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Abstract

Transcripts from the late promoter of human papillomavirus type 16 (HPV16) are upregulated 

upon host cell differentiation. Differentiation-dependent transcript regulation is thought to 

sequester viral antigens in the uppermost epithelial layers, facilitating immune evasion. The 

mechanisms regulating late promoter upregulation during differentiation are poorly characterized. 

We show that the late promoter is upregulated at the transcriptional level and that the viral 

enhancer stimulates promoter activity. Using kinase inhibition and chromatin immunoprecipitation 

analysis, we show evidence for differentiation-dependent enhancement of transcript elongation. 

Three factors that promote transcript elongation, cyclin dependent kinase 9 (CDK9), CDK8 (a 

subunit of the Mediator complex), and bromodomain containing protein 4 (Brd4) are recruited to 

viral genomes upon differentiation, and each plays a role in promoter activity. These results shed 

light on the transcriptional processes utilized by HPV16 for proper regulation of gene expression 

during the viral life cycle.
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Introduction

Human papillomaviruses (HPVs) are small DNA viruses that infect keratinocytes of 

stratified squamous epithelia and are linked to a range of cancers, including cervical and an 

increasing subset of oropharyngeal cancers (Doorbar et al., 2012; Forman et al., 2012). The 

HPV life cycle is organized around the ability of the virus to persist and produce viral 

progeny for months or years in the face of constant cellular turnover and immune 

surveillance (Bodily and Laimins, 2011; Westrich et al., 2016). Most infections are cleared 

within two years (Moscicki et al., 2012; Woodman et al., 2001), but in a minority of cases, 
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infections can last for decades. The ability of high risk HPVs to persist for long periods 

allows proliferating infected cells to accumulate genetic changes needed for cancer 

development, and thus long-term persistence is the primary risk factor for the development 

of cervical cancer (Moscicki et al., 2012). The pattern of viral gene expression during the 

HPV life cycle is a key strategy that contributes to viral persistence (Bodily and Laimins, 

2011). Upon infection, a pool of cells containing the HPV genome is established in 

keratinocytes of the basal epithelial layer, where viral copy number and gene expression are 

maintained at low levels. As host cells detach from the basement membrane and pass 

through the stages of squamous differentiation, viral gene expression and replication are 

activated (Bodily and Laimins, 2011). The viral late promoter, or p670 (Figure 1a), drives 

expression of transcripts encoding the antigenic late proteins, and these transcripts are found 

at high levels only upon cellular differentiation (Grassmann et al., 1996; Hummel et al., 

1992; Ruesch and Laimins, 1998). The late promoter also regulates viral intermediate genes 

(including E1, E2, E1^E4, and E5), which are involved in amplification of the viral genome 

(Bedell et al., 1991; Fehrmann et al., 2003; Peh et al., 2004; Wilson et al., 2005). Thus the 

late promoter facilitates viral persistence by targeting high level genome replication and 

capsid protein synthesis to the differentiated strata in the host epithelium, shielding the virus 

from immune-mediated clearance (Frazer, 2009; Gielen et al., 1988; Nardelli et al., 2002).

Although factors that regulate the viral early promoter have been studied in great detail 

(Bernard, 2013), the differentiation-specific cellular factors that are responsible for 

upregulation of HPV late promoter activity remain unclear. One reason that late promoter 

regulation is poorly understood is that the promoter is imbedded within the E7 open reading 

frame in the viral genome (see Figure 1a). Consequently, genetic analysis of the late 

promoter in the context of the complete HPV genome has the potential to disrupt the 

essential functions of E7. Differentiation-dependent late promoter activation also depends on 

the virus being present in the cell as an episome (Frattini et al., 1996). Consequently, the 

tools available for analysis of late promoter regulation are quite restricted. Despite these 

challenges, previous work has shed light on late promoter regulation in high-risk HPVs. 

Viral genome amplification is not required for promoter activation (Bodily and Meyers, 

2005; Spink and Laimins, 2005), making HPV late promoters different from late promoters 

of other viruses which depend on genome replication for their activities. Changes in overall 

chromatin structure and histone modifications are found in the promoter region upon 

differentiation (del Mar Pena and Laimins, 2001; Wooldridge and Laimins, 2008), although 

the functional significance of these changes is not clear. Studies using luciferase reporters 

have suggested that loss of transcriptional repressors such as CDP and YY1 (Ai et al., 2000; 

Ai et al., 1999; Kukimoto and Kanda, 2001; Sato et al., 2007) or binding of transcriptional 

activators such as hSkn-1a or C/EBPβ (Kukimoto and Kanda, 2001; Kukimoto et al., 2006) 

over the course of differentiation are important for regulating promoter activity. The viral 

enhancer found in the upstream regulatory region (URR; also called the long control region, 

LCR) can augment late promoter reporter activity in HPV31 (Bodily and Meyers, 2005). 

The viral protein E7 can activate the late promoter, although factors that promote cell cycle 

progression have an inhibitory effect (Bodily et al., 2013). Chromatin immunoprecipitation 

(ChIP) studies of the late promoter in the context of complete, episomal viral genomes have 

confirmed that a variety of transcription factors associate with the late promoter in both 
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differentiated and undifferentiated conditions, including c-Myb, C/EBPα, C/EBPβ, NFAT, 

YY1, NF1, Oct-1, c-Jun, and Sp1 (Carson and Khan, 2006; Wooldridge and Laimins, 2008). 

Of these, only C/EBPβ has so far been shown to be functionally relevant in the context of 

infected cells (Gunasekharan et al., 2012), but how these various factors cooperate to 

regulate the transcriptional process remains unknown.

RNA polymerase II- (Pol II)-mediated transcription is regulated at many levels, including 

recruitment of the polymerase complex to the promoter, transcriptional initiation, 

polymerase pausing, and transcript elongation (Heidemann et al., 2013; Li et al., 2007). A 

crucial aspect of understanding transcriptional regulation is sorting out which step or steps in 

the transcriptional cycle control the overall activity of a given promoter. Following the 

binding of gene-specific transcription factors to the promoter and modification of the 

surrounding chromatin, the multi-subunit Mediator complex is recruited. Mediator 

coordinates recruitment of Pol II and the general transcription factors to the promoter to 

form the pre-initiation complex (PIC). Mediator also facilitates transcript initiation by Pol II. 

Thus, Mediator translates the binding of gene-specific transcription factors into 

transcriptional activity by Pol II (Allen and Taatjes, 2015; Malik and Roeder, 2010; Taatjes, 

2010). At the majority of promoters following initiation, pausing factors arrest the 

polymerase complex 30–50 base pairs downstream of the transcriptional start site (Bataille 

et al., 2012; Hargreaves et al., 2009; Lenasi and Barboric, 2010; Rahl et al., 2010). 

Elongation factors are then recruited to the Pol II complex, which promote continued 

transcript synthesis until termination. Pol II can then be recruited again to the promoter to 

repeat the process. Each of these stages in the transcription cycle can be a point of regulation 

and are often associated with phosphorylation of the heptad repeats in the Pol II carboxy-

terminal domain (CTD), which has been shown to be mediated by transcriptional cyclin 

dependent kinases (CDKs)(Adelman and Lis, 2012; Kohoutek and Blazek, 2012).

Transcriptional CDKs play critical roles in regulating Pol II activity and other aspects of 

transcriptional regulation. Transcription factor IIH (TFIIH), a general transcription factor 

and component of the PIC, includes CDK7/cyclin H as components and depends strongly on 

Mediator for its recruitment and activity (Boeing et al., 2010). CDK7 can phosphorylate 

serine 5 (Ser5) of the CTD heptad repeats of Pol II, which promotes transcriptional initiation 

(Heidemann et al., 2013; Kohoutek and Blazek, 2012; Lenasi and Barboric, 2010). 

Following initiation, positive transcription elongation factor b (P-TEFb), an elongation 

factor which contains CDK9/cyclin T, is recruited to the paused Pol II complex (Malik and 

Roeder, 2010). CDK9 phosphorylates serine 2 (Ser2) of the Pol II CTD heptad repeat motif, 

thus promoting the transition to transcription elongation (Kohoutek and Blazek, 2012; 

Lenasi and Barboric, 2010; Malumbres and Barbacid, 2005; Rahl et al., 2010). In addition to 

its role in transcriptional elongation, phosphorylation of the CTD by CDK9 stimulates 

assembly of RNA processing factors, facilitates alternative splicing, and regulates mRNA 

transport, thus functionally linking transcription with RNA processing (Lenasi and Barboric, 

2010).

Several factors are known to facilitate recruitment of P-TEFb to the Pol II complex, 

including bromodomain protein 4 (Brd4), which binds to acetylated chromatin and helps P-

TEFb associate with Mediator to promote recruitment (Donner et al., 2010; Dooley et al., 
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2016; Loven et al., 2013; Ren et al., 2016; Yang et al., 2005). Brd4 is one of several 

members of the bromodomain and extra-terminal domain (BET) family of transcriptional 

regulatory proteins, but Brd4 is the family member most associated with HPV (reviewed in 

(Iftner et al., 2016)). Brd4 binds to and regulates the HPV early promoter (Schweiger et al., 

2006; Wu et al., 2006; Wu et al., 2016; Yan et al., 2010) and viral genome replication (Wang 

et al., 2013; Wu et al., 2016; You et al., 2005). The Mediator kinase subcomplex (CDK8/

cyclin C) can cooperate with Brd4 to promote recruitment and activation of P-TEFb/CDK9 

to promote transcriptional elongation (Allen and Taatjes, 2015; Donner et al., 2010; 

Galbraith et al., 2013; Hargreaves et al., 2009; Jang et al., 2005; Schroder et al., 2012; Yang 

et al., 2005). In this way, CDK8 and Brd4 positively regulate the synthesis of full length, 

mature transcripts. Importantly, CDK8 association with Mediator is incompatible with PIC 

formation but promotes transcriptional elongation (Allen and Taatjes, 2015). Thus the 

CDK8/kinase module serves as a molecular switch to help transition from initiation to the 

elongation phase of transcription.

We began this study by reasoning that transcription factors that regulate the late promoter 

would ultimately feed into the central CDK- and Mediator-dependent steps of transcription 

(Kohoutek and Blazek, 2012; Malumbres and Barbacid, 2005). We wished to determine the 

pattern of binding and activity of these transcriptional regulatory factors at the HPV16 late 

promoter, enhancer, and downstream sequences during differentiation-dependent promoter 

upregulation in order to deduce which step(s) of the transcriptional cycle are most important 

for activation. Our findings support a model that the differentiation-dependent activation of 

the HPV16 late promoter is not regulated at the level of transcriptional initiation or PIC 

formation. Instead, recruitment of the CDK8 module of the Mediator complex, followed by 

association of CDK9, is the critical step in late promoter activation. Additionally, BET 

family proteins contribute to differentiation-dependent association of CDK8 with the viral 

genome. These findings suggest that HPV has evolved to use regulated transcriptional 

elongation as a means of controlling viral late gene expression.

Materials and methods

Plasmids and drugs

The late promoter reporter (pGL2-16 late pro) was described previously (Bodily et al., 

2011a). pGL2 -LCR/Late was created by PCR using the primers 16LCR 5′ and 16Late pro 

3′ (Supplementary Table 1) with pUCHPV16 as a template and cloning the fragment into 

the HindIII/KpnI site of pGL2b. pGL2 LCR was created similarly using the 

primers16LCR5′ and 16 early 3′. pGL2 -LCR/Late TATA and pGL2 LCR/TATA were 

created using site-directed mutagenesis with the QuickChange II XL Site Directed 

Mutagenesis kit (Agilent) using p97TATA 5′ and p97TATA 3′ primers listed in 

Supplementary Table 1. The HPV31 late promoter reporter was described previously (Spink 

and Laimins, 2005). JQ1 (Filippakopoulos et al., 2010) was a generous gift from James 

Bradner (Dana Farber Cancer Institute, Harvard Medical School). Flavopiridol and 

actinomycin D were obtained from Sigma. Senexin A was obtained from Tocris. All drugs 

were dissolved in DMSO.
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Cell culture, transfection, and CRISPR

Human foreskin keratinocytes (HFKs) were isolated from neonatal foreskins and HFKs 

containing HPV16 genomes (HPV16 cells) were created by transfection and selection as 

previously described (Bodily et al., 2011a; Wilson and Laimins, 2005). Cells containing 

HPV31 genomes were created similarly (Wilson and Laimins, 2005). HFKs and 

keratinocyte-derived cell lines were cultivated in E medium with 5% fetal bovine serum in 

the presence of mitomycin C-treated NIH-3T3 J2 fibroblast feeders (Wilson and Laimins, 

2005). Differentiation was induced by suspending cells in E medium containing 1.6% 

methylcellulose (MC) for 24 hrs, followed by washing with phosphate buffered saline (PBS)

(Wilson and Laimins, 2005). Drugs were added to MC or to monolayer control media prior 

to adding the cells. Cell lines derived from at least three donors were used in each 

experiment. Episomal maintenance of the viral DNA was confirmed by Southern blotting as 

described (Fehrmann et al., 2003).

For CDK8 knockdown experiments, three donor backgrounds of HPV16 cells were infected 

with either control LentiCRISPR lentivirus particles or particles targeting CDK8 (Sigma) 

along with polybrene (2ug/ml). Feeder fibroblasts were added 6 hrs after infection followed 

by puromycin (5ug/ml) selection. Following selection, cells were seeded in monolayer or 

methylcellulose for 24 hrs and analyzed for CDK8 protein levels using western blotting. Cell 

lines with less than 50% CDK8 were analyzed for HPV transcript and genome levels.

Luciferase assays

Keratinocytes transfected with reporter plasmids overnight using polyethyleneimine (PEI; 

Polysciences) were trypsinized, and then divided, one half into monolayer and one half into 

MC culture (Bodily et al., 2011b). A plasmid expressing Renilla luciferase was 

cotransfected as an internal control (Bodily et al., 2013). The total level of DNA in each 

transfection was kept constant in each sample by addition of empty vector DNA. Following 

24 hrs of incubation, lysates were prepared and assayed for luciferase activity using the 

Dual-Luciferase® Reporter Assay System (Promega) according to manufacturer’s 

instructions.

RNA extraction, qPCR, and Western blotting

Total RNA was isolated using RNA-STAT 60™ (TelTest, Inc), digested with RNAs-free 

DNAse (Promega), phenol-chloroform extracted, and reverse transcribed using qScript 

(Quanta) as described previously (Bodily et al., 2013). Specificity for RT-qPCR for RNA 

rather than contaminating DNA is shown in Supplementary Figure 1. Quantitative PCR was 

performed using the PerfeCTa® SYBR® Green SuperMix ROX (Quanta) on an Applied 

Biosystems StepOne Plus™ real time PCR machine using the primers listed in 

Supplementary Table 1. Cyclophilin A (Cyc) was used as an internal housekeeping control 

because its levels are stable throughout keratinocyte differentiation (Steele et al., 2002). 

Where appropriate, curves were fit using Microsoft Excel. Western blotting was performed 

as reported previously (Bodily et al., 2011a), except that blocking and antibody dilution 

were performed using Odyssey Blocking Buffer (Li-Cor). Antibodies are listed in 

Supplementary Table 2. Blots were imaged using near-IR secondary antibodies on a Li-Cor 

Odyssey Infrared Imager. Band intensities were measured using Image J.
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Chromatin immunoprecipitation

Cells grown in monolayer culture were trypsinized and resuspended in 10 ml E medium. 

Cells grown in MC were washed with PBS and resuspended in 10 ml E medium. 

Formaldehyde was added to a final concentration of 1% and incubated for 15 minutes at 

room temperature with rocking. 1 ml 1.25M glycine was added and incubated for an 

additional 5 minutes at room temperature. Cells were then washed three times with ice cold 

PBS containing protease inhibitors and resuspended in 1x Lysis Buffer (Cell Signaling) at a 

final cell density of 10 million cells/ml. Cells were sonicated briefly and then treated with 

micrococcal nuclease (final concentration 60 U/μl, New England Biolabs) for 1 hr on ice. 

EDTA was added to a final concentration of 50 mM and debris was removed by 

centrifugation. Chromatin was diluted in ND buffer (20 mM Tris pH 8, 137 mM NaCl, 1% 

NP-40, 10% glycerol, and 2 mM EDTA) containing protease inhibitors and pre-cleared with 

blocked Protein G Dynabeads (Invitrogen). Following pre-clearing, antibodies 

(Supplementary Table 2) were added and incubated overnight at 4°C with rotation. Pol II 

ChIPs included the addition of anti-IgY following one hour of incubation with anti-Pol II 

antibodies. Pre-blocked Dynabeads were then added and incubated at 4°C with rotation for 

1–3 hrs. Beads were washed twice with ND buffer containing protease inhibitors, twice with 

ND buffer containing 0.3 M NaCl, twice with LiCl buffer (250 mM LiCl, 0.5% NP-40, 0.5% 

sodium deoxycholate), once with TE buffer containing 0.2% triton X-100, and once with TE 

buffer alone. Beads were resuspended in TE buffer containing 0.3% SDS, 200 mM NaCl, 

and 0.5 mg/ml proteinase K (Sigma) and incubated for 2 hrs at 45°C followed by 65°C 

overnight. Supernatants were removed and beads were washed with TE buffer containing 

500 mM NaCl. DNA was purified using the PCR Clean-up DNA Purification Kit (MoBio). 

Immunoprecipitated DNA fragments were subjected to qPCR as described above using the 

primers listed in Supplementary Table 1. Significance was calculated using Welch’s unequal 

variances t test.

Results

We sought in our studies to determine what core transcriptional regulatory factors could be 

responsible for upregulation of transcripts derived from the HPV16 late promoter upon 

differentiation (Figure 1a). Because the differentiation-dependent increase in transcripts 

from the late promoter is only seen when mucosal HPVs are episomal (Frattini et al., 1996), 

human foreskin keratinocytes (HFKs) harboring episomally replicating HPV16 genomes 

(HPV16 cells) were used in our studies. These cell lines were created by transfecting the 

HPV16 genome into primary foreskin keratinocytes, followed by drug selection and 

outgrowth of immortalized clones (Bodily et al., 2011a; Wilson and Laimins, 2005). HPV16 

cells derived from at least three different donors were used in each of our experiments to 

account for donor-to-donor variability. Episomal status of the viral genome in these cells 

was confirmed regularly by Southern blot analysis (Figure 1b, inset). HPV16 cells grown in 

monolayer culture are maintained in an undifferentiated state. Differentiation of HPV-

containing keratinocytes can be achieved in several ways. In these studies we take advantage 

of the fact that cells suspended in methylcellulose (MC) for 24–48 hours undergo sufficient 

cellular differentiation to support increased levels of intermediate and late viral transcripts 

(Bodily et al., 2013; Ruesch et al., 1998; Wilson and Laimins, 2005)(Figure 1b, see 
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Supplementary Figure 3a for cellular differentiation markers). HPV transcripts are 

heterogeneous, possessing many alternatively spliced forms; but the E1^E4 splice is found in 

the majority of transcripts originating from the late promoter (Ozbun and Meyers, 1999; Van 

Doorslaer et al., 2013). E1^E4-containing transcripts can also originate from the early 

promoter, but since the early promoter-derived transcripts (E6–E7) are not substantially 

increased upon differentiation in our system (Figure 1b), increased levels E1^E4-containing 

transcripts upon differentiation are derived primarily from the late promoter. We also 

observe an increase in L1/L2 transcripts upon culture in MC (not shown), but L1/L2 

transcripts are under additional levels of post-transcriptional control, including the need to 

bypass the early polyadenylation signal (Schwartz, 2013; Terhune et al., 2001). L1/L2 levels 

are therefore less suitable as a measure of late promoter activation. Thus we use an increase 

in the levels of the E1^E4 spliced product as determined by RT-qPCR as a measure of late 

promoter upregulation upon differentiation.

The HPV16 late promoter is transcriptionally rather than post-transcriptionally regulated

At the outset of our studies it was important to resolve an important issue regarding HPV 

late promoter activity. Although the HPV late promoters are frequently referred to as 

“differentiation inducible,” it had not been demonstrated whether the increase in transcripts 

originating from the native viral late promoter upon differentiation is due to increased 

synthesis (transcriptional activation) or decreased degradation (transcript stabilization). 

Given the extensive post-transcriptional processing signals present in HPV transcripts (see 

(Schwartz, 2013) for a review), it is possible that differentiation-dependent transcript 

stabilization rather than increased transcription rate is responsible for the abundance of 

intermediate and late transcripts in differentiated cells. Before proceeding with further 

studies of late promoter regulation, we considered it important to clearly resolve whether 

transcript stabilization or transcriptional activation is responsible for the increase in late 

promoter-derived transcripts upon differentiation.

To measure transcript stability, HPV16 cells were grown in either monolayer or MC culture 

for 22 hours. The mRNA synthesis inhibitor actinomycin D (ActD) was then added to the 

cultures for various lengths of time before harvest, for a total time of 30 hours in MC 

culture. DMSO-treated cultures were used as controls. Because ActD prevents the synthesis 

of new mRNAs, the decline in mRNA levels over time represents a measure of the rate of 

mRNA decay (Jeon and Lambert, 1995). RNAs were harvested and the levels of E1^E4 

transcripts were measured by RT-qPCR. DMSO controls were set to 1 in both monolayer 

and MC culture. As seen in Figure 1c, E1^E4 transcripts declined over time upon ActD 

treatment in both monolayer and MC. The decay curves of RNAs from cells grown in 

monolayer and those from MC were superimposable, each with a half-life of around 84 

minutes. By contrast, 18S rRNA and Cyc levels were stable throughout the duration of this 

experiment (Figure 1c and not shown). These data show that E1^E4 spliced transcripts are 

equally labile in both differentiated and undifferentiated cells. Therefore, the increase in late 

promoter-derived transcripts upon differentiation cannot be accounted for by changes in 

transcript stability and must therefore be due to increased transcript synthesis.
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The LCR contributes to late promoter activity

Previous work using luciferase reporters derived from HPV31 showed that the enhancer 

elements in the viral LCR are necessary for differentiation-dependent late promoter 

upregulation (Bodily and Meyers, 2005). We tested whether the LCR also influences late 

transcription in HPV16. Because the LCR is also important for the activity of the early 

promoter and contains the viral origin of replication, we could not test the role of the LCR in 

the context of the complete viral genome. Instead, we cloned fragments of the HPV16 

genome containing either the late promoter region alone (downstream of the early promoter, 

Late Pro) or the late promoter region together with the early promoter and LCR (LCR/Late; 

Figure 2a). Luciferase was placed in the position of the E1 ORF. An early promoter reporter 

was also made by placing luciferase in the position of E6 to test the activity of the LCR 

alone. Because the early promoter is contained within the LCR/Late reporter, a version of 

each reporter plasmid was made containing a mutation in the early promoter TATA box to 

reduce the contribution of the early promoter to luciferase expression. These plasmids (LCR, 

LCR/TATA, LCR/Late, LCR/Late TATA) were transfected into HPV16 cells, which were 

then cultured in either monolayer or MC for 24 hours, followed by luciferase assay. HPV16 

cells were used for these experiments to ensure that any virally encoded or induced factors 

needed for promoter regulation would be present (Bodily et al., 2013). Mutation of the TATA 

box in the context of the early promoter/LCR reporter (LCR/TATA) significantly reduced 

early promoter activity as expected (Figure 2b). Analysis of the late promoter reporters 

(Figure 2c) allows us to make several conclusions. 1) Inclusion of the LCR resulted in 

substantially higher levels of luciferase activity than the Late Pro construct alone. This 

suggested that the enhancer elements in the LCR contribute strongly to late promoter 

activity. 2) Mutation of the early TATA box resulted in a modest but significant decrease in 

luciferase activity in monolayer, indicating that the early promoter does contribute to 

transcription as far downstream as the E1 ORF, as predicted by transcript mapping (Ozbun 

and Meyers, 1998; Van Doorslaer et al., 2013). 3) Despite loss of the early TATA box in the 

LCR/Late TATA construct, high levels of luciferase activity were still seen indicating that 

the majority of the activity of the LCR/Late construct was attributable to the late promoter. 

4) Luciferase levels were not increased when cells were grown in MC, in contrast to 

reporters containing the analogous region of HPV31, which are upregulated upon growth in 

MC (Figure 2d)(Bodily and Meyers, 2005). These observations suggest that the LCR 

contributes to overall late promoter activity, but what is needed for differentiation induced 

activation of the late promoter is not captured by these reporter constructs, and thus the 

upstream cis elements may not be sufficient to mediate promoter upregulation.

Processive elongation rather than recruitment of Pol II to the late promoter correlates with 
late promoter activation

The observation that promoter activity does not increase from our reporters upon 

differentiation suggests that some aspect of the transcription cycle other than promoter 

activity itself may be regulated upon differentiation. Pol II recruitment, initiation, pausing, 

and elongation can all serve as points of regulation for transcription, so we sought to better 

understand whether and how the association of Pol II with promoter and downstream 

sequences changes during differentiation. HPV16 cells were grown in monolayer culture, 

which represents the inactive state of the promoter, or MC culture in which the promoter is 
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activated. Following 24 hours of culture, chromatin was crosslinked and harvested, and 

chromatin immunoprecipitation (ChIP) was performed using antibodies specific for Pol II. 

Following ChIP, qPCR was performed to measure the levels of viral DNA recovered in the 

ChIP, which serves as an indicator of the amount of Pol II associated with viral DNA. qPCR 

signals were normalized to the levels of input DNA to eliminate the effect of any changes in 

viral genome copy number during differentiation. The mean increase in Pol II binding upon 

differentiation to the region surrounding the late promoter start site (p670, 635–745) on a per 

genome basis approached but did not achieve significance (p=0.06)(Figure 3a). In some 

experiments, we observed that Pol II recruitment did increase at the late promoter upon 

differentiation. In other experiments, we did not observe increased Pol II binding, even in 

samples in which late promoter-derived transcripts were upregulated. These observations 

suggest that the increased level of promoter activity during differentiation may not result 

from increased recruitment of the polymerase to the promoter region.

Most cellular promoters are pre-populated with Pol II that does not engage in productive 

transcription but is paused at a promoter proximal site until a signal is received to recruit P-

TEFb and trigger transcript elongation (Hargreaves et al., 2009). If the late promoter is 

regulated at the level of pause release, we expected that regions downstream of the promoter 

would show a differentiation-dependent increase in the levels of Pol II present. We used 

ChIP to examine the levels of Pol II in two regions downstream of the promoter. The E1 

region is located about 300 nucleotides downstream of the late promoter start site and would 

thus be downstream of a promoter proximal pause site. If Pol II promoter-proximal pausing 

is released in response to differentiation, we would expect to see increased levels of Pol II in 

the E1 region. However, the occupancy of E1 by Pol II did not change (Figure 3b), 

indicating that Pol II transits the E1 ORF at similar levels regardless of differentiation. The 

E5 ORF is located immediately before the early polyadenylation signal, and would thus only 

be occupied by Pol II that had efficiently elongated over 3200 base pairs and was 

approaching termination. Most transcripts originating from the late promoter in cells grown 

in MC utilize the early polyadenylation signal. (Ozbun and Meyers, 1998; Terhune et al., 

2001; Van Doorslaer et al., 2013). When we examined the E5 region, we found that 

occupancy by Pol II is increased significantly upon differentiation (Figure 3c). These results 

suggest that elongation, and specifically the ability of Pol II to processively elongate 

transcripts through the length of the entire early region, is the step in transcript synthesis that 

is differentiation-dependent.

CDK9 is recruited downstream of the late promoter upon differentiation

To further investigate whether elongation is critical for late promoter activation, we 

examined P-TEFb, a critical component of the Pol II elongation complex (Kohoutek and 

Blazek, 2012; Lenasi and Barboric, 2010; Malumbres and Barbacid, 2005; Rahl et al., 

2010). P-TEFb is recruited to paused Pol II complexes by Brd4 and/or Mediator and the 

CDK9 subunit phosphorylates Ser2 of the CTD, leading to pause release and elongation. P-

TEFb continues to be associated with elongating Pol II, phosphorylating additional Ser2 

repeats as the complex moves along the length of the gene body up to the termination signal 

(Kohoutek and Blazek, 2012; Lenasi and Barboric, 2010). Therefore if transcriptional 

elongation is the step in mRNA synthesis that is regulated by differentiation, we would 
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expect to see an increase in P-TEFb occupancy in cells grown in MC. ChIP using antibodies 

specific for CDK9 showed that, like Pol II, the level of CDK9 present around the promoter 

start site p670 tended to increase upon differentiation but the increase did not achieve 

statistical significance. In contrast, the occupancy of the E1 and E5 regions by CDK9 was 

significantly increased in differentiating cells (Figure 4a), suggesting that differentiation 

facilitates association of P-TEFb with Pol II complexes downstream of the late promoter. 

Although total recovery using pSer2-specific antibodies in our ChIP assays was not high, we 

could detect a significant accumulation of pSer2-phosphorylated Pol II upon differentiation 

at sites downstream of the promoter (Figure 4b), suggesting that CDK9 recruited to the Pol 

II complexes is active.

CDK9 activity is required for late promoter upregulation

To investigate the functional significance of CDK9 for late promoter activity, we treated 

HPV16 cells with flavopiridol, a CDK inhibitor specific for CDK9 (Senderowicz, 2003). As 

shown in Figure 5, fold induction of late transcripts upon differentiation was inhibited by 

flavopiridol in a dose-dependent manner with an IC50 of around 100 nM, which is within 

the concentration range that specifically inhibits transcriptional elongation (Donner et al., 

2010; Patel et al., 2013). We also attempted shRNA-mediated knockdown of CDK9, but 

were unsuccessful in obtaining stable clones (not shown). We do not know whether flavo 

directly affects recruitment of CDK9 to the viral genome, but in combination with the ChIP 

data, these results suggest that transcript elongation is a critical component of late viral gene 

regulation and that recruitment and activity of CDK9 are critical for the induction of late 

transcripts during differentiation.

CDK8 associates with the viral genome upon differentiation

CDK8, a component of the kinase module of the Mediator complex (Allen and Taatjes, 

2015; Donner et al., 2007a; Malik and Roeder, 2010), is one of several factors that can 

promote recruitment of CDK9/P-TEFb to facilitate transcriptional elongation. To understand 

how CDK9 is recruited to the viral genome, we investigated whether CDK8 is associated 

with episomal HPV genomes and how this association changes upon differentiation. ChIP 

analysis determined that CDK8 could be detected at the late promoter/p670 in 

undifferentiated cells, but it is substantially increased in cells grown in MC (Figure 6a). 

Others have found that CDK8 can be observed throughout transcribed cellular gene bodies, 

suggesting that it can be part of elongating transcriptional complexes (Donner et al., 2007a). 

Similarly, we observed CDK8 association with downstream sites upon differentiation, 

consistent with the possibility that CDK8 may accompany the Pol II holoenzyme during 

transcription of the HPV genome (Figure 6a). Mediator functions in part by serving as a 

bridge between specific DNA binding transcription factors and general transcriptional 

machinery, including the Pol II complex and P-TEFb (Allen and Taatjes, 2015). As part of 

that function, Mediator plays a role in creating and maintaining DNA loops that allow 

association of enhancer elements with promoters (Allen and Taatjes, 2015). Given the result 

above that the viral LCR acts to increase the activity of the late promoter (Figure 2b), we 

tested whether CDK8 might associate with the LCR during differentiation upstream of late 

promoter activation. ChIP analysis showed that CDK8 is found at the enhancer region in the 
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LCR, and that this association increases dramatically upon differentiation (Figure 6b). Thus 

association of CDK8 with the viral genome correlates with late promoter activation.

CDK8 is a component of the kinase module of Mediator, which reversibly associates with 

the larger Mediator complex at various stages of transcription (Allen and Taatjes, 2015). The 

kinase module is not associated with Mediator during the assembly of the PIC or initiation 

of transcription, but it is recruited to facilitate the transition from initiation to elongation 

(Allen and Taatjes, 2015). We sought to determine whether the recruitment of CDK8 is 

associated with recruitment of the larger Mediator complex or whether CDK8 is recruited 

separately. ChIP using antibodies against the core Mediator component MED1 showed that 

Mediator is associated with the LCR, the late promoter, and the early promoter in HPV16 

cells grown in monolayer culture (Figure 6c and Supplementary Figure 2a). However, unlike 

CDK8, the levels of MED1 binding did not increase upon differentiation at any of these 

sites. These results suggest that, like Pol II, Mediator is already present on the viral genome, 

but that differentiation-dependent recruitment of the CDK8/kinase module is associated with 

transcriptional activation of the late promoter.

CDK8 is functionally important for late promoter activity

Data so far indicated that CDK8 occupancy at both the late promoter and the LCR enhancer 

correlates strongly with late promoter activation. The mechanisms by which CDK8 serves to 

recruit P-TEFb to target genes are not clear. Previous studies show that shRNA-mediated 

knockdown of CDK8 results in a failure to recruit P-TEFb (Galbraith et al., 2013), but it is 

not known whether kinase activity of CDK8 is involved or whether P-TEFb recruitment 

occurs through protein-protein interactions. To determine whether the kinase activity of 

CDK8 is important for HPV16 late promoter activation, we treated HPV16 cells in 

monolayer or MC culture with various concentrations of senexin A, a CDK8 kinase inhibitor 

(Porter et al., 2012), and measured the upregulation of E1^E4 transcripts upon culture in 

MC. We found that senexin A had a statistically significant but modest suppressive effect on 

E1^E4 transcripts in monolayer (which primarily originate from the early promoter), but no 

effect in MC, in which E1^E4 transcripts are primarily made from the late promoter (Figure 

7a). This suggests that differentiation-dependent late promoter activation is independent of 

CDK8-mediated phosphorylation. Western blotting against the CDK8 phosphorylation site 

in STAT1, Ser-727 (Bancerek et al., 2013; Poss et al., 2016) confirmed that senexin A can 

inhibit CDK8 in our system (Supplementary Figure 2b)

Previous studies have shown that knockdown of CDK8 affects a different spectrum of genes 

than inhibition of kinase activity, suggesting that CDK8 plays a structural role that is 

independent of kinase activity (Poss et al., 2016). CDK8 has been successfully knocked 

down by others, although with some negative effects on cellular growth and viability 

(Galbraith et al., 2010; Poss et al., 2016). Using CRISPR technology, we were able to obtain 

a partial knockdown of CDK8 in HPV16-containing keratinocytes in both monolayer and 

MC (Figure 7b). Cell growth was not significantly altered (not shown), and the copy number 

of HPV16 episomal genomes was not noticeably different in CDK8 knockdown cells as 

measured by Southern blot (Figure 7c) or quantitative PCR (not shown). Importantly, the 

partial knockdown of CDK8 resulted in a corresponding reduction in E1^E4 levels upon late 
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promoter activation in cells grown in MC (Figure 7d). These results indicate that CDK8 is 

important for late promoter activation, likely through mechanisms other than its kinase 

activity.

BET family proteins are necessary for late promoter activation

Brd4 is another cellular factor that can recruit CDK9/P-TEFb to promoters, sometimes in 

cooperation with CDK8 (Hargreaves et al., 2009; Kohoutek, 2009; Patel et al., 2013; Yan et 

al., 2010). Brd4 is important for regulation of the HPV early promoter and viral DNA 

replication (Iftner et al., 2016; Schweiger et al., 2006; Wang et al., 2013; Yan et al., 2010). 

To determine whether Brd4 or another BET family protein has a functional role in late 

promoter activation, we cultured cells containing episomal HPV16 genomes in monolayer or 

MC in the presence or absence of JQ1, which interacts with the bromodomains of BET 

family proteins and prevents binding to acetylated chromatin (Filippakopoulos et al., 2010). 

Treatment with JQ1 completely blocked late promoter activation in MC at the relatively low 

concentration of 250 nM (Figure 8a). JQ1 at this concentration did not inhibit early promoter 

activity as measured by E6–E7 transcript levels (Supplementary Figure 2c). The modest 

reduction in E1^E4 levels in monolayer may be due do inhibition of basal or residual late 

promoter activity in monolayer. JQ1 at this concentration also did not have an effect on cell 

growth or survival (not shown).

Although JQ1 can inhibit other BET family proteins, we chose to focus on Brd4 because of 

its involvement in elongation and its known role in HPV transcriptional regulation (reviewed 

in Iftner et al., 2016). To determine whether Brd4 might directly regulate the late promoter, 

ChIP analysis was performed. We were unable to detect Brd4 binding to the viral genome at 

the late promoter in undifferentiated cells, but binding was detected in cells differentiating in 

MC (Figure 8b). Brd4 is also known to bind to enhancer elements, including the LCR 

enhancer elements of integrated HPV16 genomes (Di Micco et al., 2014; Dooley et al., 

2016; Nagarajan et al., 2014). Given its role in regulating the early promoter (Jha et al., 

2010; Wang et al., 2013; Yan et al., 2010) and the late promoter (Figure 8a), we were 

surprised to find Brd4 was only weakly detectible at the LCR and that the trend toward 

increased binding to the LCR upon differentiation was not significant (Figure 8c). Therefore 

even though Brd4 and CDK8 both associate with the enhancer elements in the LCR, only 

CDK8 binding increases appreciably upon differentiation. Interestingly, ChIP analysis 

showed that Brd4 binding increased significantly upon differentiation at the early promoter, 

p97 (Supplementary Figure 2d), although early promoter activity was not strongly increased 

by differentiation (Figure 1b).

Next we performed ChIP analysis targeting Brd4 binding in cells treated with DMSO or JQ1 

in either monolayer or MC. Again, Brd4 was not detectible on the viral LCR in monolayer 

but was detectible at low levels upon differentiation (Figure 8d). Upon treatment with JQ1, 

however, association of Brd4 with the LCR in monolayer culture unexpectedly and 

dramatically increased. We interpret this result to mean that, because JQ1 disrupts 

association of Brd4’s bromodomains with acetylated chromatin, Brd4 becomes displaced 

from the host chromosomes making it more mobile in the nucleus (Korb et al., 2015), and 

therefore available for binding to the viral genome. A similar observation was made in the 
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context of HSV1 infection, in which treatment with JQ1 caused an increased association of 

Brd4 with HSV1 promoters (Ren et al., 2016). Because of the presence of JQ1, increased 

binding of Brd4 to the viral genome must not be mediated through the bromodomains but 

instead through one of the other domains of the protein. JQ1-induced Brd4 association in 

monolayer cultures did not result in a corresponding increase in transcriptional activity of 

either the early or late promoter (Figure 8a and Supplementary Figure 2e). In contrast to the 

effect in monolayer, Brd4 binding to the viral genome did not increase upon treatment with 

JQ1 in MC culture (Figure 8d). This finding indicates that the mechanism of association 

between Brd4 and the LCR differs between monolayer and MC.

Inhibition of bromodomains impacts recruitment of CDK8 to the viral genome

Because JQ1 displaces Brd4 from binding to acetylated chromatin, and JQ1 prevented late 

promoter upregulation (Figure 8a), our data suggest that binding of Brd4 (or perhaps another 

BET family protein) to acetylated chromatin may be required for promoter activation during 

differentiation. Brd4 can be found in some variations of the Mediator complex and can 

cooperate with CDK8 in recruiting elongation factors to promoters (Jiang et al., 1998; Wu 

and Chiang, 2007). To further examine the role of Brd4 in late promoter activation, we tested 

whether JQ1 treatment could affect CDK8 recruitment to the genome. We reasoned that 

Brd4 may associate with the viral genome upon differentiation and recruit CDK8/Mediator, 

which then promotes transcriptional elongation through protein-protein interactions. If so, 

then treatment with JQ1 should reduce or eliminate CDK8 recruitment to the genome in 

differentiated cells. As we had observed before, CDK8 binding to the LCR was robust and 

increased substantially upon differentiation in cells treated with DMSO. Significantly, 

binding of CDK8 to the viral genome in MC was dramatically reduced in the presence of 

JQ1, suggesting that Brd4 or another BET family protein is necessary to recruit CDK8 to the 

viral genome in differentiating cells (Figure 8e). Brd4 could recruit CDK8 directly, but we 

also observed that JQ1 was able to efficiently inhibit cellular differentiation, as measured by 

the induction of the differentiation-dependent genes K10, TGM1 (Supplementary Figure 3a), 

FLN, and INV (not shown). Thus JQ1 may prevent differentiation-dependent CDK8 

recruitment to the viral genome by disrupting overall differentiation of the cells. However, 

like Brd4, CDK8 is recruited to the viral genome upon treatment of cells in monolayer with 

JQ1 (Figure 8e). Because JQ1 specifically targets bromodomain-containing proteins such as 

Brd4, and CDK8 does not contain a bromodomain, Brd4 is likely recruiting CDK8 to the 

viral genome directly. Association of CDK8 with the E5 region of the genome followed a 

very similar pattern to that seen at the LCR: differentiation-dependent increase in association 

blocked by JQ1 treatment, and an increase in binding in monolayer culture induced by JQ1 

(Supplementary Figure 3b). From these data we conclude that CDK8 is recruited to the 

genome in a BET protein-dependent manner.

Discussion

In this study, we have examined how core transcriptional regulatory complexes change 

during differentiation-dependent HPV16 late promoter activation. These data suggest that 

the primary mode of late promoter upregulation is through transcript elongation. We found 

that Pol II is present at the late promoter and at proximal downstream sites in 
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undifferentiated cells. CDK9 is critical to late transcript upregulation, and recruitment of 

CDK9 to promoter-distal sites is associated with a differentiation-dependent increase in Pol 

II occupancy at the 3′ end of the early region, just before the early polyadenylation signal. 

CDK8, which can recruit CDK9 to promoters, binds to the genome in a JQ1-sensitive 

manner upon differentiation and increases late promoter activation. These observations 

together suggest a model (Figure 9) in which Pol II is able to initiate transcription and 

elongate at least as far as the E1 region in undifferentiated cells but is unable to elongate 

efficiently through the early region because low levels of CDK9-containing elongation 

complexes associate with the viral genome. Upon differentiation, transcription factors in 

either the LCR or the late promoter recruit Brd4, which in turn recruits CDK8 and brings the 

LCR into contact with the late promoter, facilitating association of CDK9 with Pol II 

complexes and transcript elongation.

To our knowledge this is the first report examining the role of transcriptional elongation in 

the control of differentiation-inducible HPV gene expression. The presence of elongation 

complexes along genes is a strong predictor of the level of gene expression, and much of the 

regulation of eukaryotic transcription occurs following the initiation step during the 

transition to elongating polymerase (Adelman and Lis, 2012; Allen and Taatjes, 2015; 

Mayer et al., 2010). Although P-TEFb may be considered part of the general transcriptional 

machinery, its levels and recruitment can be regulated in a signal- and differentiation-

dependent manner; thus P-TEFb is essential to the proper regulation of many mammalian 

genes (Fujita et al., 2008; Garriga and Grana, 2004; Hargreaves et al., 2009; Kohoutek, 

2009). Previous studies have found that P-TEFb plays a role in transcription from the 

HPV16 early promoter, and the viral transcriptional repressor E2 functions in part by 

preventing recruitment of P-TEFb to the early promoter (Yan et al., 2010). Our ChIP data 

show that the levels of CDK9 associated with elongating Pol II increase upon differentiation. 

Furthermore, pharmacological inhibition of CDK9 potently prevents late promoter 

upregulation. Our results indicate that CDK9 recruitment and activity are more likely to be 

points of regulation than Pol II recruitment and initiation, suggesting that the late promoter 

is regulated at the level of elongation.

We have observed that luciferase reporters containing the HPV16 late promoter can 

occasionally be induced by differentiation (Bodily et al., 2013), but this finding is not as 

consistent in the case of HPV16 as it is in HPV31 ((Bodily and Meyers, 2005) and 

unpublished observations). We do not understand why the two viruses differ in the 

differentiation-inducibility of their respective late promoter reporters. Luciferase reporters 

can effectively measure promoter activity, but would not capture other aspects of 

transcriptional regulation, such as elongation or transcript stability, that depend on elements 

found outside the promoter itself. Our results rule out a significant role for transcript 

stability in differentiation-dependent increase in transcripts from the late promoter. Data 

showing that elongation is likely the critical step may help explain inconsistency in the 

ability of late promoter reporters to be upregulated by differentiation.

Many factors are known to be able to recruit elongation machinery to promoters under 

various circumstances, but CDK8/Mediator (Donner et al., 2010; Donner et al., 2007b; 

Galbraith et al., 2013; Galbraith et al., 2010) and Brd4 (Hargreaves et al., 2009; Jang et al., 
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2005; Kohoutek, 2009; Lenasi and Barboric, 2010; Palermo et al., 2011; Patel et al., 2013; 

Yang et al., 2005) are the most important overall, which is why we chose to focus on these 

two factors. c-Myc can also bind and recruit P-TEFb to some promoters to promote 

transcriptional elongation (Rahl et al., 2010). We could detect c-Myc binding to the HPV16 

genome, but binding did not change upon differentiation, and treatment with a c-Myc 

inhibitor did not interfere with upregulation of late promoter activity in MC (not shown). 

Our studies do not rule out a contribution by other factors to CDK9 recruitment to the viral 

genome upon differentiation, but they do demonstrate that CDK8 and Brd4 each have an 

important role.

Because of its role in integrating signals from transcription factors with control of Pol II 

recruitment and activation, Mediator may be considered as the endpoint of most signal 

transduction cascades (Allen and Taatjes, 2015). Mediator complexes containing CDK8 are 

structurally unable to bind to or activate Pol II, and so CDK8 can act as an inhibitor of Pol II 

recruitment and PIC formation (Allen and Taatjes, 2015). On the other hand, by disrupting 

the interaction between Mediator and the PIC, CDK8 facilitates the shift from an initiating 

complex to an elongation complex (Allen and Taatjes, 2015; Donner et al., 2010; Galbraith 

et al., 2013; Galbraith et al., 2010; Taatjes, 2010). In addition, CDK8 acts either alone or in 

cooperation with Brd4 to promote recruitment of P-TEFb/CDK9, facilitating transcriptional 

elongation (Donner et al., 2010; Donner et al., 2007b; Galbraith et al., 2013). For these 

reasons, CDK8 recruitment to promoters acts as a molecular switch controlling the transition 

from initiation to elongation (Allen and Taatjes, 2015). We observed Pol II and MED1 

bound at the late promoter in undifferentiated cells. This suggests that the PIC may already 

be present at the late promoter under these conditions and that differentiation-dependent 

recruitment of the CDK8/kinase module and subsequent binding of CDK9 is the critical 

activating even. We observed that knockdown of CDK8 resulted in reduced late promoter 

activation whereas inhibition of CDK8 kinase activity did not. Other studies have also 

suggested that CDK8 plays a structural role in regulating genes that is distinct from its 

kinase activity (Gold et al., 1996), for example in the disparity between the effects of 

inhibiting the kinase activity of CDK8 as compared to knocking down the protein (Galbraith 

et al., 2013; Poss et al., 2016; Tsutsui et al., 2013).

Our data also show that one or more BET family proteins sensitive to JQ1 is critical for late 

promoter activation. Because of its ability to recruit P-TEFb to promoters (Hargreaves et al., 

2009; Kohoutek, 2009) and its known association with HPV (Iftner et al., 2016), we chose to 

focus on Brd4. Brd4 regulates the HPV early promoter and viral DNA replication (Iftner et 

al., 2016; Schweiger et al., 2006; Wang et al., 2013; Yan et al., 2010), and the viral E2 

repressor protein disrupts the interaction between Brd4 and P-TEFb (Yan et al., 2010). A 

mutation in E2 that prevents binding to Brd4 also prevents episomal maintenance of HPV16 

(Gauson et al., 2015). The role of E2 in regulation of the late promoter is not known, nor is 

its impact on the association between CDK8 and CDK9. However, we were able to observe 

inhibition of early transcripts only at much higher doses of JQ1 than were needed to inhibit 

the late promoter, suggesting that early transcription is not as dependent on Brd4 as late 

transcription is. Although JQ1 clearly inhibited late promoter activation, our results are 

somewhat equivocal about the role of Brd4 binding to the viral genome. We observed 

increased binding to the early promoter upon differentiation, but we did not observe a 
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corresponding increase in early promoter activity. Furthermore, JQ1 actually increased the 

association of Brd4 with the viral genome, but again without an increase in transcriptional 

activity. Thus the mechanistic role of Brd4 recruitment in viral transcription, or the impact of 

other BET family members, remains to be determined.

The relationship between the recruitment of Brd4, CDK8, and P-TEFb is not always clear. 

Brd4 can form a complex with CDK8 and P-TEFb (Wu and Chiang, 2007). CDK8 is needed 

to recruit Brd4 to HIF-1 target genes (Galbraith et al., 2013) and serum-stimulated genes 

(Donner et al., 2010). CDK8 knockdown also reduces occupancy by other components of 

the Mediator complex (Donner et al., 2010). On the other hand, at some promoters, binding 

to Brd4 is needed to mediate contact between P-TEFb and Mediator and promote 

transcription (Yang et al., 2005). Brd4 can also be found in both Mediator complexes and P-

TEFb complexes (Donner et al., 2010; Galbraith et al., 2010; Jiang et al., 1998; Loven et al., 

2013; Wu and Chiang, 2007), and is upstream of CDK8 function (Pelish et al., 2015). 

Inhibition of bromodomain binding with JQ1 has been shown to evict Mediator and CDK9 

from binding to promoters (Bhagwat et al., 2016). Our studies show that JQ1 prevents 

recruitment of CDK8 to the viral genome in differentiated keratinocytes. They also show 

that unusual binding of Brd4 to the viral genome upon treatment with JQ1 is associated with 

increased CDK8 binding, and suggest that Brd4 may be directly involved in CDK8 

recruitment. Finally, both CDK8 and Brd4 can bind to P-TEFb as part of the larger Mediator 

complex as well as separate complexes (Donner et al., 2010; Wu and Chiang, 2007). CDK8 

and Brd4 can be found along the gene body, suggesting that they may be part of the 

elongation complex (Donner et al., 2007b). Additional work will be needed to more fully 

understand the distribution of these factors on the viral genome at sites other than the sites 

we chose to examine in this study, but we have found both CDK8 and Brd4 associating with 

the viral genome not only at the LCR and late promoter, but even at downstream sites such 

as the E5 region (Supplementary Figure 3b and not shown). What role these factors may 

play at later stages of the transcription cycle is a subject for further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

The HPV16 late promoter is upregulated by transcriptional rather than 

posttranscriptional mechanisms.

Promoter upregulation upon differentiation is associated with increased occupancy 

of Pol II at the 3′ end of the early region.

Association of elongation factor CDK9 with the viral genome increases upon 

differentiation and CDK9 activity is required for promoter upregulation.

CDK8 and Brd4, two factors that facilitate CDK9 association with promoters, are 

recruited to the viral genome upon differentiation and contribute to promoter 

activity.
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Figure 1. 
The HPV16 late promoter is transcriptionally upregulated. a. Schematic diagram of the 

HPV16 genome showing the location of the long control region (LCR), early and late 

promoters, early polyadenylation signal, and the position of qPCR amplicons examined in 

this study. b. Inset: Southern blot analysis of DNA from HPV16 cells digested with a 

restriction enzyme that does not cut the viral genome (HindIII, -) or which cuts the genome 

once (BamHI, +), showing the supercoiled (S), nicked circular (N), multimeric (M), and 

linear bands (L) indicative of episomal maintenance of the HPV16 genome. Graph: Cells 

containing episomal HPV16 were cultured in either monolayer (mono) or methylcellulose 

(MC) for 24 hours. Total RNAs were isolated and subjected to RT-qPCR analysis using E6–

7 or E1^E4 primers. Ct values were normalized to cyclophilin A (Cyc) as an internal control 

and then to the monolayer sample for each experiment. Values represent the means of 10 

(E6–7) or 15 (E1^E4) independent experiments and bars represent ± one standard error of 

the mean. c. Cells grown in either monolayer or MC were treated with DMSO or 

actinomycin D (ActD, 5μg/μl) for the indicated time. Total RNAs were subjected to RT-

qPCR for the E1^E4 spliced product or the 18S rRNA. Ct values were normalized to Cyc, 

and the corresponding DMSO control in monolayer or MC was set to 1. Dotted lines 

represent the t1/2 for each decay curve. Bars represent ± one standard error of the mean.
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Figure 2. 
The LCR contributes to late promoter activity. a. The portions of the viral genome included 

in the reporter plasmids. b and c. HPV16-containing cells were transfected with the 

indicated reporter and cultivated in either monolayer or MC for 24 hrs. Luciferase activities 

in lysates were measured and normalized to Renilla luciferase as an internal control. d. 

HPV31-containing cells were transfected with a reporter consisting of the HPV31 LCR and 

late promoter sequence (analogous to LCR/Late) and analyzed as in b and c. Values 

represent the means of 4 (b), 9 (c), or 6 (d) experiments and bars represent ± one standard 

error of the mean.
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Figure 3. 
Pol II occupancy at the late promoter does not significantly increase upon differentiation but 

does increase near the polyadenylation site. Chromatin immunoprecipitation (ChIP) was 

performed using non-specific IgG or antibodies specific for Pol II on chromatin from 

HPV16 cells grown in monolayer or MC for 24 hours. qPCR was performed on the ChIP 

products using primers targeting (a) the late promoter/p670 region, (b) the E1 open reading 

frame, or (c) the E5 open reading frame. Ct values were normalized first to input and then to 

the IgG control for each experiment. Values represent means of 5 (a), 3 (b), or 4 (c) 

experiments and bars represent ± one standard error of the mean. *=p<0.05, NS=p>0.05.
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Figure 4. 
CDK9 recruitment is upregulated at downstream sites upon differentiation. ChIP was 

performed using non-specific IgG or antibodies specific for (a) CDK9 or (b) Ser2-

phosphorylated Pol II using chromatin from HPV16 cells grown in monolayer or MC for 24 

hours. qPCR was performed on the ChIP products using primers targeting p670, E1, or E5 

regions. Ct values were normalized first to input and then to the IgG control for each 

experiment. Values represent means of 3 experiments and bars represent ± one standard error 

of the mean. *=p<0.05, ***=p<0.01, NS=p>0.05.

Songock et al. Page 26

Virology. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Late transcription requires CDK9 activity. Cells containing episomal HPV16 were cultured 

for 24 hrs in monolayer or MC in the presence of various concentrations of flavopiridol 

(flavo), and total RNAs were subjected to RT-qPCR analysis using primers specific for the 

E1^E4 spliced mRNA. Fold induction of E1^E4 transcripts upon differentiation in the 

DMSO-treated sample within each experiment was set to 1. The dotted line represents the 

IC50. Values represent the average of 6 experiments and bars represent ± one standard error 

of the mean. ***=P<0.01, NS=p>0.05.
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Figure 6. 
CDK8 is recruited to the viral genome upon differentiation. ChIP was performed using non-

specific IgG or antibodies specific for CDK8 (a, b) or MED1 (c) on chromatin from HPV16 

cells grown in monolayer or MC for 24 hours. qPCR was performed on the ChIP products 

using primers specific for the p670 region (a, c), the E1 region (a), the E5 region (a), or the 

central LCR (b, c). Ct values were normalized first to input and then to the IgG control for 

each experiment. Values represent means of 3 (a), 6 (b), or 3 (c) experiments and bars 

represent ± one standard error of the mean. *=p<0.05, ***=p<0.01, NS=p>0.05.
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Figure 7. 
CDK8 contributes to late promoter activation, but not through its kinase activity. a. HPV16 

cells were cultured for 24 hrs in monolayer or MC in the presence of the indicated 

concentration of senexin A or DMSO. Total RNAs were isolated and subjected to RT-qPCR 

analysis using primers specific for the E1^E4 spliced mRNA. Ct values were normalized to 

Cyc and then to the DMSO control. b and c. CDK8 was knocked down in HPV16-

containing cells using CRISPR technology. b. A representative western blot of CDK8 levels 

in lysates from HPV16 cells infected with CDK8-CRISPR lentiviruses (CDK8 KD) or non-

target control lentivirus (NTC) grown in monolayer (mono) or methylcellulose (MC). 

Relative CDK8 band intensities are indicated below the blots. c. A representative Southern 

blot showing HPV16 genome copy number in NTC and CDK8 KD cells. Copy number 

controls corresponding to 100, 10, or 1 viral genome copy per cell are shown. d. Total RNAs 

were isolated from non-target control or CDK8 KD cells and levels of E1^E4 transcripts 

were measured using RT-qPCR as in (a). Values represent the means of 4 (a) or 5 (d) 

experiments and bars represent ± 1 standard error of the mean. ***=P<0.01, NS=p>0.05.
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Figure 8. 
CDK8 binding to the viral genome depends on BET family proteins and correlates with 

Brd4 association. HPV16 cells were grown in monolayer or MC for 24 hours in the presence 

of DMSO or 250 nM JQ1. a. Total RNAs were isolated and subjected to RT-qPCR analysis 

using primers specific for the E1^E4 spliced mRNA. Ct values were normalized to Cyc and 

then to the corresponding DMSO control. Values represent the means of 9–11 experiments. 

ChIP was performed using non-specific IgG or antibodies specific for Brd4 (b-d) or CDK8 

(e). qPCR was performed on the ChIP products using primers specific for p670/late 

promoter (b) or the central LCR (c–e). Ct values were normalized to the input and IgG 

control and then to the monolayer DMSO sample for each experiment. Values represent 

means of 3 experiments and bars represent ± one standard error of the mean. *=p<0.05, 

***=p<0.01, NS=p>0.05.
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Figure 9. 
a. Under undifferentiated (monolayer) conditions, Pol II and CDK9 are present at the late 

promoter and initiate transcription, but elongating complexes do not continue to the end of 

the early region. b. Under differentiating conditions, the viral DNA loops to bring the LCR 

enhancer elements into association with the late promoter. Transcription factors binding to 

the enhancer and/or promoter recruit Brd4 or another BET family member, which then 

recruits CDK8. Either together or individually, CDK8 facilitates the processivity of 

elongating Pol II/CDK9 complexes to achieve complete transcription of the early region.
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