Reads 

Aligned to 

Genome 

99.90% 99.91% 99.87% 99.88% 99.9194 99.9192 99.9418 99.9157 99.75% 99.86% 

Reads 

Aligned to 

target 

22146897 24768309 24090941 24352766 30583166 25516753 17856586 21783586 21452913 26305123 

% Reads 

Aligned to 

target 

64.42% 59.97% 64.96% 63.49% 60.23% 56.86% 59.41% 57.68% 68.66% 67.90% 

Ref. 

Sequence 

Length 

37364139 37364139 37364139 37364139 37364139 37364139 37364139 37364139 37364139 37364139 

Total Ref. 

covered 

36063930 35978018 36232212 36129283 36392722 35836909 35967452 35905764 36397905 36469016 

% Covered 

with at least 

5X Read 

Depth 

88.68 88.25 90.57 89.70 91.1608 86.9035 86.1269 86.9935 91.20 92.30 

% Covered 

with at least 

10X Read 

Depth 

80.44 79.99 83.28 82.21 83.89 77.74 74.82 77.05 83.66 85.88 

% covered 

with at least 

15X Read 

Depth 

73.43 73.20 76.80 75.76 77.187 70.1399 64.621 68.1469 76.61 79.77 

% Covered 

with at least 

20X Read 

Depth 

67.15 67.37 70.79 69.89 70.9424 63.4769 55.1114 59.8639 69.92 74.01 

 

* B (blood) / T (tumour) followed by the sample number 
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After variant calling with Samtools, about 47051 variations were obtained, of 

which 4050 SNVs, were found to be novel (Fig. 4.11).  

 

 

Fig. 4.11: Distribution of known and novel SNVs from Dataset-2. Each bar represents a 

single sample, and the number of known and novel variations reported by the whole exome 

sequencing data for the 2nd set of samples is shown. 

 

 

From the graph it is apparent that distribution of novel and known variations 

in this set of samples is far more uniform as compared to that of the  dataset-I (Fig. 

4.1 a). More than 95% variations were in dbSNP and/or 1000 genome. Out of the 

4050 novel SNVs, 300 were found to be somatic and nonsynonymous. KEGG and 

GO analysis identified 149 variations with important functions related to several 

cellular processes. Of these, 11 variations were of ‘stop gain’ nature. SIFT and 

Polyphen-2 analysis identified 96 variations to be damaging, with 51 being 

predicted as damaging by both the tools (Fig.4.12). 
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Fig. 4.12: SIFT and Polyphen prediction of selected variations from dataset-II. SIFT and 

Polyphen analysis was done for the 149 putative novel, somatic and nonsynonymous 

variations with important function as predicted by KEGG and GO analysis. 51 variations 

were predicted to be damaging and 34 tolerant by both the tools. 

 

 

4.3.5 Validation of the data by Sanger sequencing  

A panel of 10 variations in 9 candidate genes were selected for validation by Sanger 

sequencing. Of this, variations in important candidates such as FGF7, MAP3K3, 

RASA1, DIDO1 and SOS2 were validated as somatic variations (Table 4.4). 

 

Table 4.6: Variations from dataset- II validated by Sanger sequencing 

 

Gene 

No. of 

samples 

with the 

variation 

Somatic/ 

Germline 

Nature of the 

Variation 

Amino 

acid 

change 

Domain 

Identical 

variation 

from 

COSMIC 

FGF7 1 Somatic Missense point Y76C FGF - 

MAP3K3 1 Somatic Missense point E645K 
ST 

Kinase 
- 

DIDO1 1 
Somatic 

Somatic 

Missense point 

Missense point 

R303Q 

E301Q 
PHD 

COSMIC 

- 

RASA1 1 Somatic Stop Gain W490X PH - 

SOS2 1 Somatic Missense point S1049L - - 

 

Representative gel images and electropherograms are shown (Fig. 4.13, Fig. 4.14)  
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Fig. 4.7: Validation of exome sequencing data from dataset-II by PCR. Representative gel 

images for validation of dataset-II are depicted. PCR was carried out with blood and tissue 

DNA using specific primers. The amplified PCR products were purified and subjected to 

Sanger sequencing for identification of specific mutation. T= Tissue, B= Blood, RC=reagent 

control, M= molecular weight marker 

 

 

Fig. 4.11: Electropherograms for somatic mutations from Dataset-II. Missense mutation 

in FGF7 and MAP3K3 identified from dataset-2 was confirmed by Sanger sequencing. The 

respective variations were present in the tumour but absent in the corresponding blood 

samples, indicating it to be somatic. 

 

 

  All these candidate genes belong to important signalling pathways and are 

known to be involved in a number of cancers. Validation of the other important 

candidates from this set is ongoing in the lab. 
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4.4 DISCUSSION 

Although HPV is the major causative factor for development of cervical cancer, the 

role of several genetic components in the disease has long been recognized. While 

allelic variation of HLA class II antigen (Hildesheim et al., 1998; Madeleine et al., 

2002), and p53 codon 72 polymorphism (Storey et al., 1998) increases the risk of 

developing the disease, mutations in Ras oncogene, PI3KA, STK11, are reported to 

directly cause cervical carcinoma (Cui et al., 2009; Wingo et al., 2009; Wong et al., 

1995). Apart from this, a number of chromosomal aberrations have also been 

associated with the disease (Narayan and Murty, 2010). 

 Whole exome sequencing of 11 tumour and 8 matched blood sample from 

cervical cancer patients with locally advanced disease (FIGO Stage IIIB), was done in 

two sets, in order to investigate the genomic landscape of the disease. The technique of 

whole-exome sequencing has proved to be an effective tool for identification of a wide 

variety of novel variations especially in the field of Mendelian disorders (Bamshad et 

al., 2011; Gilissen et al., 2011; Ng et al., 2010; Thorland et al., 2000). Over the last few 

years whole exome sequencing has been quiet successful in identifying novel mutations 

in diseases characterized by marked genetic heterogeneity like cancer including rare 

forms (Byun et al., 2010; Harbour et al., 2010; Yoshida et al., 2011). However, to the 

best of our knowledge, this is the first study where it has been applied for identifying 

genetic alterations (mainly single nucleotide variations) in cervical cancer in Indian 

women.  

A significant step for short-listing the single nucleotide variations was based on 

prediction of the effect of the variations that might range from negligible to severe. 

Several programs have been developed in the past decade which can predict functional 

significance of nonsynonymous variants. We have used two such tools – SIFT and 
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Polyphen-2 to verify the effect of a particular alteration. SIFT is based on sequence 

homology and physicochemical properties (Kumar et al., 2009); and Polyphen is based 

on number of features comprising the sequence, phylogenetic and structural information 

characterizing the substitution (Adzhubei et al., 2010). Jaffe et al compared 4 

programmes – SIFT, MAPP, Polyphen-2 and VarioWatch and concluded that a 

conservative approach such as SIFT should be used to minimize false positives and a 

less conservative approach such as Polyphen could be used to capture all possible 

deleterious variants although. (Jaffe et al., 2012). The overall agreement between SIFT 

and Polyphen-2 was found to be 64.2%. For dataset-I, SIFT and Polyphen-2 

concurrence was only 35%, while for dataset-II, it increased to 56%. 

From dataset-I, single nucleotide variations in genes such as RNASEL (R462Q), 

PTPRJ (R1222H), ZFP64 (Y210X), FBN1 (del AGG), SREBF1 (del AGG) and BANF1 

(del CACTGAG) could be successfully validated by Sanger sequencing. These 

variations, although eventually found to be germline, might represent germline 

mutations playing a role in genetic predisposition towards developing cervical cancer. 

For instance, RNASEL (R462Q) variation has been shown to be associated with prostate 

cancer susceptibility, and germline mutation with that of cervical cancer (Madsen et al., 

2008). From dataset-II, point mutation of FGF7 (Y76C) and MAP3K3 (E645K), DIDO1 

(R303Q and E301Q), RASA1 (W490X) and SOS2 (S1049L) were identified and 

validated by Sanger sequencing as true somatic. All these genes are known to have 

implications in several cancers. Also, an identical mutation of DIDO1 (R303Q) has been 

reported in breast carcinoma (Stephens et al., 2012). However, to the best of our 

knowledge there are no reports of these two mutations in cervical carcinoma. Further 

functional studies of these mutations might provide a complete new insight into the 

disease and add on significant information for understanding the mutational landscape 
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of cervical carcinoma.. Apart from this, there were several variations including both 

known and novel that were common between the two sets of runs. However, before 

arriving at any conclusion regarding the role of these mutations in cervical 

carcinogenesis, their presence should be checked in blood from healthy controls, so as to 

confirm the true somatic nature of these variations. The process of further validating 

some of these variations as well as those obtained exclusively from dataset-2 of 

sequencing runs are still ongoing in the lab. 

Although, Array Comparative Genomic Hybridization (CGH) and SNP 

genotyping arrays are beyond doubt the standard methods for CNV and LOH detection, 

with rapid growth in genomic technologies over the past few years, using next 

generation sequencing data for the same, are becoming popular. However, as opposed to 

whole genome sequencing, the detection of CNV and LOH from whole exome 

sequencing data is quiet challenging, and till date there are very few studies in this 

context.  This is mainly due to the fact that almost all the algorithms for detecting CNV 

and LOH assumes random read distribution that fails to hold  in the context of exome 

capture as the specificity as well as efficiency for the targeted exonic regions varies 

between the probes. ‘ExomeCNV’ package as described by Sathirapongsasuti et al., 

which uses depth-of-coverage and B-allele frequencies from mapped short sequence 

reads is perhaps the only tool that talks about  prediction of copy number variation and 

loss of heterozygosity from exome sequencing data (Sathirapongsasuti et al., 2011). 

However, there are still issues regarding its resolution; also the Exome CNV does not 

perform well when coverage levels between the case and control differ significantly.  

Nevertheless, using ‘Exome CNV’ for the two paired samples from the dataset-1 (where 

the coverage between blood and tumour was comparable), copy number alteration in 

chromosomal regions 1q, 3q, 8q, 11q, 17q and Xq and putative loss of heterozygosity in 
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2q, 3p, and 11q was predicted. Although the detection for LOH was  not so precise,  

some of our CNV results such as those in 3q, 8q, 17q12, Xq28, corroborated with 

published reports (Narayan and Murty, 2010). Also, chromosomal gain in 17q12 was 

validated by qRT-PCR, justifying the prediction by ‘ExomeCNV’ package.  

 Apart from identification of a number of germline as well as somatic mutations 

that might play an important role in cervical carcinogenesis, a major highlight of this part 

of our study is that it provided an insight into the genome of Indian individuals by 

identifying a number of novel variations which could enrich the existing databases. 

Besides, the study marked the beginning of understanding the genomic landscape of 

cervical carcinogenesis. 

 

4.5 CONCLUSION 

Overall, the exome sequencing data from 8 paired cervical tumour biopsies (data 

from 3 unpaired samples was not considered for shortlisting somatic variations) in 2 

sets identified novel germline mutations / polymorphisms in PTPRJ, ZFP64, 

SREBF1, FBN1 and BANF1, as well as somatic mutations in genes such as FGF7, 

MAP3K3, RASA1, DIDO1 and SOS2. These variations might either represent 

predisposing alterations or actually ‘drive’ disease development. Besides, copy 

number variation in 1q, 3q, 8q, 11q, 17q and Xq and putative loss of heterozygosity 

in 2q, 3p, and 11q was predicted from the exome data by ‘ExomeCNV’ package. A 

large number of recurrent, novel genetic variations have also been identified 

although they need to be validated by Sanger sequencing (Appendix II). The study 

is still ongoing in the laboratory. 
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Cancer of the cervix is estimated to affect approximately 530000 women each year 

worldwide with >88% of the burden being felt in the developing countries. In India it is 

the most common cancer as well as the major cause of cancer deaths among women 

(GLOBOCAN, 2008b; IARC, 2009). The disease is usually preceded by a well-defined 

and long pre-malignant phase, characterized by a series of microscopic events 

progressing from cellular atypia to various grades of dysplasia or cervical intraepithelial 

neoplasia (CIN) and eventually invasive carcinoma (Sellors and Sankaranarayanan, 

2003) . Persistent infection with high risk Human Papillomavirus (HR-HPV) is almost 

the universal etiological factor associated with the disease. The virus infects the dividing 

cells of the epithelial basal layer, continues to divide and proliferate in the upper 

epithelial layers, ultimately driving the cells towards malignant progression (Doorbar, 

2006). The viral oncogenes - E6 and E7, are responsible for bringing about this 

transformation via interfering mainly with the cell cycle regulators p53 and Rb 

respectively. Several viral co-factors such as infecting HPV type, viral integration status 

and viral load determine the fate of virus- host interaction and play a key role in disease 

progression and predicting patient prognosis. Although, HPV infection plays a major 

role, it might not be sufficient for disease development (Cui et al., 2009). The evidence 

for this comes from the observation that not all HPV positive women develop the 

disease; also the window period between acquiring an infection and showing the 

symptoms is very long. All these hint towards a possible involvement of genetic factors 

in genesis of cervical cancer. Over the years, studies have reported role of SNPs, several 

point mutations, insertions, deletions and chromosomal abnormalities in cervical 

carcinogenesis. 

Through this study we have attempted to address all the major aspects involved in 

the pathogenesis of cervical cancer such as HPV infection, including the role of various 
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viral cofactors such as genotype, physical state of the virus, site of viral integration and 

viral load; as well as, genetic alterations that might either contribute directly or 

predispose an individual to disease development. Such approaches would help in better 

understanding the fundamental rules of cervical carcinogenesis and be a step forward 

towards identifying biomarkers and newer treatment modalities for management and 

cure of the disease. 

 

Role of HPV in cervical carcinoma 

Reports from across the globe indicate a prevalence of HPV ranging from 73–99% in 

cervical carcinoma, with the highest incidences being reported from the Indian 

subcontinent (Basu et al., 2009; Bhatla et al., 2008; de Sanjose et al., 2010; Franceschi 

et al., 2003; Grace Nirmala and Narendhirakannan, 2012; Li et al., 2011). Of all the 

HPV types infection by HPV16 is most common, generally followed by HPV18, 31, 33 

and 45 (Basu et al., 2011; de Sanjose et al., 2010; Grace Nirmala and Narendhirakannan, 

2012; Li et al., 2011; Pillai et al., 2010).  In the present study, the incidence of HPV 

infection (95%) as well as the prevalence of the two HR-HPV types – HPV 16 and/or 18 

(72%) in the 270 pre-treatment cervical cancer biopsies from Indian women, with 

locally advanced stage of the disease and undergoing radiation therapy was in agreement 

with the published reports. The study, therefore, might add to the existing reports on 

HPV detection and genotyping from the Indian subcontinent and contribute to the 

projected prophylactic vaccine trials in the country.  

Reports on prognostic value of HPV genotypes indicate a strong correlation 

between infecting HPV types and response of patients to radiation therapy (Wang et al., 

2010). In the present study, clinical outcome of the patients infected with the two most 

common HR-HPV types HPV16 and/or 18 revealed that HPV16 positive cases showed a 
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trend towards better disease free survival following radiation therapy, as compared to 

HPV18 or dual infection by HPV16 and 18. However, this data was not statistically 

significant, probably owing to the small number of cases in the HPV18 positive group.  

Apart from particular HPV genotypes, the physical status of the virus plays a 

major role in HPV induced cervical carcinogenesis. Although viral integration has long 

been associated with progression of the disease (Durst et al., 1985; Kalantari et al., 

2001; Klaes et al., 1999), some recent reports have confirmed presence of episomal form 

alone in advanced cervical squamous cell carcinomas, thereby establishing  that  

integration might not be absolutely mandatory for  the process of carcinogenesis (Gray 

et al., 2010; Vinokurova et al., 2008).  In the present study, only episomal form of HPV 

was detected in 18 out of 86 cases of advanced cervical carcinoma where the physical 

status of the virus was studied by APOT assay, further affirming these recent reports.  

Reports regarding the significance of viral physical status in disease prognosis 

have been quiet contradictory. While studies by Kalantari et al and Vernon et al. have 

demonstrated a decrease in  disease free survival with viral integration (Kalantari et al., 

1998; Vernon et al., 1997), according to some recent studies physical state of the virus 

bear no correlation with disease prognosis (Holm et al., 2008; Nambaru et al., 2009). In 

our study we found a significant association between viral physical status with disease 

outcome, the episomal form being associated with an increased disease free survival as 

compared to the integrated one.  

Contrary to most of the earlier reports that considered integration to be a random 

event (Klaes et al., 1999; Vinokurova et al., 2008), our study identified certain 

chromosomal regions to be frequently affected by integration. Two recent reports have 

identified 3q28, 4q13.3, 8q24.21 and 13q22.1 as preferred sites for viral integration 

(Kraus et al., 2008; Schmitz et al., 2012) which support our findings. Our observation 



 Chapter 5 

 

134 
 

that regions within or near known genes and chromosomal fragile sites might represent 

‘hotspots’ for viral integration was in agreement with the published reports (Kraus et al., 

2008; Matovina et al., 2009; Wentzensen et al., 2004). Comparison of the site of viral 

integration with clinical outcome revealed that not only the physical status of the virus, 

but also the site of integration is important in predicting the disease prognosis, since 

patients with integration in the chromosomal loci 3q, 13q and 20q showed an increased 

recurrence of the disease as compared to others. To the best of our knowledge this is the 

first report where the site of viral integration into the chromosomal loci has been shown 

to be an important factor in disease prognosis. 

In order to have a clearer picture about disease prognosis, the study of viral 

integration was further complemented with estimation of viral load in the same 86 

samples. Although several studies have identified viral load as an important marker for 

disease progression (Dalstein et al., 2003; Gravitt et al., 2007; Hernandez-Hernandez et 

al., 2003), none of these studies have taken into account the physical state of the virus. 

In the present study, association of viral load with survival of the patients as well as 

physical status revealed that, copy number of the virus combined with the physical state 

might serve as a good prognostic marker for the disease.  

 

Role of Genetic Alterations in cervical carcinoma 

Although mutations in important candidate genes such as Ras, PI3KA, STK11 (Cui 

et al., 2009; Madsen et al., 2008; Wingo et al., 2009; Wong et al., 1995) as well as 

several chromosomal aberrations (Narayan and Murty, 2010) have been associated 

with development of cervical carcinoma, till date there are no reports describing the 

genomic landscape of the disease. Therefore, in order to have a better 

understanding of the fundamental rules of the disease, whole exome sequencing of 
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DNA from 11 pre-treatment tumour biopsies (all of stage IIIB and >70% tumour) 

and 8 matched blood was done in 2 sets (dataset- I and II). Although initially SNP 

array was the method of choice for high throughput SNP analysis, with the 

availability of the far more developed and informative NGS technology at hand, we 

switched over to whole exome sequencing for the identification of the genetic 

alterations in cervical cancer. The sequencing data provided significant information 

about the novel variations in the Indian genome, the representation of which is 

inadequate in dbSNP. Therefore, our study could have immense contribution 

towards enriching the dbSNP with respect to the coding regions, in the Indian 

population.  

 Some of the germline variations in important candidates such as RNASEL, 

PTPRJ, ZFP64, FBN1 were identified from dataset-I and confirmed by Sanger 

sequencing, while somatic mutations in FGF7, MAP3K3, DIDO1, SOS2 and 

RASA1 were identified and confirmed from dataset-II. These might have 

significant implication in the context of carcinoma of the cervix. The germline 

variations could represent important predisposing mutations, while the somatic ones 

might directly be responsible for disease development. Studies have reported 

germline mutations of RNASEL including R462Q to be associated with prostate as 

well as cervical cancer susceptibility, (Barbisan et al., 2011; Casey et al., 2002; 

Madsen et al., 2008).  Also, several missense mutations of FGF7, MAP3K3, 

RASA1 and SOS2 have been reported in the COSMIC database 

(http://www.sanger.ac.uk/genetics/CGP/cosmic/) for cancers of the breast, lung, 

kidney, ovary, prostrate, colon, etc. Besides, a recent study has identified exact 

identical mutation in DIDO1 (R303Q) in breast carcinoma (Stephens et al., 2012). 

To the best of our knowledge this is the first report stating the association of 
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mutations of these important proteins in cervical cancer. However, whether these 

mutations are actually ‘driver’ or ‘passenger’, would be really interesting and 

challenging to study.  

The exome sequencing data was also used successfully to some extent to 

predict copy number variation and LOH that might be significant in cervical 

carcinogenesis. Overall, our study is the first demonstration of the application of 

whole exome sequencing in understanding the genomics of cervical carcinoma with 

special reference to the Indian population. 

The overall work presented in the thesis is shown in Fig. 5.1. 

 

 

Fig. 5.1 Overall summary of the study
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Summary 

The study focuses on two main factors associated with the pathogenesis of cervical 

cancer – HPV infection and genetic alterations. The study was carried out on 

pretreatment cervical cancer biopsies from a cohort of Indian women with locally 

advanced stage of the disease. The major highlights are as follows: 

 Incidence of HPV in 270 cervical cancer biopsies as determined by 3 primer sets – 

GP5
+
/6

+
, MY09/11 and SPF1/2, was as high as 95% (257/270). 

 Genotyping of the samples positive for 24 HPV types using GP5
+
/6

+
 primers (n=178), 

by Luminex bead array, showed most samples (168/178) to be positive for one or more 

HR-HPV types indicating a high association of cervical cancer with HR-HPV infection. 

Of the 24 HPV genotypes included in the HPV Genotyping Kit, infection by HPV 11, 

16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 73 were identified. HPV16 and/or 

HPV18 infection was most common - 114 samples being positive for HPV16 alone and 

6 samples for HPV18 alone. This was followed by dual infection by HPV16/18 (n=12) 

and 16/45 (n=9). 

 Genotyping of the remaining 92 samples (which were negative using GP primers), 

showed 49 samples to be positive for HPV16 and none for HPV18. Therefore, the 

overall prevalence of HPV16 and/or HPV18 in this cohort was 72%, whereas overall 

HPV positivity was 95%. 

 Patients positive for HPV16 alone showed a trend for better survival following 

radiotherapy as compared to HPV18 alone and dual infection by HPV16/18. 

 Physical state of the virus as well site of viral integration was determined in a subset of 

cases (n=86) positive for HPV16 and/or HPV18 by APOT assay. Integration was 

observed in 79% cases (n =68), whereas in 21% (n =18) only episomal transcripts were 

identified.  In 12 cases both integrated and episomal form of HPV were detected.  
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 Comparison with clinical outcome revealed 16 out of 18 patients with only episomal 

form of HPV (16 and/or 18), to have disease free survival as compared to those with 

integrated form (p= 0.067). 

 The site of viral integration could be predicted with a high score in 48 cases and was 

found to be more frequent at chromosomal loci 1p (n =7), 3q (n= 8), 13q (n= 4), 6q (n 

=4), 11q (n= 4) and 20q (n= 4). Only one sample showed HPV integration at two 

chromosomal loci simultaneously. 

 Comparison with clinical outcome revealed that patients with integration at loci 1p 

(7/7), 6q (4/4) and 11q (4/4) were disease free, while most of them with integration at 

loci 3q (5/8), 13q (4/4) and 20q (2/4) showed recurrence of the disease in the form of 

either loco-regional or distant metastasis. 

 With NCBI Fragile site Map Viewer and UCSC Blat tool, most of the integration sites 

were found to be within or close to a fragile site (29/48) and/or protein coding genes 

(28/48). 

 Estimation of viral load in the same 86 samples by SYBR green based relative qRT-

PCR, identified a wide range of viral titre across the samples, with the average being 

47.5. 

 High viral load combined with viral integration showed poor prognosis; thus viral load 

and state of the virus can serve as a good prognostic marker of the disease. 

 Whole exome sequencing study of 11 cervical tumour and 8 matched control (blood 

from the same individual), in two sets (Dataset-I and II) identified a number of novel, 

nonsynonymous variations, that were validated by Sanger sequencing and/or customized 

Agilent SNP array. These might represent SNPs characteristic to the Indian genome and 

could add on to the existing dbSNP. 
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 While germline variation of RNASEL, PTPRJ, ZFP64, FBN1, SREB1 and BANF1, 

identified from this data and validated by Sanger sequencing, might represent 

predisposing mutations to cervical cancer, missense mutations in FGF7, SOS2, DIDO1 

and MAP3K3 as well as nonsense mutation in RASA1, might act as potential disease 

causing mutations. 

 Copy number alterations in chromosomal regions 1q, 3p, 3q, 8q, 11q, 17q and Xq were 

predicted.  

 Putative loss of heterozygosity in the chromosomal regions 2q, 3p and 11q was also 

predicted by ‘ExomeCNV’ package from the whole exome sequencing data. 

 

Conclusion 

The significance of the study lies in the fact that we have addressed all the major factors 

associated with pathogenesis of cervical cancer and assessed the role of each. The 

findings related to several viral cofactors – incidence, genotype, integration and viral 

load gives a detailed overview of the importance of each individually and also in 

relation to one another, in the context of cervical carcinogenesis. Through this study, we 

have showed for the first time, association between site of viral integration in the host 

genome and disease prognosis. Also, the combined effect of viral load and physical 

status on disease prognosis was demonstrated for the first time in the Indian cohort. The 

whole exome sequencing data from cervical cancer patients reported here, besides being 

a source of information on novel variations in the Indian genome, would mark the 

beginning of understanding the genomic landscape of cervical cancer.  
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Appendix I 

SI No. Lab ID HPV type Age Disease free Status 

1 CT1082 HPV 16 50 YES Alive 

2 CT1089 HPV 16 48 YES Alive 

3 CT1094 HPV 16 58 NO Died of disease 

4 CT1097 HPV 16 55 YES Alive 

5 CT1098 HPV 16 50 YES Alive 

6 CT1101 HPV 16 50 YES Alive 

7 CT1107 HPV 16 50 YES Alive 

8 CT1108 HPV 16 54 YES Alive 

9 CT1111 HPV 16 55 YES Alive 

10 CT1121 HPV 16 60 YES Alive 

11 CT1122 HPV 16 37 YES Alive 

12 CT1123 HPV 16 40 YES Alive 

13 CT1125 HPV 16 63 YES Alive 

14 CT1126 HPV 16 63 YES Alive 

15 CT1135 HPV 16 38 YES Alive 

16 CT1138 HPV 16 40 YES Alive 

17 CT1160 HPV 16 64 NO Died of disease 

18 CT1161 HPV 16 36 YES Alive 

19 CT1174 HPV 16 50 No Died of disease 

20 CT1181 HPV 16 51 YES Alive 

21 CT1183 HPV 16 58 YES Alive 

22 CT1184 HPV 16 40 NO Died of disease 

23 CT1185 HPV 16 60 YES Alive 

24 CT1193 HPV 16 35 NO Died of disease 

25 CT1209 HPV 16 40 NO Died of disease 

26 CT1210 HPV 16 48 YES Alive 

27 CT1215 HPV 16 55 NO Died of disease 

28 CT1228 HPV 16 50 YES Alive 

29 CT700 HPV 16 54 YES Alive 

30 CT702 HPV 16 60 YES Alive 

31 CT706 HPV 16 53 YES Alive 

32 CT707 HPV 16 44 NO Died of disease 

33 CT709 HPV 16 65 YES Alive 

34 CT711 HPV 16 50 YES Alive 

35 CT712 HPV 16 62 YES Alive 

36 CT714 HPV 16 65 YES 
Died of unknown 

reason 

37 CT716 HPV 16 50 NO Died of disease 

38 CT721 HPV 16 38 YES Alive 

39 CT723 HPV 16 62 NO Died of disease 

40 CT726 HPV 16 64 NO Died of disease 

41 CT733 HPV 16 62 YES Alive 

42 CT735 HPV 16 45 NO Died of disease 
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43 CT739 HPV 16 70 NO Died of disease 

44 CT744 HPV 16 50 NO Died of disease 

45 CT745 HPV 16 65 
 

Alive 

46 CT753 HPV 16 40 YES Alive 

47 CT755 HPV 16 44 NO Died of disease 

48 CT759 HPV 16 57 YES Alive 

49 CT776 HPV 16 55 YES Alive 

50 CT777 HPV 16 72 YES Alive 

51 CT781 HPV 16 40 NO Died of disease 

52 CT787 HPV 16 45 YES Alive 

53 CT792 HPV 16 60 NO Died of disease 

54 CT796 HPV 16 50 YES Alive 

55 CT801 HPV 16 40 YES Alive 

56 CT805 HPV 16 52 YES Alive 

57 CT809 HPV 16 62 YES Alive 

58 CT825 HPV 16 45 YES Alive 

59 CT828 HPV 16 66 YES Alive 

60 CT831 HPV 16 50 YES Alive 

61 CT833 HPV 16 46 NO Died of disease 

62 CT836 HPV 16 58 YES Alive 

63 CT837 HPV 16 34 NO Died of disease 

64 CT839 HPV 16 61 NO Died of disease 

65 CT844 HPV 16 45 YES Alive 

66 CT846 HPV 16 33 YES Alive 

67 CT848 HPV 16 55 YES Alive 

68 CT851 HPV 16 48 YES Alive 

69 CT853 HPV 16 53 NO Died of disease 

70 CT859 HPV 16 46 YES Alive 

71 CT864 HPV 16 39 YES Alive 

72 CT866 HPV 16 35 YES Alive 

73 CT867 HPV 16 65 NO Died of disease 

74 CT868 HPV 16 55 YES Alive 

75 CT877 HPV 16 50 YES Alive 

76 CT887 HPV 16 45 YES Alive 

77 CT889 HPV 16 50 NO Died of disease 

78 CT890 HPV 16 56 YES Alive 

79 CT892 HPV 16 50 YES Alive 

80 CT893 HPV 16 55 YES Alive 

81 CT896 HPV 16 40 NO Died of disease 

82 CT906 HPV 16 57 YES Alive 

83 CT912 HPV 16 51 NO Died of disease 

84 CT914 HPV 16 55 NO Died of disease 

85 CT918 HPV 16 45 YES 
Died of unkown 

disease 

86 CT922 HPV 16 48 NO Died of disease 
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87 CT934 HPV 16 44 YES Alive 

88 CT935 HPV 16 62 YES Alive 

89 CT940 HPV 16 55 YES Alive 

90 CT951 HPV 16 50 YES Alive 

91 CT958 HPV 16 44 YES Alive 

92 CT992 HPV 16 70 NO Died of disease 

93 CT999 HPV 16 49 YES Alive 

94 CT805 HPV 16 52 YES Alive 

95 CT1015 HPV 16 40 YES Alive 

96 CT1154 HPV 16 34 YES Alive 

97 CT 1199 HPV 16 46 YES Alive 

98 CT1202 HPV 16 46 YES Alive 

99 CT1212 HPV 16 54 YES 
Died of unrelated 

cause 

100 CT757 HPV 16 34 NO Died of disease 

101 CT763 HPV 16 60 NO Died of disease 

102 CT766 HPV 16 58 YES Alive 

103 CT783 HPV 16 45 YES Alive 

104 CT800 HPV 16 49 YES Alive 

105 CT843 HPV 16 35 YES Alive 

106 CT919 HPV 16 55 NO Died of disease 

107 CT927 HPV 16 40 NO Died of disease 

108 CT959 HPV 16 58 YES Alive 

109 CT976 HPV 16 35 NO Died of disease 

110 CT1073 HPV 18 48 YES Alive 

111 CT1109 HPV 18 60 NO Died of disease 

112 CT821 HPV 18 80 YES Alive 

113 CT871 HPV 18 46 YES Alive 

114 CT884 HPV 18 46 NO Died of disease 

115 CT905 HPV 18 42 NO Died of disease 

116 CT1019 HPV 16 & 18 48 YES Alive 

117 CT785 HPV 16 & 18 37 NO Died of disease 

118 CT1102 HPV 16 & 18 63 YES Alive 

119 CT1117 HPV 16 & 18 49 YES Alive 

120 CT1162 HPV 16 & 18 62 YES 
Dead of other 

cause 

121 CT1170 HPV 16 & 18 55 YES Alive 

122 CT740 HPV 16 & 18 33 NO Died of disease 

123 CT752 HPV 16 & 18 53 YES Alive 

124 CT915 HPV 16 & 18 50 NO Died of disease 

125 CT938 HPV 16 & 18 50 NO Died of disease 

 

 

 



   APPENDIX I 

Gene No. of 
Samples Mutation Position Zygosity Effect 

Prediction Important pathways/ Function 
Reported 

in 
COSMIC 

SIFT POLYPHEN 

AAMP 1 V164G 
(cAc/cCc) chr2:219131616 Ht NS damaging probably 

damaging 

GO:0001525~angiogenesis;GO:0010595~
positive regulation of endothelial cell 
migration  

AMIGO2 1 R370H 
(gCg/gTg) chr12:47471677 Ht NS damaging benign 

GO:0006916~anti-
apoptosis;GO:0043069~negative 
regulation of programmed cell death  

CDC42BPA 1 R1248T 
(tCt/tGt) chr1:227216942 Ht NS damaging probably 

damaging 
GO:0004674~protein serine/threonine 
kinase activity  

CDH26 1 R288* 
(Cga/Tga) chr20:58562532 Ht Stop 

Gained   GO:0007156~homophilic cell adhesion  

COL15A1 1 G990* 
(Gga/Tga) chr9:101816875 Ht Stop 

Gained   04974~Protein digestion and absorption  

COX10 1 H418P 
(cAc/cCc) chr17:14110451 Ht NS damaging probably 

damaging 1100~Metabolic pathways  

CREB3L4 1 D1188N 
(Gac/Aac) chr1:153941029 Ht NS damaging probably 

damaging 05215~Prostate cancer  

DHDH 1 P271T 
(Ccc/Acc) chr19:49447680 Ht NS tolerated probably 

damaging 

00040~Pentose and glucuronate 
interconversions; 00980~Metabolism of 
xenobiotics by cytochrome P450  

EDNRB 1 L233F 
(aaC/aaG) chr13:78492280 Ht NS damaging probably 

damaging 

GO:0000122~negative regulation of 
transcription from RNA polymerase II 
promoter  

EP300 1 D1399N 
(Gat/Aat ) chr22:41565529 Ht NS damaging probably 

damaging 

04110~Cell cycle; 04310~Wnt signaling 
pathway; 04330~Notch signaling pathway; 
04350~TGF-beta signaling pathway; 
04630~Jak-STAT signaling pathway;  
05200~Pathways in cancer; 

Stomach 
cancer 

EWSR1 1 A126P 
(Gcc/Scc) chr22:29674168 Ht NS damaging not predicted GO:0045449~regulation of transcription  

FAM5B 1 A68T 
(Gct/Act) chr1:177199214 Ht NS damaging probably 

damaging 
GO:0045786~negative regulation of cell 
cycle  

Sai
Typewritten Text

Sai
Typewritten Text

Sai
Typewritten Text

mshyamal
Typewritten Text
I



FGF22 1 R100W 
(Cgg/Tgg) chr19:643318 Ht NS damaging probably 

damaging 
04010~MAPK signaling pathway;  
05200~Pathways in cancer; etc.  

G6PD 1 V390M 
(Cac/Tac) chrX:153761178 Ht NS damaging not predicted 01100~Metabolic pathways  

HAUS3 1 V1304A 
(gTg/gCg) chr4:2242247 Ht NS tolerated possibly 

damaging GO:0051301~cell division  

HMX2 1 N199T 
(aAc/aCc) chr10:124909413 Ht NS damaging probably 

damaging 

GO:0008284~positive regulation of cell 
proliferation; GO:0006351~transcription, 
DNA-dependent  

HNMT 1 N24Y 
(Aac/Tac) chr2:138722131 Ht NS damaging benign 00340~Histidine metabolism  

KDM5C 1 H445Y 
(Gta/Ata) chrX:53240747 Ht NS damaging probably 

damaging 
GO:0006351~transcription, GO:0034720~histone H3-K4 
demethylation 

KLF9 1 H225Y 
(Gtg/Atg) chr9:73002754 Ht NS damaging probably 

damaging GO:0006351~transcription  

LAMB2 1 T1796S/A 
(Tgg/Kgg) chr3:49158670 Ht NS damaging not predicted 04510~Focal adhesion; 04512~ECM-receptor 

interaction;  05200~Pathways in cancer; 

LATS2 1 D510H 
(Ctg/Gtg) chr13:21562391 Ht NS tolerated possibly 

damaging 

GO:0051301~cell division;GO:0090090~negative 
regulation of canonical Wnt receptor signaling 
pathway;GO:0006468~protein 
phosphorylation;GO:0007067~mitosis 

LNPEP 1 Y237* 
(taT/taG) chr5:96315533 Ht Stop 

Gained   04614~Renin-angiotensin system  

MACF1 1 R2091W 
(Cgg/Tgg) chr1:39798420 Ht NS damaging possibly 

damaging GO:0007050~cell cycle arrest  

MAPK15 1 R470Q 
(cGg/cAg) chr8:144804001 Hm NS tolerated probably 

damaging 

GO:0000165~MAPK 
cascade;GO:0046777~protein 
autophosphorylation  

MYD88 1 D113H 
(Gac/Cac) chr3:38180489 Ht NS damaging probably 

damaging 04210~Apoptosis; etc  

NCOR2 1 G1289V 
(cCa/cAa) chr12:124832860 Hm NS not 

predicted 
probably 
damaging 04330~Notch signaling pathway  

NUDT2 1 A96G 
(gCg/gGg) chr9:34343281 Ht NS tolerated probably 

damaging GO:0006917~induction of apoptosis  

OGDHL 1 F836Y/C 
(aAg/aRg) chr10:50946003 Ht NS damaging not predicted 01100~Metabolic pathways  

PDHB 1 L104V 
(Aac/Cac) chr3:58416663 Ht NS damaging possibly 

damaging 01100~Metabolic pathways  



PIK3R1 1 
aacact→ac
t at codon 

453 
chr5:67589595 Ht Deletio

n    
Breast 
cancer 

PKHD1 1 P1026A 
(Gga/Cga) chr6:51907678 Ht NS damaging probably 

damaging 
GO:0010824~regulation of centrosome 
duplication;GO:0016337~cell-cell adhesion 

POMT2 1 Q371* 
(Gtc/Atc) chr14:77762512 Ht Stop 

Gained   00514~O-Mannosyl glycan biosynthesis  

PROK1 1 H61P(cAc
/cCc) chr1:110996692 Ht NS damaging probably 

damaging 

GO:0000187~activation of MAPK 
activity;GO:0008284~positive regulation 
of cell proliferation;GO:0051781~positive 
regulation of cell division 

 

PRPF4B 1 R856H 
(cGt/cAt) chr6:4056655 Ht NS damaging probably 

damaging 
GO:0004674~protein serine/threonine 
kinase activity;GO:0005524~ATP binding  

PSPH 2 R65H 
(gCg/gTg) chr7:56087374 Ht NS damaging probably 

damaging 01100~Metabolic pathways, etc.  

PTPDC1 1 E639K 
(Gag/Aag) chr9:96860769 Ht NS damaging probably 

damaging 

GO:0004725~protein tyrosine phosphatase 
activity;GO:0008138~protein 
tyrosine/serine/threonine phosphatase 
activity 

 

RASGRF1 2 T661P/S 
(Tgc/Ygc) chr15:79298661 Ht NS damaging not predicted 04010~MAPK signaling pathway; 

04510~Focal adhesion  

RELA 1 A544S(Cg
g/Agg) chr11:65421875 Ht NS tolerated probably 

damaging 
04010~MAPK signaling pathway;  
05200~Pathways in cancer; etc.  

RNF111 1 Q605* 
(Cag/Tag) chr15:59368279 Ht Stop 

Gained   

GO:0016567~protein 
ubiquitination;GO:0045893~positive 
regulation of transcription, DNA-
dependent 

 

SIPA1L3 1 A670T 
(Gct/Act) chr19:38591845 Hm NS damaging benign GO:0005096~GTPase activator activity  

TAF5 1 E383Q 
(Gag/Cag) chr10:105139398 Ht NS tolerated possibly 

damaging 03022~Basal transcription factors  

TGFBR2 1 Q220* 
(Cag/Tag) chr3:30713258 Ht Stop 

Gained   
04010~MAPK signaling pathway; 
05200~Pathways in cancer;  

UBE2O 1 N1010H 
(Ttg/Ctg) chr17:74388113 Hm NS tolerated probably 

damaging 04120~Ubiquitin mediated proteolysis  

USP17L2 1 E244K 
(Ctt/Ttt) chr8:11995540 Ht NS damaging possibly 

damaging 
GO:0006915~apoptotic 
process;GO:0007049~cell cycle  

MTMR8 1 Q511H chrX:63490902 Ht NS damaging probably GO:0004725~protein tyrosine phosphatase 



(gtC/gtG) damaging activity 

MED23 1 V97G 
(cAa/cCa) chr6:131944597 Ht NS damaging probably 

damaging 

GO:0006355~regulation of transcription, 
DNA-dependent; GO:0010467~gene 
expression  

MAST1 1 P1520L 
(cCc/cTc) chr19:12985530 Ht NS damaging benign 

GO:0006468~protein 
phosphorylation;GO:0004674~protein 
serine/threonine kinase activity  

CDCA7L 1 Y64C 
(aTg/aCg) chr7:21951347 Ht NS tolerated probably 

damaging 

GO:0006351~transcription, DNA-
dependent;GO:0008284~positive 
regulation of cell proliferation  

HIVEP3 1 E155K 
(Ctc/Ttc) chr1:42050006 Ht NS tolerated probably 

damaging 

GO:0006351~transcription, DNA-
dependent; GO:0045893~positive 
regulation of transcription  

MYBBP1A 1 L883M 
(Gac/Tac) chr17:4446453 Ht NS damaging probably 

damaging 
GO:0006351~transcription, DNA-
dependent  

SELPLG 1 Q151P 
(gTt/gGt) chr12:109017680 Ht NS tolerated not predicted 04514~Cell adhesion molecules (CAMs) 

Acute 
myeloid 

leukaemia 

DCC 1 Q460E 
(Caa/Saa) chr18:50683842 Ht NS tolerated benign 05200~Pathways in cancer Ovarian 

cancer 
 

Ht= Heterozygous; Hm= Homozygous; NS= Non-synonymous;  
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Introduction

Cervical cancer is the third most common cancer among

women worldwide and the most common cancer found in Indian

women. HPV infection has been shown to play a critical, though

not sufficient, role in the etiology of cervical cancers. Till date

more than 200 HPV types have been reported, of which HPV16 is

most common, followed generally by HPV18, HPV45, HPV31

and HPV33 [1,2]. Most of the high risk HPV (HR-HPV)

infections (90%) regress spontaneously and only in about 10%

cases the infection persists and progresses to high-grade cervical

intraepithelial neoplasia. This generally occurs through integration

of the HPV genome into the host chromosome with associated loss

or disruption of E2 [3]. According to available reports, viral E2

gene has the ability to repress viral E6 and E7 oncogenes in cells

harbouring integrated HPV DNA [4]. Therefore integration of the

virus with loss of transcriptional control by E2 results in

overexpression of E6 and E7 leading to immortalization and

transformation of cells [5]. In most of the cases integration of HR-

HPV genome gives rise to fusion transcripts comprising of viral

oncogenes E6, E7 and adjacent cellular sequences [6,7,8,9]. In

vitro studies have demonstrated that the viral-cellular fusion

transcripts are more stable and impart the cells with a selective

growth advantage as compared to the episomal counterparts

[10,11].

Studies report that the integration event is random involving

almost all the chromosomes, and accordingly several virus-host

integration sites have been mapped till date [12]. However, there

are certain hotspots e.g., fragile sites, translocation break points

and transcriptionally active regions [3,13,14,15] which are

preferred by the virus for its integration into the human genome.

On integration within or near a gene, the virus can bring about a

change in its expression which may eventually lead to alterations

in cellular growth and proliferation. Also, viral integration can

render both viral coding genes as well as the cellular genes

susceptible to epigenetic changes which could regulate their

expression. Hence, the integration of HPV into the human

genome is considered an important event in cervical carcinogen-

esis.

The aim of this study was HPV genotyping and identification of

site of integration of two HR-HPV types (16 and 18), along with

evaluation of the prognostic value of integration site, in locally

advanced cervical cancers in Indian women.

Materials and Methods

Clinical Samples
Pretreatment cervical tumor biopsies, predominantly from

FIGO stage IIIB, were obtained from patients (median age, 50

years; age range, 33–80 years) undergoing radiotherapy alone or

concomitant chemo-radiation at the Radiation Oncology Depart-

ment, Tata Memorial Hospital, Mumbai, after obtaining IRB

approval. A generic consent for basic research was obtained prior

to obtaining the biopsies. However, for the current study a consent

waiver was obtained from the Hospital Ethics Committee. The

biopsies were obtained from histologically proven, primary
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cervical tumor, before the start of radical radiation therapy and

were coded for de-identification by the physician prior to testing.

The samples were collected in liquid nitrogen and stored at

280uC until further use. All the samples were assigned a

laboratory code to maintain confidentiality.

Processing of tumor samples
Frozen tissues were cryocut for extraction of DNA and RNA.

For DNA extraction, five 30 mm sections were collected in STE

buffer (0.1 M NaCl, 0.05 M Tris pH 7.5, 1 mM EDTA, 1% SDS)

containing 10 mg/ml Proteinase K (USB, Cleveland, OH, US).

DNA was isolated by standard phenol-chloroform method. For

isolation of total RNA, RNeasy Mini Kit (Qiagen, Hilden,

Germany) was used. Ten 30 mm sections were collected in RLT

buffer containing guanidine thiocyanate provided in the kit and

processed following manufacturer’s instructions. DNAse treatment

of the RNA samples was carried out using DNA free kit (Ambion,

Austin, TX, US).

HPV genotyping by high throughput luminex array
Genotyping of 24 HPV types which included 15 high-risk types

(16, 18, 31, 33, 35, 39, 45, 51,52, 56, 58, 59, 68, 73, and 82), 3

putative high-risk types (26, 53, and 66), and 6 low-risk types (6,

11, 42, 43, 44, and 70) [1,2] was carried out using multiplex HPV

genotyping array (Multimetrix GmbH, Heidelberg, Germany)

based on luminex xMAP technology. As per the manufacturer’s

instructions, PCR was carried out using sets of biotinylated broad

range primers in a total volume of 50 mL containing 3.5 mM

Figure 1. Flowchart depicting summary of the study. Genotyping was carried out on 270 advanced stage cervical cancer samples by high-
throughput, GP5+/6+ primers based luminex array; consensus MY09/11 and SPF1/2 primers. HPV positivity was 95% (257/270). APOT assay was done
on 86 HPV16+ and/or HPV18+ samples, with good clinical follow-up and good quality RNA. In 18 samples, only episomal form of HPV was identified,
rest 68 hinted toward possible integration. Site of integration could be predicted with high score by BLAST and/or BLAT in 48 samples.
doi:10.1371/journal.pone.0041012.g001
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MgCl2, 200 mM dNTPs, 0.75 unit of Taq DNA polymerase and

1ml primer mix. The amplification steps included an initial DNA

denaturation at 94uC for 5 min, followed by 40 cycles of

denaturation for 20 s at 94uC, annealing for 30 s at 38uC, and

extension for 1 min 20 s at 71uC, before a final extension for

4 min at 71uC. PCR positive samples were then subjected to the

luminex run. Ten microlitres of the PCR product was mixed with

the luminex bead mix containing distinct bead populations

coupled to 24 HPV types. After thermal denaturation, the target

sequences were hybridized to bead-bound probes. The hybridized

PCR products were labeled by binding to R-phycoerythrin

conjugated streptavidin. The read-out was obtained in the luminex

bioanalyzer (Luminex Corporation, Austin, TX, USA). HPV types

were discerned according to the unique bead signature, whereas

the presence of PCR products was determined by phycoerythrin

fluorescence. An analytical sensitivity cut-off was calculated based

on the negative control which was deducted from each of the read-

out.

HPV genotyping by PCR using MY09/11 and SPF1/2
primers

Since the amount of DNA available for the study was limiting,

b-actin PCR was done only in those samples which failed to show

amplification by GP5+/6+ primers (n = 92). These were further

screened for HPV by PCR using MY09/11 L1 primers (Table S1)

and SPF1/2 primers [16]. PCR was carried out in a reaction

volume of 25 ml containing, 1.5 mM MgCl2, 10mM of each

primer, 200 mM dNTPs and 0.75 unit of Taq DNA polymerase.

The samples which tested positive for HPV either by MY09/11 or

SPF1/2 or both were further genotyped for the two most common

HR-HPV types- HPV16 and 18 using HPV16/18 specific primers

(Table S1). Since the amount of DNA was limiting, SPF 1/2 PCR

could not be carried out in 4 of the 92 samples.

Association of HPV16, HPV18 and HPV16/18 infection
with clinical outcome

The genotyping data for the two HR-HPV types, HPV16,

HPV18 and HPV16/18 together, where adequate follow-up data

was available was compared with the clinical outcome of the

patients. Kaplan-Meier analysis (SPSS 15.0) was done to

determine association between infection with these HR-HPV

types and recurrence of disease. Disease free survival was

considered from start of radiation therapy to the time when

recurrence occurred or till last follow-up. Statistical significance

was evaluated using the log-rank test (SPSS 15.0).

Identification of integration site by APOT assay
Samples (n = 86) positive for HPV16, HPV18 or both and with

an adequate clinical follow-up (minimum 1yr or till occurrence of

first event, whichever was earlier) were taken to study viral

integration using Amplification of Papillomavirus Oncogene

Transcripts (APOT) assay, as described by Klaes et al [6]. Briefly,

total RNA (0.5–1 mg) was reverse transcribed using oligo(dT)17-

primer coupled to a linker sequence [(dT)17–p3] [17] and 50 units

Figure 2. Frequency of 24 HPV types as detected by Luminex array. The graph depicts frequency of 24 HPV types in 178 cervical cancer
biopsy samples which were found to be positive GP5+/6+ primers. HPV16 infection predominated in the samples. Each bar represents different HPV
types.
doi:10.1371/journal.pone.0041012.g002

Figure 3. Kaplan-Meier analysis for episomal vs. integrated
viral genome. Kaplan-Meier survival curve for patients with episomal
form of virus (n = 18) vs. integrated form (n = 68) is depicted. Most of the
patients with episomal form (16 out of 18) had a disease free survival as
compared to patients with integrated form, indicating a good clinical
outcome, although with a borderline significance (p = 0.067).
doi:10.1371/journal.pone.0041012.g003
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of Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA,

USA) for 1 h at 42uC. PCR with b-actin primers was carried out to

check the integrity of the cDNA. First strand cDNA was amplified

using HPV E7–specific primer (p1–16 specific for HPV16 and p1–

18 specific for HPV18) as forward primers and linker p3 as the

reverse primer (Table S1). The PCR amplification was carried out

in a reaction volume of 50 mL containing 2.5 mM MgCl2,

200 mM dNTPs, 25 mM of each primer and 1 unit of Taq DNA

polymerase. The reaction comprised of an initial denaturation step

at 94uC for 2 min, followed by 35 cycles of denaturation at 94uC
for 30 s, annealing at 58uC for 30 s, and extension at 72uC for

4 min. This was followed by a final extension at 72uC for 20 min.

Next, 7 ml of the PCR product was used as template for nested

PCR using forward primers p2–16 specific for HPV16 or p2–18

specific for HPV18 and (dT)17–p3 as reverse primer (Table S1).

The PCR conditions were same as that of first PCR except that

the annealing temperature was 66uC.

Cloning of fusion transcripts
Amplicons other than the major episomal transcripts (,1050 bp

for HPV16 and ,1000 bp for HPV18) were suspected to be

derived from the integrated HPV genomes. These were excised

from the gel and DNA isolated using GFX PCR DNA and Gel

Band Purification Kit (GE Healthcare, Buckinghamshire, UK).

The isolated DNA was either sequenced directly or following

cloning into pTZ57R/T vector using the InsTA PCR Cloning Kit

(Fermentas, Lithuania, EU), on DNA sequencer (3100 Avant

Genetic analyzer, Applied Biosystems, Foster City, CA, USA). The

chromosomal integration loci were determined using National

Centre for Biotechnology Information (BLAST) and the Univer-

sity of California, Santa Cruz (UCSC) hg19 (Feb. 2009) (BLAT)

human genome assemblies. Further, the integration sites were

checked for the presence of fragile sites and any genes of known

identity by using NCBI fragile site map viewer and the UCSC Blat

tool respectively.

Association of viral integration with clinical outcome
The data obtained was compared with the clinical outcome of

the patients. Kaplan-Meier analysis (SPSS 15.0) was done to

determine the association of the viral state (episomal/integrated)

with recurrence of the disease. Disease free survival was considered

from start of radiation therapy to the time when recurrence

occurred or till last follow-up (median follow-up for 86 cases was

44 months). Statistical significance was evaluated using the log-

rank test (SPSS 15.0).

Results

HPV genotyping by high throughput luminex array
Although there are a few reports on different high risk HPVs in

Indian women, here we report 15 high risk HPVs, 3 intermediate

risk and 6 low risk HPV types using the high throughput luminex

array. The primers provided in the luminex array kit for HPV

genotyping were biotinylated, broad range GP5+/GP6+ primers.

Using this primer set for PCR, we obtained 178 out of 270 samples

positive for HPV (Figure 1). The HPV positive samples were

further subjected to hybridization to bead-bound probes by

luminex array as described earlier. One hundred sixty nine

samples were found to hybridize to the different HPV probes

whereas 9 samples were negative. These 9 samples could have

HPV infection not included in the 24 types detected by the kit.

Out of 169 HPV positive samples, 168 samples were positive for

one or more HR-HPV types indicating a high association of

cervical cancer with HR-HPV infection. Among these, HPV16

and/or HPV18 infection were most common – 114 samples being

positive for HPV16 alone, 6 samples for HPV18 alone and 16

samples for both HPV16 and HPV18 (Figure 2).

HPV genotyping by PCR using MY09/11 and SPF1/2
primers

In order to estimate the true HPV positivity in the 270 cases, the

92 cervical cancer biopsies negative for HPV by luminex array,

were first subjected to PCR using b-actin primers to check the

quality of DNA. All were found to be positive for b-actin. Next

they were subjected to PCR using MY09/11 and SPF1/2 primers.

Twenty five out of 92 samples were found to be positive for HPV

by MY09/11 PCR. Since the amount of DNA was limiting, SPF

1/2 PCR could not be carried out in 4 of the 92 samples.

Screening with SPF1/2 primers revealed 79 samples to be HPV

positive. These 79 samples also included the 25 samples that tested

HPV positive by MY09/11 PCR. The HPV positivity was

therefore calculated taking into account the results from luminex

Figure 4. Frequency of HPV integration into different chromosomal loci. Site of integration as determined by APOT assay in 48 cases
positive for HPV16, HPV18 or both and with high prediction score using BLAST/BLAT. Integration event was found to be more common in 1p and 3q
chromosomal loci. Each bar represents different chromosomal locus.
doi:10.1371/journal.pone.0041012.g004
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Table 1. Summary of HPV Integration Sites.

Sample ID Histology HPV type Integration locus Gene Fragile site involved

CT 712 SCC 16 1p36.12 ALPQTL2 FRA1A(1p36) com

CT 700 SCC 16 1p36.23 - FRA1A(1p36) com

CT 702 SCC 16 1p36.23 - FRA1A(1p36) com

CT 709 SCC 16 1p36.23 - FRA1A(1p36) com

CT 1138 SCC 16 1p36.33 - FRA1A(1p36) com

CT 809 SCC 16 1p36.33 - FRA1A(1p36) com

CT 866 SCC 16 1p36.33 - FRA1A(1p36) com

CT 864 SCC 16 1q42.13 ABCB10 FRA1H(1q42) com

CT 755 SCC 16 3q23 SLC25A36 -

CT 785 SCC 16 3q23 SLC25A36 -

20q11.21 COX4I2 -

18 - - -

CT 1210 SCC 16 3q26.2 and Episomal MECOM -

CT 723 SCC 16 3q26.31 - FRA3C(3q27) com

CT 706 SCC 16 3q26.33 SOX2 FRA3C(3q27) com

CT 892 SCC 16 3q26.33 - FRA3C(3q27) com

CT 711 SCC 16 3q28 and Episomal LEPREL1 FRA3C(3q27) com

CT 739 SCC 16 3q28 TP63 FRA3C(3q27) com

CT 999 SCC 16 4q13.3 IL8(,3kb) -

CT 1114 SCC 16 4q21.22 HNRPDL -

CT 893 SCC 16 6q22.31 - -

CT 1117 AC 16 6q22.31 - -

18 - - -

CT 1122 SCC 16 6q23.3 PDE7B -

CT 846 SCC 16 6q23.3 MAP3K -

CT 1019 SCC 16 7q11.21 TYW1 FRA7J(7q11) com

CT 796 SCC 16 8p11.21 - -

CT 915 SCC 16 8p11.21 - -

18 - - -

Sample ID Histology HPV type Integration locus Gene Fragile site involved

CT 1160 SCC 16 8q24.21 MYC/PVT Flanked by FRA8E(8q24.1) rare;
FRA8C(8q24.1) com; FRA8D(8q24.3)
com

CT 714 SCC 16 9q22.32 C9orf3 FRA9D(9q22.1) com

CT 1162 SCC 16 9q22.32 and Episomal C9orf3 FRA9D(9q22.1) com

18 - - -

CT 753 SCC 16 9q34.11 SLC25A25 -

CT 821 SCC 18 10q23.33 - FRA10A(10q23.3) rare

CT 859 SCC 16 10q23.31 PTEN FRA10A(10q23.3) rare

CT 1169 SCC 16 11q13.1 and Episomal DRAP1 FRA11H(11q13) com

CT 1183 SCC 16 11q13.1 DRAP1 FRA11H(11q13) com

CT 836 SCC 16 11q14.3 - FRA11F(11q14.2) com

CT 871 AC 18 11q23.3 ARCN1 FRA11G(11q23.3) com

CT 1094 SCC 16 13q - -

CT 927 SCC 16 13q12.3 POMP -

CT 896 SCC 16 13q22.1 - Flanked by FRA13B(13q21) com

CT 976 SCC 16 13q22.1 KLF5 Flanked by FRA13B(13q21) com

CT 848 SCC 16 17q12 and Episomal HNF1B -

CT 914 SCC 16 17q23.1 VMP1 FRA17B(17q23.1) com
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array and SPF1/2 PCR. The overall HPV positivity in this cohort

was found to be 95% (257/270). Further genotyping of the 79

samples, using HPV 16/18 specific primers, showed 49 samples to

be positive for HPV16. None of these 79 samples were positive for

HPV18. Therefore, the prevalence of HPV16 and/or HPV18 in

this cohort was 69% (185/270) (Figure 1).

Association of HPV16, 18 and dual infection with clinical
outcome

Kaplan-Meier survival analysis data for 125 patients with HPV

type16, 18 and dual infection and with adequate clinical follow-up

(median follow-up for 125 cases was 54 months), revealed that

there was no significant difference between infection with these

two HR-HPV types in terms of disease outcome (Figure S1).

Physical state of virus and clinical outcome
Out of 125 HPV16, HPV18 or dual HPV positive samples, a

sub-set of 86 samples with good quality RNA, were taken to study

the physical state and/or site of viral integration by APOT assay.

In most of the cases, the viral genome was found to be integrated

(n = 68), whereas in 21% (n = 18) only episomal transcripts could

be identified. In 12 cases with integrated viral genome, episomal

form of HPV was also detected (Figure 1). The physical state of the

virus (episomal/ integrated) was associated with the disease

outcome. Survival data revealed that 16 out of 18 patients with

only episomal form of HPV (16 and/or 18), had disease free

survival as compared to those with integrated form of the virus,

indicating a good clinical outcome (p = 0.067, representing a

borderline significance) (Figure 3). The clinical outcome of all the

patients where the viral integration was studied is shown in

Table S2.

Identification of viral integration site
In order to understand whether the integration event is random

or there is some preference for certain sites within the

chromosomes, the sequencing data for 68 cases derived from

APOT assay were investigated by Blast and/or Blat. The site of

integration could be predicted with a high score in 48 cases

(Table S3a), for the remaining 20 cases the score was low

(Table S3b). Only those cases where the integration site was

predicted with high score (n = 48) were analyzed further for

different features associated with the same. The sites of integration

were found to be distributed throughout the genome. However,

Table 1. Cont.

Sample ID Histology HPV type Integration locus Gene Fragile site involved

CT 1097 SCC 16 18q11.2 - -

CT 740 SCC 18 18q21.3 - FRA18B(18q21.3) com

16 Episomal - -

CT 906 SCC 16 19p13.3 - FRA19B(19p13) com

CT 889 SCC 16 19q13.43 and Episomal - FRA19A(19q13) com

CT 918 SCC 16 20q11.21 and episomal COX4I2 -

Sample ID Histology HPV type Integration locus Gene Fragile site involved

CT 1170 SCC 16 20q11.21 COX4I2 -

18 - - -

CT 839 SCC 16 20q13.13 - -

CT 1015 SCC 16 - - -

CT 1082 SCC 16 - - -

CT 1101 SCC 16 - - -

CT 1107 SCC 16 - - -

CT 1108 SCC 16 - - -

CT 1135 SCC 16 - - -

CT 1161 SCC 16 - - -

CT 759 SCC 16 - - -

CT 787 SCC 16 - - -

CT 792 SCC 16 - - -

CT 800 SCC 16 - - -

CT 828 SCC 16 - - -

CT 868 SCC 16 - - -

CT 887 SCC 16 - - -

CT 905 SCC 18 - - -

CT 934 SCC 16 - - -

CT 935 SCC 16 - - -

CT 951 SCC 16 - - -

Key: – SCC: Squamous cell carcinoma, AC: Adenocarcinoma, Com: Common Fragile site
doi:10.1371/journal.pone.0041012.t001
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integration was more frequent at the chromosomal loci 1p (n = 7),

3q (n = 8), 13q (n = 4), 6q (n = 4), 11q (n = 4) and 20q (n = 4)

(Figure 4). Only one sample showed HPV integration at two

chromosomal loci simultaneously. Some of the recurrent integra-

tion sites were also checked at the genomic level by carrying out

genomic DNA PCR with HPV E7 primers as the forward primer

and primers specific to a given chromosomal region as the reverse

one (Figure S2).

Features associated with HPV integration
Using NCBI Fragile site Map Viewer it was observed that 60%

of integrations (29/48) were located in or close to a common or

rare fragile site. The rest of the integration sites were not

associated with any fragile sites (Table 1). Using the UCSC Blat

tool 58% of the sequences (28/48) were observed to be either

within or nearby protein coding genes. These genes belonged to

various categories ranging from oncogenes, transcription factors,

and tumor suppressor genes (Table 1).

Discussion

It is proven beyond doubt that infection by HPV plays a major

role in the etiology of cervical cancer. Reports from different parts

of the sub-continent indicate a prevalence of HPV ranging from

73–99% [18–30]. In the present study we report 95% HPV

positivity using three different primer sets. It is apparent from this

study that a single set of primers is not sufficient to estimate the

true HPV infectivity. Of the various HPV genotypes HPV16 was

most common (60%), followed by infection with HPV18 alone

(2%). Dual infection with HPV16/18 (6%) and HPV16/45 (3%)

was also observed. These results are in concordance with other

studies from the Indian subcontinent which reports 57–65%

HPV16 positivity, followed by HPV18, 45, and 33 in cervical

neoplasia [19,20,29].

Integration of the virus is common in late stage cervical cancers

and is considered an important event in the progression of the

disease. Integration generally occurs downstream of the early

genes E6 and E7, often in the E1 or E2 region. The E2 gene is

transcriptionally inactivated once the virus gets integrated due to

disruption of its open reading frame. Viral E2 gene has been

extensively studied and is known to play a role in viral replication

as well as negative regulation of E6 and E7 genes [31].

Various techniques have been used to study integration of the

virus, such as Ligation-mediated PCR [32], Restriction site-PCR

[15] and APOT assay [6]. In order to limit our study to integration

sites with a transcriptionally active viral genome, APOT assay was

chosen. Also, APOT assay allows detection of integrated viral

genome in clinical lesions even in the presence of a large excess of

nonintegrated episomal form of viral genomes [6,33]. The

frequency of viral integration into the host genome in cervical

carcinomas has been reported to be as high as 100% in HPV18+

tumors [34] and up to 80% in HPV16+ tumors [35]. In our study

we found four HPV18+ samples where the virus was integrated

and one HPV18+ sample where the virus was episomal. The

incidence of integration in HPV16+ samples was higher. The

mechanism of HR-HPV integration is not fully understood. It is

speculated that integration might represent a chance occurrence,

the probability of which increases with the frequency of double-

strand breaks (DSBs) in host and viral DNA. Chromosomal fragile

sites could represent the hotspots for HR-HPV integration.

The physical state and/or site of integration was studied in 86

cervical tumour samples infected with either or both of two HR-

HPVs, HPV16 and HPV18, and with an adequate clinical follow-

up. Episomal form of HPV was observed in 18 cases. Presence of

only episomal form in these patients with advanced disease stage

(predominantly FIGO stage IIIB), could indicate that either HPV

integration is not solely responsible for the progression of the

disease; or it could be a limitation of the technique resulting in

failure of amplification of the integrant derived transcript. Recent

studies have confirmed presence of only episomal form of the virus

in advanced cervical squamous cell carcinomas [33,36]. In

addition, since APOT works on the basis of annealing of the

Frohman primer to the polyA tail, cases in which polyA tail is

located at a great distance from the forward primer, might not be

amenable to amplification by PCR.

In the present study, we observed 12 samples where both

integrated as well as episomal forms of the virus were present. In

such cases, E2 may be available in trans to modulate the expression

levels of oncogenic E6 and E7 [37]. Also according to the report

by Pett et al., loss of episomes is as much important as integration

of the virus into the host genome for progression of lesions to

cervical neoplasia [38]. It would be interesting to see the

expression of E2 and E6/E7 in cases where HR-HPV is present

in episomal as well as integrated form or in samples where HPV is

only episomal.

There are reports that HR-HPV proteins other than E6/E7

induce chromosomal instability and transformation [39]. It is

reported that E2 stabilizes Skp2, an oncogene and this could lead

to activation of S-phase entry [39]. Hamid et. al., [40] have also

suggested a role for E2 in cell proliferation. Since cells in S-phase

are more responsive to radiation, cancers with episomal E2 could

be more responsive to radiation treatment. Comparison of the

physical state of the virus (episomal/integrated) with the clinical

outcome after radical radiotherapy revealed that patients with

episomal form of the virus had increased disease free survival

compared to those with integrated form. This observation is

supported by various reports which state that the integration event

is associated with a decreased disease free survival [41,42].

However, there are contrasting reports as well, according to which

physical state of the virus does not correlate with disease free

survival [43,44]. This needs to be studied further.

Although integration sites were distributed throughout the

genome in different samples, there was a preference for certain

chromosomal loci such as 1p, 3q, 6q, 11q, 13q, 6q and 20q.

Certain specific regions in some of these loci such as 1p36.23,

1p36.33, 3q26, 3q28 and 20q11.21 showed repeated integrations,

indicating that integration might not be a random event. Reports

from studies involving western populations indicate that integra-

tion of the virus occurs most commonly at 8q chromosomal locus

[3,45,46]. Integration at the 8q locus in our study was observed in

only 1 out of 48 cases. This may be due to the difference in the

ethnicity of the two populations.

The 3q, 13q and 20q loci besides being preferential target for

HPV integration have been reported to be sites for genomic

instability associated with cervical cancer. Gain of 3q and 20q,

while loss of 13q has been reported in various stages of the disease

[47–49]. Also more recent reports show that a significant

association exists between genomic rearrangement and HPV

integration [46]. It would therefore be interesting to study whether

the preferential integration of the virus into these loci has a role to

play in inducing genomic instability.

Most of the integrations (28/48) were found to be located within

or near certain genes. This could indicate that the virus prefers

transcriptionally active regions for the integration event. Such

genes included oncogenes such as myc, transcription factors like

TP63, MECOM, etc. This observation is supported by previous

report by Wentzensen et al wherein they have shown involvement

of tumour related genes (myc and TP63) in HPV integration
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process [50]. Studies in our lab have shown that some of the genes

within which integration was observed, such as ABCB10,

SLC25A36, IL8, COX4I2, HNF1B, myc, demonstrated increased

expression (unpublished data), thereby indicating that upon

integration within or near a particular gene the virus may bring

about changes in gene expression.

Integration of the virus near or within fragile sites has frequently

been reported [15,45,50–52]. Fragile sites are specific regions in

the chromosomes that nonrandomly undergoes break in response

to certain stress. This makes genes in or near these sites susceptible

to foreign DNA integration. In our study 29/48 integrations were

located within or near a common or rare fragile site which is in

concordance with previous reports. Another observation of our

study was that patients with viral integration at chromosomal loci

3q, 13q and 20q showed the worst prognosis amongst all. Whether

this can have any clinical implication in prognosis of cervical

cancer would be interesting and challenging to study.

Supporting Information

Figure S1 Kaplan-Meier analysis for two HR-HPV types
– HPV16 and/or HPV18 and disease outcome. Kaplan-

Meier survival analysis for HPV16 and/or HPV18 in 125 patients

who had a good clinical follow up was carried out. Patients with

HPV16 infection alone showed a trend towards better disease free

survival as compared to HPV18 infection alone and dual infection

with HPV16/18.

(TIF)

Figure S2 Genomic DNA PCR of the recurrent integra-
tion sites. Representative gel images (a, b) showing HPV

integration at the genomic level. Recurrent integrations at

chromosomal loci 1p36.23, 3q28, 6q23.3, 8p11.21 and 11q13.1

is depicted.

(TIF)

Table S1 Primer sequences.

(DOCX)

Table S2 Clinicopathological data for all cases where
the viral integration was studied.
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Table S3 Sequence of HPV integration sites in the
genome in 68 cases. a) Integration sites for 48 cases with a

high prediction score. b) Integration sites for 20 cases with a low

prediction score.

(DOCX)
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