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Abstract

Cervical cancers, a malignancy associated with oncogenic papillomaviruses, remain a major 

disease burden in the absence of effective implementation of preventive strategies. CD66+ cells 

have previously been identified as a tumor propagating subset in cervical cancers. We investigated 

the existence, differentiation state and neoplastic potential of CD66+ cells in a pre-cancer cell line 

harboring HPV31b episomes. The gene expression profile of CD66High cells overlaps with 

differentiated keratinocytes, neoplastic mesenchymal transition, cells of the squamo-columnar 

junction and cervical cancer cell line derived spheroids. There is elevated expression of DNMT1, 

Notch1 and the viral gene product E1^E4, in CD66High cells. Thus CD66High cells, in the 

absence of differentiating signals, express higher levels of key regulators of keratinocytes 

stemness, differentiation and the viral life cycle respectively. We also find a striking association of 

neoplastic traits including migration, invasion and colony formation in soft agar with CD66High 

cells. These properties and a distinct G2M enriched cell cycle profile are conserved in cells from 

cervical cancers. Principally, using a precancerous cell line, we propose that CD66High cells have 

an intermediate differentiation state with a cellular milieu connected with both viral replication 

and neoplastic potential and validate some key features in pre-cancer lesions. Such 

pathophysiologically relevant systems for defining cellular changes in the early phases of the 

disease process provide both mechanistic insight and potential therapeutic strategies. Collectively, 

our data provides a rationale for exploring novel therapeutic targets in CD66+ sub-sets during 

cancer progression.
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INTRODUCTION

In tumours such as breast cancers, glioblastomas and colorectal cancers, tumorigenic sub-

populations have been identified and are thought to underlie resistance to therapy and 

recurrence of tumour (1–6). Such sub-sets often upregulate the expression of pluripotency 

factors, Oct4, Nanog, Sox2 and cell survival pathways such as Notch Signaling (4,7–10). 

We have recently identified a subset of cells in cervical cancers with enhanced tumorigenic 

and metastatic functions (10). These cells are sustained by Notch signaling and are distinct 

in their expression of CD66. The transmembrane protein CD66, a member of the 

carcinoembryonic antigen family, has been implicated in invasive functions in different 

solid tumours, including ovarian cancer and estrogen deprived breast cancer cells (11–14). 

CD66+ cells in cervical cancers have higher expression of the pluripotency factors Oct4 and 

Nanog, as well as drug transporters (10). Other groups have reported CD49f, a marker of 

basal undifferentiated keratinocytes, Sox2, one of the induced pluripotency genes and 

CD44+ Cytokeratin 17+ subsets to be linked to tumourigenic traits and sub-sets in cervical 

cancer (15,16). The identification of these subsets has raised new and unresolved questions 

about the origin of functional heterogeneity. For instance, it is unclear if these cells represent 

a deregulation of a stem cell pool or the induction of a stem-like state in relatively 

differentiated cells (4). Recent evidence from different systems suggests that differentiated 

cells can become tumorigenic sub-sets by hijacking the self-renewal machinery (4,17,18). 

There is accumulating evidence that these stemness and survival pathways can be invoked in 

the context of stress response, such as hypoxic niches and the process of epithelial to 

mesenychmal transitions accompanying wound healing (4,19,20). It is therefore likely that 

some populations in a tumour can evolve distinct functional features even in the absence of 

genetic insults, possibly by epigenetic mechanisms.

Currently, an issue that remains unexplored is whether sub-sets of cells with unique 

tumorigenic functions are present and functionally important in the early stages of 

tumorigenesis (4,21). Cervical pre-cancers or cervical intra epithelial neoplasias (CINs), 

arise due to persistent infection with the high risk papillomaviruses including 16, 18, 45 and 

31 (22–24). Here we use the CIN-612 culture system to analyze a putative tumorigenic 

population in early cervical lesions and ascertain mechanistic links using primary 

keratinocytes transfected with papillomavirus genomes. CIN-612 cells are derived from a 

natural infection with HPV31b (25). They represent an early phase of the disease process as 

they maintain low copies of the viral genome as epsiomes (25,26). The unique property of 

this cell line is its ability to support viral replication upon differentiation, thus these cells 

exist as an undifferentiated pool, with similarities to CIN1 lesions (25,26). This cell line is 

therefore amenable for the study of papillomavirus related changes to keratinocytes, such as 

regulation of genes required for the viral life cycle, in the critical, clinically relevant, 

window of early disease.

MATERIALS AND METHODS

Cell Culture and reagents

CIN-612-9E cells, primary keratinocytes (HFKs), HFKs transfected with HPV genomes and 

CaSki spheroids have been described before (10,25–29). CIN-612 cells and HFKs were 
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cultured in E Medium supplemented with EGF (mouse EGF(BD) in Fig. 3, human 

recombinant EGF (Peprotech) in Fig. 1, 2, 4, 5 and 6) and differentiated as described before 

(26–29). CIN-612 cells were routinely (at the time of the experiments) characterized for 

episomal HPV31 maintenance and differentiation potential in rafts. Cultures were used 

within 25 passages of acquisition for CaSki and SiHa (bought from ATCC), early passages 

for HFKs and transfected HFKs. All cultures were routinely tested for mycoplasma and 

retention of described morphology and growth features. Further, CaSki ex-plants in mice 

generate tumours as per previous reports (10). CIN-612 cells were transduced as described 

earlier (30) with virions carrying shRNAs against DNMT1 (Origene for Supplementary Fig. 

3G, and plasmids described in (30) Fig. 6J). The HPV16 E6 mutants have been described 

before (29).

Cell Sorting

CIN-612 cells were sorted using the Pluriselect kit. Pluriselect Universal Mouse S beads 

(Pluriselect) were conjugated to the CD66 antibody (BD Pharmigen, 551354) according to 

the manufacturer’s instructions. Sorting of CD66 cells from SCCs and from CaSki spheroids 

was performed as described before (10).

Flow Cytometry and Immunofluorescence

Live cell staining was performed with PE conjugated anti-CD66 (BD 553457) or Isotype 

Control (BD 555574, BD 551480) at room temperature for 30 minutes, in HBSS buffer. 

Cells with intensity greater than mean +3 S.D. of the isotype (live staining)/secondary 

control (for fixed cells) were considered CD66High and the rest considered CD66Low. 

Annexin V staining was performed according to the manufacturer’s instructions (BD 

Pharmigen, 556420). For immunofluorescence of fixed cells- 0.5×106 cells were fixed in 4% 

PFA, blocked with blocking solution (10% serum, 0.2%TritonX100, NaAzide in PBS), 

stained for 1 hour (primary), followed by 30 min (secondary) at room temperature with 

antibodies against Notch1 (Santa Cruz, sc-6074), DNMT1 (Abcam, ab19905), HPV31 

E1^E4 (Laimins’s Lab), PML (Santa Cruz, sc-966), CD66 and Alexa Fluors 488 and 647 

(Molecular Probes). Cells were analyzed by flow cytometry on BD FACSCalibur and 

imaged on Zeiss LSM510 Meta confocal microscope. Analysis was performed using 

FlowJo, R, Zeiss LSM viewer and ImageJ. Immunohistochemistry was performed after 

antigen retrieval (sodium citrate, pH 6.0), using the Novolink Polymer Detection System 

(Leica Biosystems) and imaged on Nikon ECLIPSE TE2000-S. Antibodies against CD66 

and pan HPV E1^E4 (gift from Dr. Sally Roberts) were used.

Western Blots

Immunoblots were performed using antibodies against the following -DNMT1 (Abcam, 

ab19905), Notch1 (Santa Cruz, sc-6074), CHK2 (Santa Cruz, sc-5278), pCHK2, Thr68 (Cell 

Signaling Techonology, 2661), NICD (Cell Signaling Techonology, 2421), p63 (Santa Cruz, 

sc-8431), GAPDH (Santa Cruz, sc-47724), KRT14 (Abcam, ab7800), Cleaved Caspase3 

(Cell Signaling Technology, 9661), PML (Santa Cruz, sc-966), CDC2 (Santa Cruz, 

sc-137034), pCDC2, Tyr15, (Cell Signaling Technology, 9111). Densitometry was 

performed using ImageJ. Cropped blots are shown.
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Cell Cycle Analysis

0.4×106 cells stained with the CD66 primary antibody on ice for 30 minutes following 

which they were fixed in ice cold methanol for 15 minutes. Cells were stained with Alexa 

Fluor 488 followed by DRAQ5 (Biostatus) and acquired on BD FACSCalibur.

Soft Agar Assay

5000 sorted CD66High and CD66Low cells were seeded for colony formation in soft agar as 

described before(10,31). Cells were treated with 5μM 5AzadC (Sigma)/DMSO for 72 hours 

before sorting. Number of colonies in 10 random fields were counted under the 10X 

objective (Olympus CK40).

Microarray Analysis

RNA was extracted from 0.5–0.6×106 sorted cells using the RNeasy Kit (Qiagen). RNA 

quality was checked using the Bioanalyzer, labeled using the Agilent’s Quick-Amp labeling 

Kit and Hybridized to the Human 4×44K Array. Intra-array normalization was performed 

using the GeneSpringGX 11.5 Software (Genotypic Inc). The gene expression data has been 

deposited in the GEO database (accession number – GSE59322). Gene Ids (Up-regulated 

>1.5 fold in CD66High cells) were mapped to the Unigene database and gene term 

enrichment analysis was performed using DAVID web tools using only the Gene Ontology 

databases. Enrichment threshold of 2 and p-value cut off of 0.05 were used to make 

representative plot of the top clusters. Gene Set Enrichment Analysis was performed using 

the GSEA tool against available or custom datasets described in the text (33). GSEA 

enrichment plots are shown, details can be found in the documentation of the GSEA tool.

Gene Expression and HPV DNA content by Real Time PCR

RNA was isolated using Trizol (Invitrogen), treated to remove DNA (Fermentas DNaseI), 

cDNA synthesis was performed using MuMLV (Invitrogen). RPLP0 or GAPDH were used 

as a control for equal loading. DNA was isolated either by detergent lysis or using the 

DNeasy kit (Qiagen). RRP40 was used as a control for equal amount of genomic DNA. RT-

PCRs were performed on the ABI7500 machine using the Kapa SYBR fast qPCR kit. Primer 

sequences are listed in the Supplementary Material.

Migration and Invasion Assays

Migration and invasion assays were performed as described before(10). 5% FBS for 

CIN-612, 10% FBS for SiHa cells and intact CaSki spheroids as chemoattractant. The outer 

side of the membrane was stained and the number of nuclei were counted.

RESULTS

Detection of a CD66High sub-set with higher protein levels of Notch1, DNMT1 and p63 in 
CIN-612 cells

We examined CIN-612 cells for the surface expression of the CD66 protein (Fig. 1A). Using 

an antibody against CD66, we defined a CD66High subset with a frequency of around 24% 

(Fig. 1B). In order to establish whether the CD66High cells were differentiated or 
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progenitor-like (basal), we estimated the protein levels of DNMT1, p63, KRT14 and 

intracellular Notch1 in sorted CD66High and CD66Low cells (Fig. 1C, Supplementary Fig. 

1A). While DNMT1 and p63 are known to maintain keratinocyte stemness, KRT14 is a 

marker of basal keratinocytes while Notch Signaling is a key regulator of keratinocyte 

differentiation (30,34–37). We find that CD66High cells have higher protein levels of 

DNMT1, p63, cleaved intracellular Notch1 (NICD) and comparable levels of KRT14 to 

CD66Low cells (Fig. 1C, Supplementary Fig. 1A). We confirmed these results by co-

staining CIN-612 cells for CD66 and Notch1/DNMT1 (Fig. 1D,E Supplementary Fig. 1B–

F). Collectively, CD66High cells are Notch1/NICDHigh, DNMT1High and p63High in 

CIN-612 (Fig. 1C–E, Supplementary Fig. 1B–F). The expression of p63, DNMT1 and 

KRT14 is normally restricted to the basal (undifferentiated) cells and Notch1 to the partially 

differentiated supra-basal cells in the epithelium (30,34–37). The co-expression of these 

proteins in the CD66High subset predicts a state consistent with both self-renewal and 

differentiation.

CD66High cells are differentiated along with progenitor/stemness profiles

In order to resolve the differentiation state that we found in the CD66High cells, we 

combined gene expression analysis with the transcript analysis of the reprogramming 

factors, Oct4, Nanog and Sox2 (38). Gene expression profiling was performed using 

microarrays on CIN-612 cells sorted on the basis of CD66 expression. A total of 924 

transcripts were up-regulated (>1.5 fold), and 204 down-regulated (<1.5 fold) in the 

CD66High cells versus CD66Low cells. The genes up-regulated in the CD66High cells were 

clustered using the DAVID functional annotation clustering tool (32). Keratinocyte 

differentiation related genes were among the top enriched clusters (Fig. 2A, Supplementary 

Fig. 2A). This was supported by gene set enrichment analysis (GSEA) showing enrichment 

of genes expressed in keratinocytes upon differentiation in CD66High cells (30,33) (Fig. 

2B). These data place the CD66High cells in a differentiated keratinocyte state. In contrast, 

gene expression analysis by real-time PCR revealed that CD66High subset also had 

increased levels Oct4, Nanog and Sox2 (Fig. 2C). This data demonstrates a component of 

stemness in the CD66High subset, which is supported by the higher levels of DNMT1 and 

p63 protein in these cells (Fig. 1C,D, Supplementary Fig. 1B–D). We also find this mixed 

pattern of the expression of stemness and differentiation related genes in sorted CD66High 

cells from spheroids of CaSki, a cervical cancer cell line (Fig. 2D, Supplementary Fig. 

2B,C) and from primary cervical cancers (Supplementary Fig. 2C). We thus establish that 

the CD66High subset has features consistent with both stemness and keratinocyte 

differentiation.

Papillomavirus genomes enhance protein expression of both Notch1 and DNMT1

Papillomavirus genomes are known to regulate host proteins; for instance, p63 is a known 

target of the papillomavirus genome and is required for the viral late gene expression and 

viral amplification (27). Based on our results from Fig. 1 we asked if papillomavirus 

genomes regulate the levels of Notch1 and DNMT1, and whether their expression is 

sustained upon differentiation. Activated Notch1 has been shown to co-operate with the 

papillomavirus oncogenes in transformation assays (31,39). Recent evidence suggests that 
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papillomavirus genomes alter methylation patterns in the host via DNMT1, while DNMT1 

itself plays a role in carcinogenesis (40,41).

Keratinocytes transfected HPV31 genomes upregulate cleaved intracellular Notch1 and 

DNMT1 proteins (Fig. 3A,B). Upon differentiation of these cells in methylcellulose, 

although NICD levels decrease, DNMT1 levels are maintained (Fig. 3A,B). When these 

cells are differentiated in calcium, DNMT1 levels decrease but are still higher than the 

corresponding untransfected keratinocytes (Supplementary Fig. 3A). Differentiation of 

primary keratinocytes is accompanied by a reduction in DNMT1 and Notch1 protein levels.

A similar trend is seen in CIN-612 cells, where there is a decrease in the protein levels of 

both NICD and DNMT1 upon differentiation in methylcellulose (Fig. 3D,E). In calcium 

containing medium, although there is an overall decrease in DNMT1 protein levels, it is still 

maintained at a high level in a fraction of cells (Fig. 3C, Supplementary Fig. 3A, 

Supplementary Fig. 1D).

In line with previous reports we also find an increase in DNMT1 expression with HPV16 

and 18 genomes (40) (Supplementary Fig. 3B,C). Since sustained expression of E6 and E7 is 

critical to papillomavirus mediated tumour progression (22), we examined if the viral 

oncogenes can also up-regulate DNMT1. We find that while E6 and E7 from HPV31, 

HPV18, and E7 from HPV16 are able to up-regulate DNMT1 (Supplementary Fig. 3D–F) an 

E6 mutant, I128T (29) is unable to do so. This mutant is defective in its interaction with the 

ubiquitin ligase E6 Associated Protein (E6AP). As a result, these cells have higher steady 

state levels of p53 (Supplementary Fig. 3F). This data argues for a role for HPV16 E6 in 

maintaining DNMT1 levels.

We tested if DNMT1 is required for the viral life cycle and found that cells expressing 

shRNA against DNMT1 are defective in differentiation dependent expression of viral gene 

E1^E4 (Supplementary Fig. 3G). Treatment of CIN-612 cells with the DNA methylation 

inhibitor 5AzadC also resulted in lower clonogenic ability and decrease in the amount of 

papillomavirus DNA (Supplementary Fig. 3H,I).

These data implicate the papillomavirus genomes in the up-regulation of DNMT1 and 

Notch1 proteins, sustaining DNMT1 levels even upon differentiation, and reveal a role for 

DNA methylation in the papillomavirus life cycle. It also prompts an examination of the 

CD66High cells, which are DNMT1High and Notch1High for links with the viral life cycle.

CD66High cells show a differentiation dependent link with the papillomavirus life cycle

The cells of origin in cervical cancer are thought to reside in the squamo-columnar junction 

(SCJ) region of the cervix (22,23,42). Persistent infection with the high-risk 

papillomaviruses is known to induce cervical cancers predominantly in this region 

(22,23,42). Papillomaviruses require keratinocyte differentiation for the completion of their 

life cycle (22–24). In particular, the expression of the late gene E1^E4 and amplification of 

the viral genome occur only upon differentiation (22,24,43). Viral replication centers, which 

are formed in a subset of cells upon differentiation, coincide with PML bodies or ND10 

structures and recruit molecules such as CHK2 and H2AX (44–48). Based on the results in 
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Fig. 1–3 we asked if CD66High cells in CIN-612 were in fact linked to the papillomavirus 

life cycle and to the cells in the SCJ.

To address the link to the viral life cycle we analyzed three features: the amount of HPV 

DNA, expression of viral replication associated proteins and the viral protein E1^E4. 

CD66High cells have higher amounts of HPV DNA both before and after differentiation 

(Fig. 4A). Sorted CD66High cells from undifferentiated CIN-612 cells have higher protein 

levels of PML and marginally higher levels of CHK2 and pCHK2 (Fig. 4B). Co-staining of 

undifferentiated CIN-612 cells shows PML positive nuclear structure in CD66High cells 

(Fig. 4C). We assessed E1^E4 levels by co-staining with CD66 followed by flow cytometry. 

We find that E1^E4High cells are CD66High and confirm this by imaging (Fig. 4D–F, 

Supplementary Fig. 4A,B). We find a positive correlation between the expression of E1^E4 

and CD66 in undifferentiated cells (R2>0.5) which decreases upon differentiation (Fig. 

4D,E). In organotypic rafts, the lower compartment with the undifferentiated cells, has cells 

that co-express CD66 and E1^E4 (Supplementary Fig. 4C,D). In the upper compartment 

with the differentiated cells, CD66High and E1^E4 High cells are often distinct 

(Supplementary Fig. 4C). Collectively, we find a CD66High E1^E4High subset in 

undifferentiated conditions with features of viral replication.

We then examined the relationship between the CD66High cells in CIN-612 and cells in the 

SCJ which are thought to be the targets of papillomavirus mediated transformation, using 

GSEA analysis. There is an enrichment of the SCJ gene signature (42) in CD66High cells 

(Fig. 4G). The similarity between junctional cells, which are thought to be the cells of origin 

of cervical cancer and CD66High cells is consistent with neoplastic potential.

CD66High cells have pro-oncogenic features of survival and growth in vitro

We proceeded to assess the neoplastic abilities of the CD66High cells from CIN-612. The 

cell cycle profile of CD66High cells, showed an enrichment of CD66High cells in the G2/M 

phase of the cell cycle, together with higher levels of pCDC2 (Fig. 5A,B Supplementary Fig. 

5A. This property is conserved in CD66High cells from SiHa, a cervical cancer cell line 

(Fig. 5C). In CaSki spheroids, CD66High cells are slowly dividing cells (Supplementary 

Fig. 5D). The lower subG1 fraction in the CD66High cells prompted us to look at markers 

of apoptosis in CD66Low cells (Fig. 5A, Supplementary Fig. 5A). CD66Low cells had 

higher levels of AnnexinV staining (Fig. 5D, Supplementary Fig. 5B) and elevated cleaved 

Caspase3 protein levels (Supplementary Fig. 5C). CD66High cells also form more colonies 

in soft agar (Fig. 5E). CIN-612 cells treated with 5AzadC before sorting form significantly 

less colonies than DMSO treated sorted cells (Fig. 5F). Collectively these assays 

demonstrate that CD66High cells have features of enhanced survival and transformation, 

thus revealing marked neoplastic potential in the pre-cancer stage itself.

The neoplastic features of CD66High cells include an association with migration and 
invasion

We have noted that CD66+ cells are enriched in CaSki spheroids, and have enhanced 

migratory and invasive properties (10). A comparison of the gene expression in CD66High 

and CD66Low cells from CIN-612 with CaSki spheroids showed a striking correlation 
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between the genes highly expressed in CaSki spheroids and in the CD66High cells from 

CIN-612 (Fig. 6A). This was underscored by GSEA analysis showing that gene expression 

of CD66High cells positively correlates with genes in the ‘mesenchymal transition 

signature’ common to all invasive cancer types (49) (Fig. 6B). We therefore reasoned that 

CD66High cells in CIN-612 may have functional features thought to be acquired only in late 

stages of carcinogenesis. Consistent with this idea we find that CIN-612 cells are capable of 

migration and invasion and that CD66High cells form the major fraction of both migratory 

and invasive cells (Fig. 6C–F). DNMT1 depleted CIN-612 cells show a mild defect in 

migration (Fig. 6J). The migratory cells from CaSki and SiHa, like CIN-612 are 

predominantly CD66High (Fig. 6G,H). Additionally, the edges of primary tumours and 

CINs are enriched for CD66High cells (Fig. 6I, Supplementary Fig. 6).

CINs have a distinct pattern of CD66 expression overlapping with regions that express 
E1^E4

We have previously shown that CD66High cells are present in primary invasive cervical 

cancers and at their metastatic sites (10). Here, we asked if CD66 expression could be 

detected in the early stages of cervical cancers. Consistent with expected prevalence we 

noted about 30% HPV16 and 10% HPV31 positivity in the CIN lesions that we screened 

(Supplementary Fig. 6E). In a limited analysis of sections from CINs, we find CD66 

expression mostly in the top third of the epithelium with differentiated cells, with a few 

CD66 expressing cells in the lower layers with undifferentiated cells. In order to test the 

hypothesis that CD66High cells are E1^E4 High, we stained serial sections with antibodies 

against CD66 and a pan HPV E1^E4 (Fig. 7A,B). Collectively, we find overlapping staining 

of CD66 and E1^E4, analogous to our results in Fig. 4. We also note that in the 

histologically normal cervical epithelium CD66 expression is restricted only to the top 

layers in cells with a definite flattened, stratified squamous morphology (Supplementary Fig. 

6D). In CINs, CD66 expression is seen in the lower layers, which contain the 

undifferentiated cells, consistent with both ectopic expression and movement of these cells 

(Fig. 7A–C).

DISCUSSION

Tumour heterogeneity has been analyzed in different cancers from two main perspectives, 

firstly the frequency and properties of subsets (1–5) and secondly, mechanisms by which 

these subsets are generated and sustained (4,6,8,17–21). Our focus in this study has been on 

defining the existence of CD66+ cells and their properties in the early phase of human 

cervical cancers. There are two striking observations in this study. A CD66High subset with 

neoplastic properties emerges in the early phase of cervical cancers (Fig. 5–7) and this 

subset is linked to the papillomavirus life cycle (Fig. 4, 7).

Our findings suggest a basis for these properties, namely, a unique state of differentiation. 

We find that CD66High cells have components of both keratinocyte differentiation and 

stemness as characterized by gene expression profiling, expression of reprogramming 

factors and the pattern of expression of Notch1, DNMT1 and viral protein E1^E4 in these 

cells (Fig. 1,2 and 4). It is likely that the stemness component is required for the 
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development of neoplastic properties. The simultaneous overlapping differentiated state is 

likely to be permissive for differentiation dependent viral life cycle events, which are also 

required for transformation.

In line with this idea, we find that CD66High cells from the pre-cancer derived CIN-612 are 

capable of anchorage independent growth, make up the major migratory and invasive 

fraction in these cells and show a dependence on DNA methylation for these properties (Fig. 

5,6). We find a striking G2/M fraction in the CD66High cells (Fig. 5). This can be explained 

in part by high levels of E1^E4 (43,50), however, the conservation of this signature in SiHa 

requires further analysis. Our data extends recent observations on the CD66High sub-set in 

advanced human cervical cancers where we have noted a relationship with tumour 

propagating potential and metastasis (10). Since our approach has involved using CD66 as a 

marker to sort and study subsets, a functional role for CD66 itself needs further evaluation.

In conclusion, our data provide novel insights into the generation of critical subsets at the 

intersection of the papillomavirus life cycle and cellular transformation. The mixed 

differentiation-stemness state in the CD66High cells suggests the possibility of a 

reprogramming event (Supplementary Fig. 7). Future work should be aimed at evaluating if 

differentiated CD66High cells, which have already undergone some viral replication, are 

reprogrammed to a stem-like state by the upregulation of molecules like DNMT1 and p63 

by the HPV genomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD66High cells in CIN-612 express higher levels of Notch1, DNMT1 and p63
A, Undifferentiated CIN-612 cells (10,000 cells) were analyzed for CD66 expression by 

flow cytometry. Density-plots show CD66 expression (dark gray) and negative/isotype 

control (light gray). B, Box-plot of percentage of CD66High cells. N=20, median=24.10. C, 

Sorted CD66Low and CD66High cells were examined for DNMT1, NICD and p63 proteins. 

GAPDH was used as a loading control. N=5, means with S.E.M are shown. D, Density-plots 

show DNMT1 expression in 8000, CD66High (dark gray), CD66Low (light gray) cells, and 

the secondary control (white) in undifferentiated CIN-612 cells by flow cytometry. E, 

Density-plots show Notch1 expression in 10,000, CD66High (dark gray), CD66Low (light 

gray) cells and secondary control (white), in undifferentiated CIN-612 cells by flow 

cytometry.

Pattabiraman et al. Page 13

Cancer Res. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. CD66High cells are differentiated along with progenitor/stemness profiles
A, Genes upregulated in CD66High cells were subjected to gene ontology based 

classification using the DAVID gene term classification tool. The top 4 enriched clusters are 

shown with their Benjamini corrected EASE scores (−log10). B, GSEA analysis of gene 

expression profiles of CD66High and CD66Low cells compared to 216 genes up-regulated 

in keratinocytes upon differentiation in Ca2+ containing media (30). ES = 0.63605547, NES 

= 1.9540734, Nominal p-value <0.001, FDR q-value<0.001, FWER p-Value <0.001. C, 

Expression of pluripotency factors in sorted CD66High versus CD66Low cells from 

undifferentiated CIN-612 cells by real time PCR. D, Gene expression of indicated genes in 

sorted CD66High versus CD66Low cells from CaSki spheroids. For C and D, N= 3 sorts, 

error bars = S.E.M, Fold change of 1 is shown as a horizontal line.
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Figure 3. Human Papillomavirus 31 genomes enhance both Notch1 and DNMT1 levels
A, Expression of DNMT1 in primary keratinocytes (HFK) compared to HFKs transfected 

with HPV31 genomes (HFK+ HPV31), in undifferentiated (U) and after differentiation (D) 

in methylcellulose. B, Expression of cleaved intracellular Notch1 (NICD) in HFKs 

compared with HFK+HPV31, in undifferentiated (U) and after differentiation (D) in 

methylcellulose. C, Expression of DNMT1 in undifferentiated CIN-612 cells (UD) and after 

differentiation in Ca2+ for 24 hrs [D(24)] or 48 hrs [D(48)]. D, Immunoblot of DNMT1 and 

NICD levels in CIN-612 cells in undifferentiated conditions (UD) and after differentiation in 

methylcellulose for 24 hrs [D(24)] or 48 hrs [D(48)]. E, Immunoblot of Notch1 levels in 

CIN-612 cells before (U) and after differentiation in methylcellulose for 24 hours [D(24)] 

and 48 hours [D(48)]. Notch1* represents full-length and Notch1** represents intracellular 

levels of Notch1. A–E, GAPDH was used as a loading control. N=3, mean with S.E.M. are 

shown below the blots.
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Figure 4. CD66High cells are linked to the differentiation dependent papillomavirus life cycle
A, HPV31 DNA content in sorted CD66High versus CD66Low cells. Left: undifferentiated 

cultures of CIN-612, Right: differentiated in Ca2+, N=3, error bars= S.E.M., ** is p-value= 

0.004, Welch’s t-test. B, Expression by western blot of PML, pCHK2 and CHK2 in sorted 

CD66High versus CD66Low cells from undifferentiated CIN-612 cells. GAPDH was used 

as a loading control. C, Expression of PML by immunofluorescence in undifferentiated 

CIN-612 cells, CD66c (red), PML (green), DAPI (nuclei, blue). Left: CD66High cell, right: 

CD66Low. Scale bar is 10μM. D,E Scatter plots showing E1^E4 and CD66 expression in 

10,000 CIN-612 cells, in D, undifferentiated (Undiff) and in E, differentiated (Diff) in Ca2+. 

R2 =Pearson’s coefficient of correlation. F, Relative expression levels of E1^E4 in 

CD66Low and CD66High cells N=3, 8000 cells/experiment. Error bars are S.E.M. * is p-

value=0.038, Welch’s t-test. G, GSEA analysis of gene expression profiles of CD66High 

and CD66Low cells compared to a 68 gene signature of cells of the squamo-columnar 

junction (42). ES = 0.6349658, NES = 1.7570925, Nominal p-value <0.0002, FDR q-

value<0.0002, FWER p-Value <0.0002.

Pattabiraman et al. Page 16

Cancer Res. Author manuscript; available in PMC 2015 November 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. CD66High cells have pro-oncogenic features of survival and growth in vitro
A, CD66High cells and CD66Low cells have distinct cell cycle profiles. Undifferentiated 

CIN-612 cells were stained for CD66 expression and the DNA binding dye DRAQ5. 

Representative plots of distribution of DNA (<2n, 2n, 4n, >4n) in CD66Low (left, 19427 

cells) and CD66High (right, 19193 cells) cells. B, Expression of CDC2, pCDC2 (Tyr15) in 

sorted CD66Low and CD66High cells from undifferentiated CIN-612 cells. GAPDH was 

used as a loading control. C, SiHa cells were stained for CD66 expression and the DNA 

binding dye DRAQ5. Representative plots of distribution of DNA (<2n, 2n, 4n, >4n) in 

CD66Low (left, 1381660 cells) and CD66High (right, 17046 cells) cells. D, Binding of 

AnnexinV in 3000 CD66High (dark gray) and CD66Low (light gray) cells is shown in the 

density-plots. E, Sorted cells from undifferentiated CIN-612 cells were seeded for colony 

formation in soft agar. Ratio of colonies from CD66High and CD66Low cells after 10, 14 

and 21 days (10d, 14d, 21d respectively), N=3 sorts, error bars = S.E.M., p-value 

=0.0163(*), Welch’s t-test. F, Undifferentiated CIN-612 cells were treated with 5AzadC or 

DMSO before sorting and seeded for colony formation in soft agar. Number of colonies 

from treated (5AzadC 5μM, 72 hrs)/untreated (DMSO) CD66High and CD66Low cells is 
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plotted. Colonies were counted on day 10, 14 and 21. N= 3, error bars = S.E.M., p-values 

**= 0.02, *=0.032, Welch’s t-test.
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Figure 6. The neoplastic features of CD66High cells include an association with migration and 
invasion
A, GSEA analysis of gene expression profiles of CD66High and CD66Low cells compared 

to the indicated gene set from the MsigDB (M2572). ES = 0.571464, NES = 1.5786825, 

Nominal p-value= 0.008526187, FDR q-value = 0.008526187, FWER p-Value= 0.007. B, 

GSEA analysis of gene expression profiles of CD66High and CD66Low cells compared to 

top 297 genes up-regulated in CaSki cells grown as Spheroids(10). ES = 0.55261254 NES= 

1.741556 Nominal p-value <0.001, FDR q-value<0.001, FWER p-Value <0.001. C, CD66 

staining in CIN-612 after migration, left: secondary control, right: CD66(green), DAPI 

(nuclei, blue). Scale bar is 10μm. D, Fraction of CD66High cells in the migratory cells from 

CIN-612. E, CD66 staining in CIN-612 after invasion, left: secondary control, right: CD66 

(green) staining, DAPI (nuclei, blue). Scale bar is 10μm. F, Fraction of CD66High cells in 

the invasive cells from CIN-612. For D and F, N=3, 100 cells/experiment, error bars are 

S.E.M., p-value= 0.00012 and 0.0010 respectively, Welch’s t-test. G, Representative image 

of CD66 expression in the migratory cells from CaSki spheroids after 24 hours of migration. 

CD66 (right panel- green), DAPI (left panel, nuclear stain -blue). Scale bar is 100μm. H, 

Representative image of CD66 expression in the migratory cells from SiHa after 24 hours of 

migration. CD66 (green), DAPI (nuclear stain, blue). Scale bar is 10μm. I, Primary cancer 

section showing immunofluorescence of DAPI (left panel, nuclear stain, blue) and CD66 

(right panel, green). Scale bar is 20μm. J, Effect of DNMT1 depletion on migration of 

CIN-612 cells. Number of migratory cells from 10 random fields were counted and fold 

change was calculated against untransduced control (control) and plotted for scrambled 

control (scram) and two shRNAs to DNMT1, shDNMT1 1 and shDNMT1 2. N=3, error bars 

are S.E.M. * is the p-value=0.0361, Welch’s t-test.
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Figure 7. CD66 expression localizes to areas which also express E1^E4 and extends to the 
undifferentiated compartment in CINs
A, B, Immunohistochemical analysis of CIN sections for the expression of CD66 and pan 

HPV E1^E4. Top panel: regions of E1^E4 expression (in brown) and bottom panel: regions 

of CD66 expression (in brown) from the same lesion (serial sections). Sections were 

counterstained with hematoxylin (blue, nuclear stain). Scale bar is 50μm. Vertical black 

arrows represent the corresponding regions from the two images- CD66High and E1^E4 

High. Horizontal blue arrow shows CD66 staining in the lower layers. C, Schematic of 

CD66 and E1^E4 expression in the CINs, left: productive viral life cycle stage, right: 

precancerous stage.
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