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ABSTRACT 35 

The ubiquitous host protein, CCCTC-binding factor (CTCF), is an essential regulator 36 

of cellular transcription and functions to maintain epigenetic boundaries, stabilise 37 

chromatin loops and regulate splicing of alternative exons. We have previously 38 

demonstrated that CTCF binds to the E2 open reading frame (ORF) of human 39 

papillomavirus (HPV) 18 and functions to repress viral oncogene expression in 40 

undifferentiated keratinocytes by co-ordinating an epigenetically repressed chromatin 41 

loop within HPV episomes. Cellular differentiation, which is necessary for HPV life 42 

cycle completion disrupts CTCF-dependent chromatin looping of HPV18 episomes 43 

inducing enhanced activity of the HPV18 early promoter P105 and increased viral 44 

oncogene expression.  45 

To further characterise CTCF function in HPV transcription control we utilised direct, 46 

long-read Nanopore RNA-sequencing which provides information on the structure 47 

and abundance of full-length transcripts. Nanopore analysis of primary human 48 

keratinocytes containing HPV18 episomes before and after synchronous 49 

differentiation allowed quantification of viral transcript species in these cultures, 50 

including the identification of low abundance novel transcripts. Comparison of 51 

transcripts produced in wild type HPV18 genome-containing cells to those identified 52 

in CTCF-binding deficient genome-containing cells (HPV18-ΔCTCF) identifies CTCF 53 

as a key regulator of differentiation-dependent late promoter activation, required for 54 

efficient E1^E4 and L1 protein expression. Furthermore, our data show that CTCF 55 

binding at the E2 ORF of HPV18 promotes usage of the downstream weak splice 56 

donor (SD) sites SD3165 and SD3284, to the dominant E4 splice acceptor site at 57 

nucleotide 3434.  These findings demonstrate importance of CTCF-dependent 58 

transcription regulation at multiple stages of the HPV life cycle.  59 

 60 

IMPORTANCE 61 

Oncogenic human papillomavirus (HPV) infection is the cause of a subset of 62 

epithelial cancers of the uterine cervix, other anogenital areas and the oropharynx. 63 

HPV infection is established in the basal cells of epithelia where a restricted 64 

programme of viral gene expression is required for replication and maintenance of 65 

the viral episome.  Completion of the HPV life cycle is dependent on the maturation 66 

(differentiation) of infected cells which induces enhanced viral gene expression and 67 

induction of capsid production. We previously reported that the host cell 68 
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transcriptional regulator, CTCF, is hijacked by HPV to control viral gene expression. 69 

In this study, we use long-read mRNA sequencing to quantitatively map the variety 70 

and abundance of HPV transcripts produced in early and late stages of the HPV life 71 

cycle and to dissect the function of CTCF in controlling HPV gene expression and 72 

transcript processing.  73 

 74 

INTRODUCTION 75 

Human papillomaviruses (HPVs) are a family of small, double-stranded DNA viruses 76 

that infect cutaneous and mucosal epithelia. Most HPV types cause benign epithelial 77 

hyperproliferation, which is usually resolved by host immune activation. However, 78 

persistent infection with a subset of HPV types (e.g., HPV16 and 18) are the cause 79 

of epithelial tumours including cervical and other anogenital cancers, and carcinoma 80 

of the oropharyngeal tract (1).   81 

The viral episome is maintained and replicated in the cell nucleus as an 82 

extrachromosomal, chromatinised episome which allows the epigenetic regulation of 83 

viral transcription in an equivalent manner to host genes (2). The regulation of HPV 84 

gene expression in differentiating epithelia is tightly regulated and is a key strategy in 85 

the maintenance of persistent infection. Several distinct transcriptional start sites 86 

(TSSs) have been identified including the major early and late promoters, the E8 87 

promoter (PE8) and less well-defined TSSs around nucleotide 520 (P520) and 3000 88 

(P3000). The relative activity of these promoters is dependent on the differentiation 89 

status of the host keratinocyte (3-5). Establishment of HPV infection occurs in the 90 

undifferentiated basal keratinocytes of epithelia where viral genome copy number 91 

and transcription are maintained at low levels, presumably to prevent host immune 92 

activation. We and others have shown that the viral episome is maintained in an 93 

epigenetically repressed state in undifferentiated keratinocytes, characterised by low 94 

abundance of trimethylation of lysine 4 (H3K4Me3) and enrichment of trimethylation 95 

of lysine 27 (H3K27Me3) on histone H3, which attenuates viral gene expression (5, 96 

6). The host cell chromatin-organising and transcriptional insulation factor, CCCTC-97 

binding factor (CTCF) is important in the maintenance of the epigenetic repression of 98 

the HPV genome through the stabilisation of a chromatin loop. CTCF binds to a 99 

conserved site in the E2 open reading frame (ORF) of HPV18 approximately 3,000 100 

base pairs downstream of the viral transcriptional enhancer situated in the long 101 

control region (LCR) (7).  Although the major CTCF binding site and the viral 102 
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enhancer are physically separated, we demonstrated that abrogation of CTCF 103 

binding resulted in inappropriate epigenetic activation of the HPV18 enhancer and 104 

early promoter (termed P105 in HPV18) and increased expression of the viral 105 

oncoproteins E6 and E7 (E6/E7) (6, 7). CTCF physically associates with the 106 

transcriptional repressor Ying Yang 1 (YY1) (8) and we subsequently showed that 107 

CTCF-dependent epigenetic repression of the HPV18 episome was through 108 

interaction with YY1 bound at the viral LCR, such that CTCF and YY1 co-operate to 109 

stabilise an epigenetically repressed chromatin loop within the early gene region (6). 110 

While the association of CTCF with the HPV18 episome is not significantly altered by 111 

keratinocyte differentiation, YY1 protein expression and binding to the HPV18 112 

genome is dramatically reduced in differentiated keratinocytes leading to loss of 113 

CTCF-YY1 dependent chromatin loop stabilisation (6). This differentiation-dependent 114 

topological change in the HPV episome is coincident with epigenetic activation of the 115 

P105 promoter and increased expression of the HPV E6/E7 oncoproteins.  116 

Activation of the major late promoter (termed P811 in HPV18) in part occurs through 117 

epigenetic derepression of the HPV episome upon keratinocyte differentiation (5, 6, 118 

9) and reviewed in (10). This restricts expression of the viral capsid proteins L1 and 119 

L2 to the upper compartment of infected epithelia, limiting their potential for host 120 

immune activation (4, 11, 12). The late promoter also regulates expression of viral 121 

intermediate genes including E1, E2, E1^E4 and E5, which are important for viral 122 

genome amplification in the upper layers of the infected epithelia (13, 14). The 123 

mechanisms underlying the differentiation-dependent epigenetic activation of late 124 

promoter activity are not clear, but it has been shown that the viral enhancer in the 125 

LCR is required for late promoter activation (15) and that differentiation-dependent 126 

enhancement of transcription elongation may play a key role in late promoter 127 

activation (16).  128 

Further enhancing the complexity of HPV gene expression regulation, the 129 

polycistronic HPV mRNA is subject to extensive post-transcriptional splicing, which 130 

gives rise to an array of transcripts that each encode a distinct subset of full length, 131 

and/or fusion proteins. While studies have mapped the HPV18 transcriptome (17, 132 

18), the quantification of HPV promoter activity and the abundance of each mature 133 

transcript has not been reported. Cellular splicing factors are utilised and 134 

manipulated by the virus to co-ordinate differentiation dependent viral transcript 135 

splicing, including the serine-arginine rich (SR) proteins and heterogeneous 136 
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ribonucleoproteins (hnRNPs) (19, 20). In addition to its functions in chromatin 137 

looping and epigenetic isolation, CTCF can play an important role in regulating 138 

alternative gene splicing, most likely through multiple mechanisms. In the host cell 139 

CD45 locus, CTCF binding within exon 5 promotes inclusion of upstream exons by 140 

creating a “roadblock” to pause RNA polymerase II progression, allowing more 141 

efficient recognition of weak exons by the splicing machinery (21). It has also been 142 

shown that DNA methylation-dependent binding of CTCF within normally weak 143 

exons promotes inclusion during co-transcriptional splicing (22). To support these 144 

findings, a significant enrichment of CTCF binding sites in close proximity to 145 

alternatively spliced exons has been reported (23). However, CTCF binding at 146 

distant sites can also influence alternative exon usage through the stabilisation of 147 

intragenic chromatin loops (24). Our early analysis of CTCF-dependent control of 148 

HPV18 transcript splicing indicated an important role for this factor in maintaining the 149 

complexity of slicing events (7) but the global effect of CTCF on HPV18 transcript 150 

processing was not analysed.  151 

Next generation sequencing (NGS) has revolutionised virology research by providing 152 

nucleotide resolution data on existing and emerging pathogens, prevalence, and 153 

evolution. However, conventional Illumina-based RNA sequencing (RNA-Seq) 154 

methods are limited in that information on the structure of full-length transcripts, 155 

including alternative splicing is sacrificed to preserve accuracy and read depth (25). 156 

Direct, long-read Nanopore sequencing overcomes this limitation by providing 157 

quantitative data on the abundance of individual mRNA isoforms (26). 158 

In this study, we use Nanopore sequencing to quantify the spectrum of HPV18 159 

transcripts in HPV18 episome-containing primary human keratinocytes and to map 160 

differentiation-induced changes in promoter usage, splicing and transcript 161 

abundance. Furthermore, we characterise the global effect of CTCF binding to the 162 

HPV18 genome on transcript splicing and early and late promoter activity. 163 

 164 

METHODS 165 

Ethical approval 166 

The collection of neonatal foreskin tissue for the isolation of primary human foreskin 167 

keratinocytes (HFKs) for investigation of HPV biology was approved by Southampton 168 

and South West Hampshire Research Ethics Committee A (REC reference number 169 

06/Q1702/45). Written consent was obtained from the parent/guardian. The study 170 
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was approved by the University of Birmingham Ethical Review Committee (ERN 16-171 

0540).  172 

 173 

Cell culture, methylcellulose differentiation and organotypic raft culture 174 

Normal primary HFKs from neonatal foreskin epithelia were transfected with 175 

recircularised HPV18 wild type (WT) or -ΔCTCF genomes and maintained on 176 

irradiated J2-3T3 fibroblasts in complete E medium (27) as previously described (7). 177 

For methylcellulose-induced keratinocyte differentiation, 3 x106 HPV18-WT or -178 

ΔCTCF genome containing keratinocytes were suspended in E-media supplemented 179 

with 10 % FBS and 1.5 % methylcellulose and incubated at 37 °C, 5 % CO2 for 48 180 

hrs. Cells were then harvested by centrifugation at 250 x g followed by washing with 181 

ice-cold PBS. Cells were then either suspended in medium containing 1 % 182 

formaldehyde to cross-link for chromatin immunoprecipitation (ChIP) as described 183 

below, or RNA and protein was extracted from cell pellets as previously described 184 

(7).    185 

 186 

Organotypic raft cultures were prepared as previously described (7). Rafts were 187 

cultured for 14 days in E medium without epidermal growth factor to allow cellular 188 

stratification. Raft cultures were fixed in 3.7 % formaldehyde and paraffin embedded 189 

and sectioned by Propath Ltd (Hereford, United Kingdom).  190 

 191 

Antibodies 192 

Anti-CTCF (61311) and anti-H4Ac (39925) antibodies was purchased from Active 193 

Motif, HPV18 L1 (ab69) antibody purchased from Abcam and anti-β-actin (AC-74) 194 

purchased from Sigma. E1^E4 antisera were produced as previously described (28). 195 

HRP-conjugated anti-mouse and anti-rabbit antibodies (Jackson Laboratories) were 196 

used for Western blotting and Alexa-488 and –594 conjugated anti-rabbit/mouse 197 

antibodies (Invitrogen) were used for immunofluorescence staining. 198 

 199 

Chromatin immunoprecipitation-qPCR (ChIP-qPCR) 200 

ChIP-qPCR assays were performed using the ChIP-IT Express Kit (Active Motif) as 201 

per the manufacturer’s protocol. Briefly, cells were fixed in 1 % formaldehyde for 5 202 

mins at room temperature with gentle rocking, quenched in 0.25 M glycine and 203 

washed with ice-cold PBS.  Nuclei were released using a Dounce homogeniser. 204 
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Chromatin shearing was carried out by sonication at 25 % amplitude for 30 secs 205 

on/30 secs off for a total time of 15 mins using a Sonics Vibracell sonicator fitted with 206 

a microprobe. ChIP efficiency was assessed by qPCR using SensiMix SYBR master 207 

mix using a Stratagene Mx3005P (Agilent Technologies, Santa Clara, CA, USA). 208 

Primer sequences for ChIP experiments are shown in Table 1. Cycle threshold (CT) 209 

values were used to calculate fold enrichment compared to a negative control FLAG 210 

antibody with the following formula: 211 

 212 

Fold binding over IgG = (2ΔCT Target)/(2ΔCT IgG) 213 

 214 

Where ΔCT target = Input CT – Target CT and ΔCT IgG = Input CT – IgG CT. Each 215 

independent experiment was performed in technical triplicate and data shown are 216 

the mean and standard deviation of three independent repetitions.  217 

 218 

 219 

Primer 
pair (amplicon mid-

point) 
Fw (5’ – 3’) Rev (5’ – 3’) Ta  

(°C) 

4440 GGGGTCGTACAGGGTACATT  GATGTTATATCAAACCCAGACG
TG  56  

5381  TCTGCCTCTTCCTATAGTAAT
GTAACG  

GGAATAAAATAATATAATGGCC
ACAAA  56  

5655  CCTCCTTCTGTGGCAAGAGT  GGTCAGGTAACTGCACCCTAA  56  

6659 AGTCTCCTGTACCTGGGCAA  AACACCAAAGTTCCAATCCTCT  58  

7301 GTGTGTTATGTGGTTGCGCC  GGATGCTGTAAGGTGTGCAG  58  

7746 
ACTTTCATGTCCAACATTCTGT
CT  ATGTGCTGCCCAACCTATTT  56  

115   TGTGCACGGAACTGAACACT  CAGCATGCGGTATACTGTCTC  58  

751 
CGAACCACAACGTCACACAAT
  ACGGACACACAAAGGACAGG  58  

1500 GCAATGTATGTAGTGGCGGC  TACACTGCTGTTGTTGCCCT  58  

2819 TGCAGACACCGAAGGAAACC  CATTTTCCCAACGTATTAGTTGC
C  

58  

2926  
GGCAACTAATACGTTGGGAAA
A  TGTCTTGCAGTGTCCAATCC  56  

3165 
AGGTGGCCAAACAGTACAAGT
  GCCGTTTTGTCCCATGTTCC  58  

3381 
TGGGAAGTACATTTTGGGAAT
AA  TCCACAGTGTCCAGGTCGT  56  

3971 TATGTGTGCTGCCATGTCCC  CTGTGGCAGGGGACGTTATT  56  

 220 

Table 1: Primer sequences used for ChIP-qPCR experiments. Ta, annealing 221 

temperature 222 
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 223 

ChIP-Seq 224 

ChIP and respective input samples were used for generation of ChIP-Seq libraries 225 

as described (29).  Briefly, 2-10 ng DNA was used in conjunction with the NEXTflex 226 

Illumina ChIP-Seq library prep kit (Cat# 5143-02) as per the manufacturer’s protocol.  227 

Samples were sequenced on a HiSeq 2500 system (Illumina) using single read 228 

(1x50) flow cells.  Sequencing data was aligned to the HPV18 genome (accession 229 

number: AY262282.1) using Bowtie (30) with standard settings and the -m1 option 230 

set to exclude multi mapping reads (31). 231 

 232 

RNA sequencing and data analysis 233 

For RNA-Seq, libraries were prepared using Tru-Seq Stranded mRNA Library Prep 234 

kit for NeoPrep (Illumina, San Diego, CA, USA) using 100ng total RNA input 235 

according to manufacturer’s instructions. Libraries were pooled and run as 75-cycle–236 

pair end reads on a NextSeq 550 (Illumina) using a high-output flow cell. Sequencing 237 

reads were aligned to human (GRCh37) and HPV18 (AY262282.1) genomes  with 238 

STAR aligner (v2.5.2b) (32). The computations were performed on the CaStLeS 239 

infrastructure (33) at the University of Birmingham. Sashimi plots were generated in 240 

Integrative Genomics Viewer (IGV), Broad Institute 241 

((http://software.broadinstitute.org/software/igv/). 242 

  243 

Nanopore direct RNA sequencing and data analysis 244 

8x107 cells from undifferentiated or methylcellulose differentiated keratinocytes 245 

containing HPV18 (WT or ΔCTCF) samples for RNA extraction using the RNeasy 246 

Plus Mini Kit (Qiagen) according to the manufacturer’s instructions and DNaseI 247 

treated (Promega). 500 ng of polyA+ RNA was used in conjunction with the direct 248 

RNA sequencing kit (Oxford Nanopore technologies, Oxford, UK [SQK-RNA002]). All 249 

protocol steps are as described in (34). The reads were aligned to the human 250 

(GRCh37) and HPV18 (AY262282.1) genomes using minimap2 (35) with options “-251 

ax splice -uf -k14” for nanopore direct RNA mapping. The splicing coordinates were 252 

extracted from the bam files using custom scripts. 253 

 254 

 255 

Cell lysis and western blotting 256 
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Cells were lysed with urea lysis buffer (ULB; 8 M urea, 100 mM Tris-HCl, pH 7.4, 14 257 

mM ß-mercaptoethanol, protease inhibitors) and protein concentration determined. 258 

Protein extracts from organotypic raft cultures were harvested using ULB and 259 

homogenised using a Dounce homogeniser contained with a category II biological 260 

safety cabinet.  Lysates were incubated on ice for 20 mins before centrifugation at 261 

16,000 x g for 20 mins at 4 °C.  Supernatant was transferred to a fresh tube and 262 

protein concentration assessed by Bradford Assay. For Western blotting, equal 263 

quantities of protein lysates were separated by SDS-PAGE and western blotting was 264 

carried out by conventional methods. Chemiluminescent detection was carried out 265 

using a Fusion FX Pro and densitometry performed with Fusion FX software.  266 

 267 

Immunofluorescence 268 

Immunofluorescence was carried out on paraffin embedded organotypic raft culture 269 

sections using the agitated low temperature epitope retrieval (ALTER) method as 270 

previously described (36). Briefly, slides were sequentially immersed in Histoclear 271 

(Scientific Laboratory Supplies) and 100 % IMS and incubated at 65 °C in 1 mM 272 

EDTA (pH 8.0), 0.1 % Tween 20 overnight with agitation. Slides were then blocked in 273 

PBS containing 20 % heat-inactivated normal goat serum and 0.1 % BSA (Merck).  274 

Primary antibodies were diluted in block solution and incubated overnight at 4 °C 275 

followed by 3x PBS washes. Fluorophore-conjugated secondary antibodies were 276 

diluted in block buffer and added to slides which were incubated at 37 °C for 1 hour. 277 

Slides were subsequently washed 4x 10 mins in PBS with Hoechst 33342 solution 278 

(10 μg/ml) added to the final PBS wash.  Slides were mounted in Fluoroshield 279 

(Sigma-Aldrich) and visualised using a Nikon inverted Epifluorescent microscope 280 

fitted with a 40x oil objective. Images were captured using a Leica DC200 camera 281 

and software. 282 

 283 

Results 284 

We have previously characterised a CTCF binding site within the E2 open reading 285 

frame (ORF) of HPV18 which is strongly bound by CTCF in a primary HFK model of 286 

the HPV18 life cycle (6, 7). Although the E2-CTCF binding site was the most CTCF 287 

enriched region of the HPV18 genome in our ChIP-qPCR analysis, there did appear 288 

to be other regions of the viral genome that were bound at a lower level by CTCF. In 289 

addition, CTCF binding sites have been predicted in the late gene region of HPV18 290 
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and other high-risk HPV types and binding has been demonstrated in HPV31 291 

episomes (7, 37). To analyse CTCF binding to the HPV18 genome with greater 292 

sensitivity, we opted to map CTCF binding peaks using ChIP-sequencing (ChIP-293 

Seq). Anti-CTCF immunoprecipitated chromatin harvested from HFKs harbouring 294 

HPV18 episomes was subject to Illumina next generation sequencing. Reads were 295 

aligned to the HPV18 genome revealing robust enrichment of CTCF in the E2 ORF 296 

with maximal binding between nucleotides 2960-3020, corresponding to the 297 

previously identified E2-CTCF binding site (Fig.1A). No other distinct CTCF peaks 298 

were observed in the HPV18 genome. In addition, ChIP-Seq analysis of CTCF 299 

enrichment in mutant HPV18 genomes in which the E2-CTCF binding site was 300 

mutated to prevent CTCF binding (HPV18-ΔCTCF), revealed a complete loss of 301 

CTCF binding to the E2-ORF with no evidence of enhanced binding at secondary 302 

sites (Fig.1A), confirming our previous ChIP-qPCR analysis of this mutant virus.  303 

Abrogation of CTCF binding at the HPV18 E2 ORF resulted in increased 304 

transcriptional activity of the HPV18 early promoter (P102) and a concomitant 305 

increase in E6/E7 protein expression (6, 7). These studies also revealed alterations 306 

in the splicing of early transcripts, indicated by a significant reduction in the 307 

abundance of transcripts spliced at 233^3434 upon amplification by semi-308 

quantitative RT-PCR (7). To confirm these findings and to further characterise 309 

CTCF-dependent regulation of HPV18 transcript splicing, we utilised high-depth 310 

Illumina RNA-Seq data in HPV18-wild type and -ΔCTCF transfected primary HFKs to 311 

quantify individual splicing events (Fig.1B). While there were a similar number of 312 

splicing events at 233^3434 in the wild type and mutant HPV18 genome-containing 313 

cells (403 and 407 events, respectively), splicing at 233^416 was increased in 314 

HPV18-ΔCTCF genome containing cells in comparison to wild type (28,918 events 315 

compared to 16,557 events respectively, Fisher’s test p-value <0.00001), which 316 

could account for the observed relative reduction in amplification of transcripts 317 

spliced at 233^3434 by qRT-PCR (7). Interestingly, we also noted a reduction in 318 

splicing at 3284^3434, previously proposed to encode a truncated form of the E2 319 

protein, E2C (18), and a complete loss of splicing at 3165^3434 in HPV18-ΔCTCF 320 

genome containing cells compared to wild type HPV18. Found at relatively low 321 

abundance, splicing at 3165^3434 has been previously described and predicted to 322 

encode a novel E2^E4 fusion protein termed E2^E4L (38). Similarly, splicing at 323 

2853^3434 has been proposed to encode a shorter form of E2^E4 fusion protein, 324 
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E2^E4S (38), however, this splice was not detected in our Illumina RNA-Seq data. 325 

Splicing from the 929 SD site to the weak acceptor site at 3440 was observed in 326 

HPV18-ΔCTCF genome containing cells (391 events) but not in wild type HPV18. 327 

These findings suggest that CTCF may play a role in controlling acceptor site usage 328 

downstream of the E2-CTCF binding site.  329 

While individual splicing events can be quantified using conventional short-read RNA 330 

sequencing methods, the evaluation of the structure of individual transcripts and the 331 

multiple splicing events that may occur within a single transcript is not possible. To 332 

fully characterise and, for the first time, quantify the relative abundance of individual 333 

HPV18 transcripts in primary HFKs, purified and polyA+ enriched RNA was analysed 334 

by direct long-read MinION sequencing. Cells were either grown in monolayer 335 

culture on feeder cells (undifferentiated) or embedded in semi-solid methylcellulose 336 

containing medium for 48 hours, to induce synchronous differentiation, and the 337 

spectrum of transcripts quantified as reads per million (RPM) for each sample. To 338 

confirm that morphological keratinocyte differentiation was induced by suspension in 339 

methylcellulose, differentiation-dependent changes to cellular markers of 340 

keratinocyte differentiation were analysed. A notable increase in involucrin (IVL) 341 

expression was observed (Fig.2A; Fisher’s test p-value < 0.00001). In addition, an 342 

alteration in transcript splicing of the keratinocyte-specific extracellular matrix protein, 343 

Ecm1, upon keratinocyte differentiation has been reported (39). Undifferentiated 344 

keratinocytes express full length Ecm1 transcript 2 but expression of a shorter, 345 

alternatively spliced transcript (transcript 3) is induced upon keratinocyte 346 

differentiation. Analysis of Ecm1 transcripts in our MinION sequencing data 347 

demonstrated the appearance of Ecm1 transcript 3 which lacks exon 7 in 348 

methylcellulose differentiated keratinocytes only (Fig.2B). 349 

Virus host fusion transcripts were identified at very low abundance (<2% of total HPV 350 

reads), indicative of low-level viral integration. Nonetheless, these fusion transcripts 351 

were removed from our data set prior to analysis to include only those transcripts 352 

derived from HPV episomes. Data were then normalised to the total number of reads 353 

in each sample to calculate reads per million (RPM) of each viral transcript species. 354 

In agreement with previous reports (17, 18), five clear groupings of transcriptional 355 

start sites were identified in undifferentiated HPV18 genome containing cells, which 356 

originated between nucleotides 1-350 (P102), 351-700 (P520), 701-900 (P811), 1000-357 

1400 (P1193) and 2800-4000 (P3000) (Fig.2C), which were used to define transcript 358 
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species in subsequent quantifications. Keratinocyte differentiation resulted in a 359 

significant change in TSS usage characterised by activation of the P811 major late 360 

promoter (Fig.2C). In undifferentiated HPV18 wild type genome-containing cells, the 361 

most abundant transcript was initiated at the P102 promoter and spliced at 233^416-362 

929^3434 (transcript 3; Fig.3). This transcript has the potential to encode E6*I, E7, 363 

E1^E4 and E5. Several novel transcripts were identified at low abundance in the 364 

undifferentiated wild type HPV18 cells including transcripts 13 and 25, which encode 365 

E6*I and E7 respectively along with E2 and E5. Interestingly, splicing at both 366 

3165^3434 and 3284^3434 was observed in undifferentiated cells (transcripts 11 and 367 

12; Fig.3), however, these transcripts originated from the P3000 promoter and 368 

therefore lack the E2 start codon at nt2816 and more likely encode E5 in the basal 369 

keratinocytes rather than E2^E4 fusion proteins as previously suggested (38). A 370 

single, previously described transcript, spliced at 929^2779-3165^3434 was 371 

identified in differentiated WT HPV18 genome containing cells that originated at the 372 

P105 promoter, which contains the E2 start codon and could therefore encode 373 

E2^E4L (transcript 6; Fig.3)(38).  We also identified very low abundance of 374 

transcripts spliced at 929^2779-3284^3434, which is in frame with the E4 ORF and 375 

we predict would encode a novel E2^E4 fusion protein, denoted E2^E4XL but the 376 

presence of this theoretical protein in HPV18 infected cells is yet to be confirmed 377 

(transcript 5; Fig.3). 378 

Comparison of viral transcripts in WT and HPV18-ΔCTCF genome-containing cells 379 

revealed a significant increase in abundance of the major early transcript originating 380 

from the P105 promoter and spliced at 233^416-929^3434, which encodes E6*I, E7, 381 

E1^E4 and E5 (transcript 3; Fig.3, Fisher’s test p-value < 0.00001). A more modest 382 

increase in the second most abundant transcript in undifferentiated cells, originating 383 

from the P105 promoter and spliced at 929^3434 was also observed, which has the 384 

potential to encode full length E6 as well as E7, E1^E4 and E5 (transcript 4; Fig.3, 385 

Fisher’s test, non-significant). The increased abundance of these major early viral 386 

transcripts corroborates the previously observed increase in E6 and E7 protein 387 

expression when CTCF binding site is ablated (6, 7).  388 

Notably, splicing at both 3165^3434 and 3284^3434 (transcripts 11 and 12; Fig.3) 389 

was significantly reduced in HPV18-ΔCTCF genome containing cells compared to 390 

WT (Fisher’s test p-value < 0.00001 and 0.01, repectively) corroborating our finding 391 

in Illumina RNA-Seq datasets that CTCF may function to enhance the activity of 392 
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downstream weak SD sites in the HPV18 genome. Transcripts spliced at 929^3440 393 

(transcripts 13, 14 and 15) were also detected at low abundance. 394 

Transcripts that originate from the P811 late promoter were abundantly expressed in 395 

undifferentiated cells; transcripts originating from this promoter and spliced at 396 

929^3434 to encode E1^E4 and E5 proteins (transcript 9; Fig.3) were the second 397 

most abundant transcript in undifferentiated cells. As expected, the abundance of 398 

this transcript was dramatically increased around 50-fold (Fisher’s test p-value < 399 

0.00001) upon differentiation of the WT HPV18 cells in methylcellulose. However, 400 

while differentiation of HPV18-ΔCTCF genome-containing cells similarly resulted in 401 

an increase in abundance of this major E1^E4 encoding transcript, the overall 402 

abundance of this transcript was reduced by around 50 % compared to WT. It is also 403 

interesting to note that transcripts encoding the L1/L2 capsid proteins (transcripts 31-404 

34; Fig.3) were induced upon cellular differentiation in WT genome-containing cells, 405 

albeit at a low level, but these transcripts were all lower in abundance in HPV18-406 

ΔCTCF cells. These data suggest that recruitment of CTCF to the HPV18 genome at 407 

the E2-ORF may be important for differentiation-dependent activation of the viral late 408 

promoter.  409 

The major transcriptional promoters in the HPV18 genome have been previously 410 

mapped using 5’ RACE (17). Although transcript sequencing by Nanopore does not 411 

provide nucleotide resolution accuracy in mapping transcription start sites (40), the 412 

clustering of the 5’ end of viral transcripts was clearly enriched at the previously 413 

annotated transcriptional start sites (Fig.2C). Therefore, to characterise the 414 

differential activity of the major viral promoters in HPV18 WT and -ΔCTCF cells, the 415 

5’ end of each viral read in our Nanopore datasets was mapped and quantified. The 416 

5’ end of most transcripts (>95 %) mapped near four previously described 417 

promoters; P102, P520, P811 and P3000 (Fig.4). Interestingly, the 5’ end of transcripts 418 

that originated from both the P102 and P811 promoters clustered as a sharp peak at 419 

the previously annotated transcriptional start site whereas the 5’ end of transcripts 420 

originating from either the P520 or P3000 promoter regions were more broadly 421 

distributed (Fig.4A-D). As expected, the P102 promoter was the most active promoter 422 

in HPV18 WT genome-containing undifferentiated cells with very few transcripts 423 

originating from the P811 late promoter. Differentiation of these cells resulted in a 424 

dramatic increase in transcripts originating from the P811 promoter (Fisher’s test p-425 

value < 0.00001), coincident with a slight increase in P102 activity (Fisher’s test p-426 
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value < 0.00001) (Fig.4A and C). Transcripts originating from the P102 promoter 427 

were ~30 % more abundant in HPV18-ΔCTCF genome containing cells than WT, 428 

which was further activated upon cellular differentiation confirming enhanced activity 429 

of the early promoter in the absence of CTCF recruitment. Interestingly, the activity 430 

of the P811 late promoter was notably lower in differentiated HPV18-ΔCTCF genome 431 

containing cells compared to WT (Fisher’s test p-value < 0.00001), providing 432 

evidence that the activity of the late promoter in differentiated cells is attenuated 433 

when CTCF recruitment is abrogated. The P520 promoter had reduced activity 434 

compared to the P102 and P811 promoters, but interestingly this promoter was more 435 

active in differentiated HPV18 WT genome-containing cells than undifferentiated 436 

(Fisher’s test p-value 1.8E-4). In HPV18-ΔCTCF cells, the P520 promoter was more 437 

active than WT in undifferentiated cells (Fisher’s test p-value 0.016) but was not 438 

further activated by cellular differentiation (Fig.4B). Very few transcripts originated 439 

from P3000 in undifferentiated cells, however this promoter was strongly activated 440 

following cellular differentiation in HPV18 WT genome containing cells. As was 441 

observed at P811, differentiation-dependent activation of P3000 was reduced in 442 

HPV18-ΔCTCF genome containing cells compared to WT. The PE8 promoter (P1193) 443 

was only weakly active with less than 3 % of transcripts originating at this promoter 444 

in undifferentiated cells. Furthermore, the activity of PE8 was not affected by 445 

keratinocyte differentiation or mutation of the E2-CTCF binding site (data not shown). 446 

Analysis of TSS usage in the bulk population of viral transcripts revealed that while 447 

there was a greater proportion of transcripts which initiated from the P102 early 448 

promoter in HPV18-ΔCTCF episomes than WT (indicated by tighter density 449 

grouping), this did not reach significance (p 0.16) (Fig.5A). In contrast, highly 450 

significant differences were observed between TSS usage in HPV18-ΔCTCF 451 

episomes compared to WT following keratinocyte differentiation (p < 1E-16). While in 452 

WT HPV18 cells, the TSS usage density was highly enriched at the P811 promoter, 453 

transcripts in ΔCTCF-HPV18 genome-containing cells were less abundant at the P811 454 

promoter, and the P102 promoter was proportionately more active than in WT-HPV18 455 

episomes (Fig.5B). These analyses demonstrate that differentiation-dependent 456 

stimulation of P811 major late promoter activity is facilitated by recruitment of CTCF to 457 

the E2 ORF.   458 
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We previously demonstrated that in undifferentiated cells, HPV18-ΔCTCF episomes 459 

had increased trimethylation of lysine 4 in histone 3 (H3K4Me3) at the P102 early 460 

promoter compared to WT, correlating with increased promoter activity. However, 461 

while differentiation of HPV18 WT genome-containing cells resulted in a significant 462 

enrichment of H3K4Me3 at the P811 late promoter, no such enrichment was observed 463 

in HPV18-ΔCTCF episomes (6). Enhanced acetylation of histones is also indicative 464 

of enhanced activation of transcription by facilitating increased chromatin 465 

accessibility and the recruitment of transcriptional activators (41). We therefore 466 

assessed the changes in histone 4 acetylation (H4Ac) in HPV18 episomes induced 467 

by keratinocyte differentiation. H4Ac abundance in the viral genome in 468 

undifferentiated cells was detectable at low levels, consistent with restricted virus 469 

transcription (Fig.6A). Differentiation of the cells in methylcellulose resulted in a 470 

dramatic increase in H4Ac abundance throughout the WT-HPV18 genome, with an 471 

over 10-fold enrichment at the P811 late promoter, consistent with increased 472 

production of late transcripts (Fig.6A). However, HPV18-ΔCTCF episomes were 473 

devoid of H4Ac with only a small, insignificant increase in H4Ac abundance at the 474 

P811 following differentiation (Fig.6B). Together, these findings suggest that CTCF 475 

recruitment to the E2-ORF is necessary for appropriate epigenetic programming of 476 

the viral chromatin and differentiation-dependent transcriptional activation of P811. 477 

To determine whether the reduced differentiation-dependent activation of P811 in 478 

HPV18-ΔCTCF genomes resulted in reduced late protein expression, we analysed 479 

E1^E4 protein in methylcellulose differentiated cultures. Western blotting of lysates 480 

harvested from HPV-18 WT and -ΔCTCF genome containing cells before and after 481 

differentiation revealed an induction of involucrin protein expression. However, there 482 

was a significant attenuation of E1^E4 protein expression when CTCF binding to the 483 

viral genome was abrogated (Fig.7A and B). Since L1 protein is not robustly 484 

expressed in methylcellulose differentiated keratinocytes, we analysed L1 protein 485 

expression by immunostaining organotypic raft culture sections derived from two 486 

independent donors of HPV18-WT and -ΔCTCF genome containing cells. L1 positive 487 

cells were visible in the upper layers of HPV18-WT genome containing rafts but were 488 

barely detectable in HPV18-ΔCTCF rafts and this difference was significant (Fig.7C 489 

and D). While the total number of E1^E4 positive cells in the upper layers of HPV18-490 

ΔCTCF rafts was not altered, the intensity of E1^E4 staining was notably reduced 491 

(Fig.7C). Western blot analysis of protein lysates harvested from three independent 492 
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raft cultures confirmed a significant reduction in E1^E4 protein abundance in HPV18-493 

ΔCTCF genome containing raft cultures in comparison to WT (Fig.7E).  494 

 495 

DISCUSSION 496 

The differentiation-dependent regulation of papillomavirus transcription is 497 

fundamental to the productivity and persistence of infection. Previous studies have 498 

shown that the viral early (P105) promoter is active in basal keratinocytes and 499 

becomes further activated as the cells enter terminal differentiation (5, 6). In contrast, 500 

the viral late promoter (P811) is repressed in undifferentiated basal cells and strongly 501 

activated upon induction of cellular differentiation (4, 5, 9, 16, 42). In this study, we 502 

have utilised direct, long-read RNA sequencing to quantitatively analyse HPV18 503 

promoter activity and to dissect the role of CTCF in regulating viral transcription at 504 

key stages of the virus life cycle. Our findings confirm the differentiation-dependent 505 

model of HPV transcription control; transcripts that originate from the P105 promoter 506 

are dominant in undifferentiated cells and further increased in abundance upon 507 

cellular differentiation. The abundance of transcripts originating from the P811 late 508 

promoter is low in undifferentiated cells but is dramatically upregulated when cells 509 

are differentiated. Transcription originating from the P520 and P3000 promoter regions 510 

is also activated by cellular differentiation but overall, these promoters are far less 511 

active than either the P105 or P811 promoters. The PE8 promoter is equally weak in 512 

both undifferentiated and differentiated cells with only two transcript species that 513 

originate from this TSS. The most dominant transcript identified from the PE8 514 

promoter was spliced at 1357^3434 and encodes E8^E2 and E5. The second 515 

transcript, spliced at 1357^3465 to encode E5 only, was slightly increased in 516 

expression in differentiated cell cultures.  517 

Transcripts that encode fusion products between the E2 and E4 ORFs (E2^E4) have 518 

been previously described (38). These transcripts were reported to originate 519 

upstream of the E2 start code at position 2816 in HPV18 and therefore encode a 520 

protein fusion between the N-terminus of E2 and the C-terminus of E4. E2^E4S 521 

encoding transcripts, spliced at 2853^3434, were not identified in any of our 522 

Nanopore or RNA-Seq datasets. We did however detect transcripts spliced at 523 

3165^3434, which have been previously described to encode a fusion protein termed 524 

E2^E4L (38). However, this transcript was detected at very low abundance (~1 RPM) 525 

and only in differentiated keratinocytes. Interestingly, we also identified a third 526 
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transcript that may encode a previously uncharacterised E2^E4 fusion protein, which 527 

we termed E2^E4XL. This transcript originated from the P105 promoter and was 528 

spliced at 929^2779 and 3284^3434. Like E2^E4L, this transcript retains the E2 start 529 

codon but potentially encodes amino acids 1-156 of E2 fused to amino acid 6-88 of 530 

E4, but it remains to be determined if this transcript encodes a bone fide E2^E4 531 

fusion protein. Interestingly, most of the transcripts that originated from the P3000 532 

promoter were also spliced 3165^3434 or 3284^3434. These transcripts were in 533 

higher abundance than those originating from the P105 promoter in both 534 

undifferentiated and differentiated cells, but since they lack the E2 start codon, they 535 

are likely to encode E5 protein only. Supporting this hypothesis, splicing of 536 

transcripts originating from the P3000 promoter 3165^3434 and 3284^3434 537 

respectively removes several intronic ATG codons (7 and 11, respectively), 538 

potentially facilitating enhanced translation of E5. 539 

Comparison of the HPV18 transcript map between WT and ΔCTCF genome-540 

containing cells revealed several important phenotypes. Firstly, abrogation of CTCF 541 

binding resulted in enhanced production of transcripts originating from the P105 542 

promoter, in agreement with our previous findings (6, 7). The increased P105 activity 543 

resulted in an increase in transcripts spliced at 233^416-929^3434 (encoding E6*I, 544 

E7, E1^E4 and E5) and 929^3434, (encoding E6, E7, E1^E4 and E5) while there 545 

was a small decrease in transcripts spliced solely at 233^416 (encoding E6*I, E1, E7 546 

and E2) and 233^3434 (the only known transcript to encode E6*II), confirming our 547 

previous observation that abrogation of CTCF binding to the HPV18 genome 548 

reduces the abundance of transcripts spliced at 233^3434 (7). In addition, a marked 549 

decrease in transcripts spliced at 3165^3434 and 3284^3434 was observed in 550 

ΔCTCF-HPV18 genome containing cells in comparison to WT, confirming our initial 551 

analysis of HPV18 transcript splicing by conventional RNA-Seq. These data indicate 552 

that CTCF plays a key role in splice donor choice when splicing to the dominant 553 

splice acceptor site at nucleotide 3434 in the HPV18 genome.  554 

A functional role for CTCF in influencing cellular co-transcriptional alternative splicing 555 

has been previously demonstrated. CTCF binding within or downstream of weak 556 

exons can promote exon inclusion by creating a roadblock to pause RNA 557 

polymerase II progression, allowing greater splicing efficiency (22, 23, 43). 558 

Interestingly, CTCF-mediated chromatin loop stabilisation between gene promoter 559 

and exon regions also plays a key role in regulating alternative splicing events. 560 
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Exons downstream of a CTCF stabilised promoter-exon loop are more likely to be 561 

included in the nascent mRNA, providing a functional link between three-dimensional 562 

chromatin organisation and splicing regulation (24). Notably, in this study we show 563 

that this mechanism of splicing regulation is recapitulated in the HPV18 genome. 564 

CTCF binding within the HPV18 E2 ORF, upstream of weak slice donor sites at 3165 565 

and 3284 results in YY1-dependent stabilisation of a distinct chromatin loop with the 566 

upstream viral promoter (6) and correlates with increased splicing at both 3165^3434 567 

and 3284^3434 to produce E5 encoding transcripts.  568 

As expected, cellular differentiation strongly induced P811 promoter activation in WT 569 

HPV18 episomes. However, HPV18-ΔCTCF genome containing cells displayed a 570 

notable reduction in the abundance of transcripts originating from this promoter 571 

following differentiation. Differentiation dependent activation of the P3000 promoter 572 

was also attenuated in virus unable to bind CTCF. In contrast the P520 promoter in 573 

ΔCTCF-HPV18 was active in both undifferentiated and differentiated cells, albeit at a 574 

low level. Activity of P520 was induced by cellular differentiation in WT HPV18 cells 575 

but was not further activated in ΔCTCF-HPV18 cells. In agreement with the observed 576 

differentiation induced activation of the P811 and P3000 promoters in WT HPV18 577 

episomes, we demonstrated a marked increase in H4Ac enrichment, particularly in 578 

around the P811 and P3000 promoters. Interestingly, H4Ac enrichment following 579 

differentiation was not recapitulated in ΔCTCF-HPV18 episomes, indicating that 580 

CTCF binding to the E2-ORF is important for enhanced transcriptional activation in 581 

the late stages of the virus life cycle. Importantly, attenuation of differentiation-582 

dependent late promoter activation in ΔCTCF-HPV18 resulted in significantly 583 

reduced E1^E4 protein expression following methylcellulose differentiation and an 584 

almost complete loss of L1 protein expression in stratified epithelia. These results 585 

demonstrate for the first time that CTCF has essential functions in differentiation-586 

dependent transcriptional dynamics in the late stages of the HPV life cycle. 587 
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 598 

Figure Legends 599 

Figure 1: Abrogation of CTCF recruitment to the HPV18 E2 ORF alters early 600 

transcript splicing. (A) Enrichment of CTCF in the HPV18 genome was assessed 601 

by ChIP-Seq in either WT (blue) or ΔCTCF-HPV18 (red) genome-containing 602 

keratinocytes. Next generation sequencing data were IGV. The position of HPV18 603 

ORFs and LCR are indicated below the alignment profiles. (B) Exon-exon junctions 604 

in Illumina-based RNA-Seq data sets of either WT (blue) or ΔCTCF-HPV18 (red) 605 

genome-containing keratinocytes were identified and quantified in IGV and 606 

represented in Sashimi plots. The co-ordinates of splice donor and acceptor sites 607 

and annotated ORFs are indicated. The number of reads at each exon-exon junction 608 

is indicated. *denotes splicing event identified in WT HPV18 but reduced or lost in 609 

ΔCTCF-HPV18 genome containing cells.  610 

 611 

Figure 2: Analysis of differentiation-dependent host cell gene expression and 612 

HPV transcriptional start site usage. HPV18-HFK were synchronously 613 

differentiated in methylcellulose for 48 hrs (green). The host and viral transcriptomes 614 

were analysed by long read RNA-Seq and compared to undifferentiated HPV18-HFK 615 

(blue). (A) Enhanced involucrin (IVL) expression following keratinocyte differentiation 616 

and (B) enhanced ECM1 expression combined with differentiation-induced exon 7 617 

skipping. (C) Clustered HPV18 TSS usage in undifferentiated and differentiated 618 

keratinocytes showing differentiation-dependent alteration of the major early (P102) 619 

and major late (P811) promoter usage. ****p < 0.0001 (Fisher’s test).  620 

 621 

Figure 3: Quantitative analysis of the HPV18 transcriptome in undifferentiated 622 

and differentiated keratinocytes and alterations induced by abrogation of 623 

CTCF binding. Alignment of direct RNA sequencing data to the HPV18 genome 624 

facilitated the characterisation of all HPV-specific transcripts. Transcripts were only 625 

included in the data set if they were represented by two or more reads. The relative 626 

abundance of each transcript type was calculated in reads per million (RPM) of the 627 

total reads in each sample. Relative abundance (RPM) of each transcript is shown 628 
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for WT (blue) and ΔCTCF-HPV18 (red) genome-containing cells in undifferentiated 629 

keratinocytes (left) and for WT (green) and ΔCTCF-HPV18 (purple) in differentiated 630 

keratinocytes (right). The identified splice donor (blue) and acceptor (green) sites are 631 

indicated above the transcript map and HPV18 ORFs encoded by each transcript are 632 

shown. *denotes transcripts that have previously been identified (17, 18).  633 

 634 

Figure 4: Quantitative analysis of transcription start site usage in 635 

undifferentiated and differentiated keratinocytes and CTCF-dependent 636 

regulation of promoter activity. The 5’ end of each HPV18 transcript was identified 637 

in Nanopore RNA sequencing data sets and relative abundance calculated as reads 638 

per million (RPM). Total counts at each nucleotide position were binned into 10 (A, 639 

B, C) or 100 (D) nucleotide regions in the data shown. Transcripts originating around 640 

the P105 (A), P520 (B), P811 (C) and P3000 (D) promoters were identified in wild type 641 

and ΔCTCF-HPV18 cells in undifferentiated  (blue and red, respectively) and 642 

methylcellulose differentiated (green and purple, respectively) cultures. Relevant 643 

HPV18 genome features are shown alongside each panel.  644 

 645 

Figure 5: CTCF regulates efficient differentiation-dependent HPV18 late 646 

promoter activation.  647 

The TSS of each viral transcript was identified and the distribution shown in violin 648 

plots in (A) undifferentiated and (B) differentiated keratinocytes containing WT 649 

HPV18 (blue and green, respectively) and ΔCTCF-HPV18 (red and purple, 650 

respectively) episomes. Data distribution are shown by the kernel shape and median 651 

indicated with a vertical solid line. The wider sections of the violin plot indicate a high 652 

probability of TSS usage within that region of the HPV18 genome. The shape of the 653 

distribution indicates the concentration of data points in a particular region; the 654 

steeper the side of each bubble indicates a greater concentration of data points. ns, 655 

not significant; ****p<0.0001 (Fisher’s test). 656 

 657 

Figure 6: Keratinocyte differentiation induces increased H4Ac abundance at 658 

the HPV18 late promoter in wild type but not ΔCTCF-HPV18 genome-containing 659 

cells. HPV18 WT and HPV18-ΔCTCF genome-containing primary keratinocytes 660 

grown in monolayer (undifferentiated; blue and green, respectively) or differentiated 661 

in methylcellulose-containing media for 48 hrs (green and purple, respectively). 662 
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Enrichment of H4Ac was assessed by ChIP-qPCR. Each bar in the chart represents 663 

the mid-point for primer pairs used to amplify immunoprecipitated chromatin. Fold 664 

binding over IgG control was calculated. The data shown are the mean and standard 665 

deviation of three independent replicates. Annotation of the HPV18 LCR, promoters 666 

and ORFs is provided below.  667 

 668 

Figure 7: Abrogation of CTCF binding to the HPV18 genome causes a 669 

significant reduction in differentiation-dependent late protein abundance. (A) 670 

HPV18 genome containing keratinocytes (WT or ΔCTCF) grown in monolayer 671 

(undifferentiated, 0h) or differentiated in methylcellulose (48h) and E1^E4, involucrin 672 

(IVL) and GAPDH protein expression analysed by Western blotting. Molecular weight 673 

markers are indicated on the left (kDa). (B) Relative E1^E4 protein expression in 674 

comparison to GAPDH was quantified in three independent experiments by 675 

densitometry. Data are the mean +/- standard deviation. * denotes p<0.05. (C) 676 

E1^E4 (red) and L1 (green) protein abundance was analysed by indirect 677 

immunofluorescence in epithelia derived from wild type and ΔCTCF-HPV18 genome-678 

containing keratinocytes grown in organotypic raft culture. Cellular nuclei are shown 679 

in blue, and the basal layer indicated with white arrows. Scale bar indicates 10 μm. 680 

(D) The total number of L1 positive cells per section of three independent raft 681 

cultures grown from two independent keratinocyte donors was counted. Data show 682 

the mean +/- standard deviation. *** p<0.001, **** p<0.0001. (E) E1^E4 protein 683 

expression in organotypic raft cultures was assessed by Western blotting lysates 684 

harvested from three independent raft cultures alongside GADPH loading control. 685 

Molecular weight markers are indicated on the left.  686 
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