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1. INTRODUCTION: Genus β human papillomaviruses (β-HPVs) are believed to 
contribute to non-melanoma skin cancer by acting as a cofactor in UV-induced 
destabilization of the host genome. The purpose of this project is to test this hypothesis 
by measuring the ability of the E6 protein from β-HPV to disrupt cellular signaling in 
response to challenges to genome fidelity. We are examining non-homologous end 
joining, nucleotide excision repair, and the Hippo Pathway. Mechanistically, we are 
testing disruptions of this pathway that are either dependent or independent of β-HPV 
E6’s degradation of p300, a cellular histone acetyltransferase. 

2. KEYWORDS: Non-melanoma skin cancer, Cutaneous human papillomavirus infection, 
Ultraviolet irradiation, Ionizing radiation, DNA damage, Genome fidelity.  

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required 
to obtain prior written approval from the awarding agency Grants Officer whenever 
there are significant changes in the project or its direction.  

Career Development Specific Tasks: During the first reporting period, I have made 
significant advancements toward my goal of establishing myself as a leader in the non-
melanoma skin cancer research. This is will allow me to make continued contributions to the 
PRCRP topic area, “Melanoma and Other Skin Cancers 

o Career Development Specific Major Task 1: Receive Career and Research Advice 
from Experts in Cancer Causing Viruses  

 Projected Completion date (from SOW):  August 1, 2020 
 Completion Percentage: ~95% (detailed in subsequent sections, calculated from 

percentage of milestones met) 

Research Specific Tasks: My research continues to highlight the oncogenic risk of cutaneous 
human papillomavirus infection co-occurring with exposure to military relevant risk factors 
UV and ionizing radiation. My findings are consistent with β-HPV infections contributing to 
non-melanoma skin cancer in military personnel.  

o Specific Aim 1 Major Task 1: Characterize β-HPV E6’s attenuation of DNA crosslink 
repair.  

 Projected Completion date (from SOW):  May 1, 2019 
 Completion Percentage: 100% (detailed in subsequent sections) 

 We have extended our efforts beyond the original task after completing 
the work proposed in the SOW.  

o Specific Aim 1 Major Task 2: Determine the Extent to which β-HPV E6 Attenuates 
Non-Homologous End Joining Repair (NHEJ) of DNA Lesions  

 Projected Completion date (from SOW):  August 1, 2020 
 Completion Percentage: 95% (detailed in subsequent sections) 

o Specific Aim 2 Major Task 1: Defining β-HPV E6’s inhibition of the Hippo Pathway 
(HP) 

 Projected Completion date (from SOW):  February 1, 2019 
 Completion Percentage: 95% (detailed in subsequent sections) 

o Specific Aim 2 Major Task 2: Determine the mechanism of β-HPV E6’s inhibition of 
the HP.  

 Projected Completion date (from SOW):  August 1, 2020 



 Completion Percentage: 100% (detailed in subsequent sections) 
 We have extended our efforts beyond the original task after completing 

the work proposed in the SOW.  
o Specific Aim 3 Major Task 1: P300-Independent Disruption of DNA Crosslink Repair  

 Projected Completion date (from SOW):  August 1, 2018 
 Completion Percentage: 95% (detailed in subsequent sections) 

 We have completed this task as much as possible and are currently 
examining the other p300-independent phenotypes that we identified 
during the completion of AIM2. This adheres with the theme of the 
proposal. 

o Specific Aim 3 Major Task 2: Determine the mechanism of β-HPV E6’s p300-
independent inhibition of DNA crosslink repair.  

 Projected Completion date (from SOW):  August 1, 2020 
 Completion Percentage: 100% (detailed in subsequent sections) 

 We have completed this task as much as possible and are currently 
examining β-HPV E6 in the context of a common mutation found in 
NMSC. This adheres with the theme of the proposal. 

What was accomplished under these goals?  

CAREER DEVELOPMENT-SPECIFIC TASKS 

Major Task 1: Receive Career and Research Advice from Experts in Cancer Causing Viruses  

Subtask 1: Present Research Annually to Drs. Laimonis and Giam’s Research Teams 

● Last reporting Period Summary: I met with Dr. Giam and Uniformed Services University 
Health Sciences Microbiology faculty in person. I also presented my research to Dr. Laimonis 
primarily via email and phone conversations. 

● Second Reporting Period: I communicated with Dr. Giam about my progress via email. I met 
with Dr. Laimonis twice in person to discuss my work. 

 ● Third Reporting Period: I communicated with Dr. Giam about my progress via email. I met 
with Dr. Laimonis twice in person to discuss my work. My third and fourth visits with Dr. 
Laimonis were cancelled due to COVID-19 restrictions. We have exchanged emails instead. 

 

Subtask 2: Attend and Present Research at Marquee HPV Research Conferences 

● Last reporting Period Summary: I attended several regional conferences in between these 
meetings highlighted by 17th Annual Symposium in Virology hosted by the University of 
Nebraska’s Center for Virology.  

● Second Reporting Period: I attended the 2018 and 2019 DNA Tumor Virus Meetings and 
chaired a session in the 2018 meeting. I also presented at the 2019 International Papillomavirus 
Meeting. I also attended the 18th Annual Symposium in Virology hosted by the University of 
Nebraska’s Center for Virology. In total, my lab and I presented work related to this project 4 
times at international conferences and 3 times at a national conference. 



● Third Reporting Period: I attended the 2019 Midwest Symposium on Papilloma and Polyom 
viruses. I presented at this meeting. My students presented at this meeting and at the American 
Society of Virology Meeting for a total of 3 international/national conference presentations. 
Several other speaking engagments were cancelled due to the pandemic. 

 

Subtask 3: Monthly Discussion of Career Progress and Grant Submission Strategy with Dr. Laimonis. 

Dr. Laimonis and I continue discuss my career regularly. This has included regular grant 
revisions and career guidance. These interactions have been incalculably helpful as I’ve navigate 
my pre-tenure career. Thanks to his advice, support from the CDMRP and hard work from my lab 
members, I have been encouraged to go up for tenure early and will submit my tenure packet in 
August 2020. I have also obtained two grants funded by the National Institutes of Health and 
submitted an unsuccessful proposal to the CDMRP.  

Subtask 4: Discuss Scientific and Professional Progress with Dr. Clem (KSU Faculty Advisor). 

With Dr. Clem’s mentorship, I have seen my lab’s output grow over the last year. My new lab’s 
location near him continues to be beneficial.  

Milestones Achieved:  

(1) Presentation of project data at preeminent meetings annually, (12, 24 36 Months) 
a. In this funding period, project data was presented 3 times at noteworthy national and 

international meetings. It was also presented several other times at local/regional events. 
i. 7 other presentations were cancelled due to the ongoing pandemic. 

 
(2) Submit major grant proposal to extend project by the end of the second budget period (24 Months) 

a. In funding period 1 I submitted the two grants described below: 
i. A proposal to the American Cancer Center was resubmitted titled, “Genus Beta 

Human Papillomavirus E6 Impairs Genome Fidelity”. This grant would provide 
support to expand the efforts funded by the CDMRP from 2019-2023. Notably, 
there is no overlap to the work supported by the CDMRP and this milestone was 
completed over 1 year earlier than projected.  

1. Update: This grant was not funded, but its score improved and it was 
resubmitted during budget period 3. 

ii. I am a junior investigator on a COBRE proposal (P20) resubmitted to the National 
Institute of General Medical Sciences. This work would also extend the efforts 
funded by the CDMRP with complimentary analysis of the oncogenic potential of 
cutaneous HPV infections. There is no overlap with the CDMRP funded project. 

1. Update: This grant was funded during budget period 3.  
b. I also submitted an R15 proposal to the National Institutes of Health entitled, “High Risk 

Genus Alpha HPV Oncogenes Dysregulate Translesion Synthesis”. This grant received a 
favorable score but was not funded. There is no overlap with this CDMRP funded project. 

i. Update: This grant was funded during budget period 3.  
(3) If necessary, revise and resubmit grant. (24, 36 Months) 

a. All three grants described above were resubmitted during budget period 2 and are awaiting 
review.  

i. During the third budget period, two of the three grants listed above were 
funded and the third was resubmitted. 

(4) Publish Findings in Peer Reviewed Journal (24, 36 Months) 



a. A total of 10 manuscripts have been published from our group during overall period 
of support from this grant. 

b. Three manuscripts were published ahead of schedule during the first funding period. 
i. Loss of Genome Fidelity: Beta HPVs and the DNA Damage Response. Wendel 

SO, Wallace NA Front. Microbiol. 2017 PMID:29187845 LINK 
ii. Characterizing DNA Repair Processes at Transient and Long-lasting Double-strand 

DNA Breaks by Immunofluorescence Microscopy. Murthy V, Dacus D, Gamez M, 
Hu C, Wendel SO, Snow J, Kahn A, Walterhouse SH, Wallace NA. 2018 PMID: 
29939192 LINK 

iii. The Curious Case of APOBEC3 Activation by Cancer Associated Human 
Papillomaviruses. Wallace NA, Munger K. 2018 PMID: 29324878 LINK 

c. Two more manuscripts were published during the second budget period. References are 
listed below 

i. Cervical cancer cell lines are sensitive to sub-erthemal UV exposure. Gu W., Sun 
S., Kahn A., Dacus D., Wendel SO., McMillan N., Wallace NA. 2019 PMID: 
30517878 LINK 

ii. mSphere of Influence: the Value of Simplicity in Experiments and Solidarity 
among Lab Members. Wallace NA. 2019. PMID: 31217299 LINK 

d. Five more manuscripts were published during the third budget period. References are listed 
below 

i. Beta Human Papillomavirus 8E6 Attenuates LATS Phosphorylation after Failed 
Cytokinesis. D Dacus, C Cotton, TX McCallister, NA Wallace. 2020. PMID: 
32238586. LINK 

ii. β-HPV 8E6 combined with TERT expression promotes long-term proliferation and 
genome instability after cytokinesis failure. D Dacus, E Riforgiate, NA Wallace 
2020 LINK 

iii. DNA repair gene expression is increased in HPV positive head and neck squamous 
cell carcinomas. AJ Holcomb, L Brown, O Tawfik, R Madan, Y Shnayder, SM 
Thomas, NA Wallace 2020 LINK 

iv. β-HPV 8E6 Attenuates ATM and ATR Signaling in Response to UV Damage. 
JA Snow, V Murthy, D Dacus, C Hu, NA Wallace. 2019. PMID: 31779191 LINK 

v. Catching hpv in the homologous recombination cookie jar. NA Wallace. 2020. 
PMID: 31744663 LINK 

(5) Gain career advice from experts in viral oncology 
a. I have had extensive interactions with my formal mentors and given talks at 5 different 

regional/national conferences (DNA Tumor Virus Meeting; Midwest Papillomavirus 
and Polyomavirus Symposium; Kansas IDEA Network of Biomedical Research 
Excellence’s Annual Symposium; Kansas University Medical Center’s Viral 
Pathogenesis Symposium; University of Nebraska’s Center for Virology Fly Swat 
Meeting). 

RESEARCH-SPECIFIC TASKS 

Specific Aim 1: To define the p300 inhibition of DNA repair by β-HPV E6 

Major Task 1: Characterize β-HPV E6’s attenuation of DNA crosslink repair. 

A peer-reviewed manuscript (Snow et al; 2019) describing our data was published in the journal 
Pathogens during the third budget period.  



Subtask 1: Obtain HRPO approval to isolate keratinocytes from neonatal foreskins and complete 
onboarding of Changkun Hu. 

This was completed during the first budget period.  

Subtask 2: Examine XPA phosphorylation and Stabilization using Immunoblot at representative time 
points following UV exposure. This will be done in vector control, β-HPV E6 and β-HPV ΔE6 expressing 
cells.  

The work for this subtask was completed during budget period 3 and published after peer review in a 
special issue of the journal Pathogens. I have included the figure from the paper (Snow et al 2019) with 
data relevant to this subtask (Figure 1A-D). They demonstrate the β-HPV E6 (referred to as 8E6 in the 
paper and figure) reduce phosphorylation of XPA. In addition, we also found that β-HPV E6 also reduced 
expression of XPA (Figure 1B). This work as done in primary HFKs and TERT-immortalized HFKs. 
These data were also summarized more thoroughly in the report for the second budget period. 

 

 



Subtask 3: Determine if DNA crosslink repair is rescued by exogenous expression of XPA and ATR.  

During budget period 2, our data suggested that excess ATR or XPA would not rescue crosslink repair. 
This was because β-HPV E6 blocked ATR activity. The data demonstrating this can be found in Figure 2 
and in the previously mentioned manuscript.  

As a result, we examined ATR phosphorylation targets. This demonstrated that β-HPV E6 has a broad but 
not universal ability to hinder ATR-mediated phosphorylation and is shown figure 3-4 and can also be 
found in Snow et al 2019. Notably, β-HVP E6 increased the frequency of cells in S-phase before and after 
UV (Figure 3F). This is expected to promote mutagenesis and HPV replication as genomes are more at 
risk during replication and HPV requires replicating cells for their proliferation. β-HPV E6 also decreases 
POLη expression and repair complexes formation. This extends the known signaling impact of β-HPV E6 
to the translesion synthesis (TLS) pathway. TLS protects replication forks from collapsing until UV 
damage is repaired. This prevents replication forks from collapsing into double stranded DNA breaks 
(DSBs). Attenuation of the TLS pathway provides an explanation for our prior observation that β-HPV E6 
makes UV-induced DSBs more likely. These data were also summarized more thoroughly in the report 
for the second budget period. 



 

 



Subtask 4: Define the subcellular localization of XPA using immunofluorescence microscopy and 
immunoblots, before and after UV.  

We have shown that β-HPV E6 changes the subcellular localization of XPA by both microscopy and 
immunoblots of subcellular fractionations. These data were published in Snow et al 2019 and are 
summarized here in Figure 1E and Figure 5. They were also discussed in more detail in the report for 
budget period 1 and 2.  

 

 

 

 

 

 

 

 



 

 

Subtask 5: Determine if β-HPV E6 
changes the abundance of other crosslink 
repair proteins using immunoblotting to 
detect the abundance of NER proteins 
before and after UV. 

This subtask was completed in budget 
period 2. We provide Figure 6 as a 
summary of the inhibition of ATR 
signaling discovered with the support from 
this grant.  

Milestones Achieved:  

Milestones Achieved: We will learn… 

Figure 6: β-HPV 8E6 binds to p300 (1) causing p300 to become 
destabilized and subsequentially degraded (2). The decrease in 
p300 levels leads to less ATR transcription (3). This leads to a 
decrease in ATR autophosphorylation (4) resulting in less 
activated ATR available (5). Limited availability of activated 
ATR leads to a decrease in ATR-dependent phosphorylation of 
downstream proteins (6) causing changes in β-HPV 8E6 
infected cells (7). 



Milestones Achieved: We will … 

(1) obtain oversight from HRPO necessary to avoid unintentional or unethical mistreatment of the 
human subjects. 
 
This was completed during the first budget period.  
 

(2) get the staff necessary to complete this aim. 
 

This was completed during the first budget period.  

 
(3) learn whether β-HPV E6 alters XPA phosphorylation and stabilization after UV and whether any 

changes are p300-dependent. 
 
This was completed and published in budget period 3. 
 

(4) learn whether β-HPV E6 acts through XPA- and ATR-dependent mechanisms to prevent crosslink 
repair.  

We found that β-HPV E6 inhibits ATR activation and expression meaning that it ultimately 
represses crosslink repair by decreasing ATR expression and activation. An extension of this 
observation is that β-HPV E6 acts indirectly through XPA.  

(5) learn whether β-HPV E6 changes the subcellular localization of XPA following UV and whether 
any changes are p300-dependent. 
 
This was completed and published in budget period 3. 
 

(6) learn if β-HPV E6 changes the abundance of NER proteins in cells with and without UV exposure. 
 
This was completed and published in budget period 3. 
 

Major Task 2: Determine the Extent to which β-HPV E6 Attenuates Non-Homologous End Joining 
Repair (NHEJ) of DNA Lesions 

Subtask 1: Define β-HPV E6’s ability to disrupt DNApk expression and autophosphorylation by 
immunoblot.  

Most of this subtask was completed during the first and second budget periods. We have shown that β-
HPV E6 decreases DNApk autophosphorylation in response to DNA damage. These data are currently 



under-review at the 
peer-reviewed 
journal Cancer (Hu, 
Bugbee and Wallace 
2020). They have 
been repeated in 
Keratinocytes 
(HFKs) and U2OS 
cells (Figure 7). 

 

 

Subtask 2: Determine 
the effect of β-HPV 
E6 on the expression 
of NHEJ proteins by 
immunoblot.  

We have shown that 
β-HPV E6 does not 
decrease canonical 
NHEJ protein 
abundance by 
immunoblot. These 
data are also included 
in the submitted 
manuscript (Hu, 
Bugbee and Wallace 
2020). See figure 8. 

  

Subtask 3: Define the 
ability of β-HPV E6 to impair NHEJ using a fluorescence based reporter system (traffic light reporter 
assay).  

We have taken two approaches to the previously reported problems with the 
broken flow cytometer at Kansas State University. First, we requested 
permission to buy a table top flow cytometer using funds from this grant. 
That request is currently being processed and evaluated. In the meantime, we 
converted a flow cytometry based assay for NHEJ to be detectable by 
immunoblot. Specifically, we use Cas9-directed endonucleases to make DSB 
cuts downstream of the GAPDH promoter and upstream of the CD4 open 
reading frame. When this is repaired by NHEJ, cells constitutively express 
CD4. We found this was detectable by immunoblot. To confirm that the CD4 
expression was due to NHEJ, we used ATM and DNApk inhibitors 
(Ku55933 and NU7441, respectively). As expected, ATM inhibition 
increased NHEJ (determined by CD4 abundance), while DNApk inhibition 
abolished NHEJ. We then used this assay to demonstrate that β-HPV E6 
decreased NHEJ in HFKs and U2OS cells. Further, at least some of this 



inhibitory effect was p300-independent. These data are also included in the previously mentioned 
manuscript. Please see Figure 10) 

Subtask 4: Determine the ability of β-HPV E6 to prevent NHEJ repair foci formation by 
immunofluorescence microscopy.  

This subtask was completed during budget period 2.  During the previous reporting period, we also 
reported that β-HPV E6 significantly increased the presence of pDNApk and RAD51 co-localization at 
DSBs. These co-localized foci are likely catastrophic for cells because NHEJ (indicated by pDNApk) 
removes the type of single strand overhangs that must occur for RAD51 foci to exist. This is predicted to 



result in large deletions. We are currently using the Cas9 technology described in Figure 10 to create a 
DSB at a known genomic location and using targeted deep sequencing to define the mutagenic 
consequences of β-HPV E6 expression at a DSB.  

Finally, we found that β-HPV E6 attenuated ATM activation and phosphorylation of ATM target proteins 
in response to UV. These data were included in a recently accepted manuscript (Snow et al 2019) and are 
shown in Figure 11.  

 

 

Milestones Achieved: We will… 

(1) learn the extent to which β-HPV E6 prevents DNApk expression and activation as well as whether 
this phenotype is p300-dependent. 

Thus this milestone was met and surpassed. We found p300-dependent attenuation of DNApk 
activation and p300-indpendent attenuation of NHEJ. 



(2) learn whether β-HPV E6 decreases the abundance of NHEJ proteins and whether these changes 
are dependent on p300 degradation. 

This milestone was achieved during the first budget period. 

(3) learn whether β-HPV E6 inhibits the repair of double strand breaks by the non-homologous end 
joining pathway as well as the role of p300 in any inhibition. 
 
Unfortunately, technical difficulties beyond our control or ability to resolve (broken flow cytometer 
equipment) have prevented this milestone from being met as described. We have achieved the 
desired result using an alternative method, but still need to conduct the originally proposed 
experiment.  
 

(4) learn the extent to which β-HPV E6 prevents non-homologous end joining proteins from forming 
repair foci and the p300-dependence of any such phenotype. 
 
This goal was met and surpassed. Further, relevant data has been published in a peer reviewed 
journal. 
 

Specific Aim 2: Determine the breadth and mechanism of β-HPV E6’s Hippo Pathway (HP) 
Inhibition 

We are preparing a manuscript for submission to the Journal of Virology based on the data from Specific 
Aim 2. This is the highest ranked journal in virology. We expect to submit the manuscript in early Fall.  

Major Task 1: Defining β-HPV E6’s inhibition of the HP 

Subtask 1: Obtain HRPO approval to isolate keratinocytes from neonatal foreskins. 

This was completed during the first budget period.  

Subtask 2: Determine the impact of β-HPV E6 on the phosphorylation of HP proteins by immunoblot. 

This was completed during the first budget period.  

Subtask 3: Define the subcellular localization of HP proteins in cells by immunofluorescence microscopy. 

This was completed during the first budget period.  

Subtask 4: Determine the extent to which β-HPV E6 promotes TEAD promoter activity by luciferase 
reporter assay. 

This task was completed during the third budget period and published in the Journal of Virology (Dacus 
et al 2020) along with the data described in Subtasks 1-4. Relevant data for the other three subtasks was 



provided in the previous reporting period. Figure 12 contains the relevant data.

 

Subtask 5: Define the prevalence of multipolar mitosis and micronuclei formation in β-HPV E6 
expressing cells by immunofluorescence microscopy. 

As reported for budget period two, our data supports the idea that β-HPV E6 promotes multipolar mitosis 
and demonstrates that micronuclei are increased by β-HPV E6. We are currently limited in our ability to 
detect multipolar mitoses because of the less than ideal frequency of mitotic cells in vector control 
HFKs. To combat this restriction, we are actively working out the conditions to increase the frequency of 
cells in mitosis by employing a double thymidine block. 

 Milestones Achieved: We will… 

(1) obtain oversight from HRPO necessary to avoid unintentional or unethical mistreatment of the 
human subjects. 
 

This was completed during the first budget period.  

 (2) learn whether β-HPV E6 alters the phosphorylation of Hippo pathway proteins and if any such 
changes are p300-dependent.  

This was completed during the first budget period.  

learn whether β-HPV E6 prevents the subcellular localization of Hippo proteins induced by failed 
cytokinesis and if any such inhibition is p300-dependent 

This was completed during the first budget period.   

 
(3) learn whether β-HPV E6 increase TEAD promoter activity after failed cytokinesis and if they can 

whether or not it is a p300-dependent phenotype. 
 
We completed this task, showing that TEAD promoter activity was increased in basal cells in a p300 
dependent manner by β-HPV E6 however after failed cytokinesis TEAD promoter activity was 



decreased when β-HPV E6 was expressed. We have independently confirmed these results using rtPCR 
and an in silico screen. 
 

(4) learn whether β-HPV E6 increases the likelihood of multipolar mitosis and micronuclei formation 
after failed cytokinesis as well as the role of p300-degradation in any such increases. 
 

This subtask is mostly complete. We have observed an increase in micronuclei and aneuploidy 
associated with β-HPV E6 expression. We had difficulty detecting mitotic cells of any kind and 
adjusting our experimental design to observe cells arrested in mitosis to circumnavigate this issue.  

Major Task 2: Determine the mechanism of β-HPV E6’s inhibition of the HP. 

Subtask 1: Define the abundance of HP proteins by immunoblot. This will be done in vector control, β-
HPV E6 and β-HPV ΔE6 expressing cells. 

This was completed during the first budget period.   

Subtask 2: Determine if p300 is involved in β-HPV E6-induced changes to the abundance of HP proteins 
using β-HPV ΔE6 mutant and immunoblot. 

This was completed during the first budget period.   

Subtask 3: Determine if p300 is present at HP gene promoters by chromatin immunoprecipitation and 
qPCR. 

We completed the planned qPCR experiments but did not see any change in HP gene expression (Fiugre 
22). As a result, we did not continue with the planned chromatin immunoprecipitation experiment. 

Subtask 4: Perform an unbiased analysis of β-HPV E6’s effect on the HP using HP PCR Array purchased 
from Qiagen and validated by qPCR as well as immunoblot. 

This was completed during the first budget period.  

 Milestones Achieved: We will learn… 

(1) whether β-HPV E6 changes the abundance of select HP proteins by destabilizing p300.  
 

This was completed during the first budget period.  

(2) whether p300 is at the promoters of HP genes and whether β-HPV E6 changes the abundance of 
p300 at these promoters. 

Our rtPCR data demonstrate that HP gene expression is not decreased by β-HPV E6. As a result, there 
was no value in determining the mechanism of β-HPV E6’s non-existent modification of HP 
expression. We do see an increase in LATS2 protein abundance suggesting an increase in protein 
stability. 

  (3) the comprehensive impact of β-HPV E6 on HP gene expression. 

This was completed during the first budget period.  

Specific Aim 3: Determine how β-HPV E6 induces p300-independent inhibition of DNA repair. 

Major Task 1: P300-Independent Disruption of DNA Crosslink Repair 

Subtask 1: Finish Onboarding for Dalton Dacus and obtain HRPO approval to isolate keratinocytes from 
neonatal foreskins. 



This was completed during the first budget period.  

Subtask 2: Define ICL-repair in HT1080 cells where β-HPV cannot degrade p300 by 
immunofluorescence microscopy using antibodies against UV-induced ICLs.  

As discussed in the report for budget period 2, we have shifted the focus of this subtask to better 
characterizing the ability of β-HPV E6 to induce aneuploidy. This has been a very fruitful effort, leading 
to a recently accepted manuscript in the peer-reviewed journal, Virology (Dacus, Riforgiate and Wallace 
2020). In this manuscript, we show that that β-HPV E6 becomes particularly capable of mitigating the 
long term anti-proliferative effects of failed cytokinesis when the viral gene is expressed in cells 
immortalized by telomerase activity. This does not affect β-HPV E6’s ability to alter Hippo pathway 
signaling, but does allow cells to maintain longer term proliferation and accumulate aneuploidy. The 
relevant data for this work is provided in figures 13-17. 

 

 



 

 



 

 

 



Subtask 3: Define ICL-repair when exogenous expression of degradation resistant p300 prevents β-HPV 
E6 from degrading p300 using immunofluorescence microscopy with antibodies against UV-induced 
ICLs. 

As noted in the previous 
annual report and prior 
sections of this one, we 
are now the 
characterizing 
micronuclei found in 
cells expressing β-HPV 
E6. Specifically, we 
found that micronuclei 
caused by β-HPV E6 are 
on average smaller than 
those in control cells 
(Figure A). This is 
independent of p300 
degradation and shared 
with between multiple β-
HPV E6 proteins. 
In contrast, β-HPV 
E6 does not 
change the 
frequency of 
H2AX staining or 
the intensity of 
DAPI staining 
(Figure B and C). 
Finally, we 
determined if β-
HPV E6 changed 
the frequency of 
centromeres in 
micronuclei using 
cenpA as a marker 
for centromeres. There 
was a modest p300-
dependent increase in 
centromere staining that 
accompanied β-HPV E6 
expression (Figure D).  



 

Subtask 4: Determine if β-HPV E6 can further 
impede crosslink repair in cells where ATR and 
p300 are targeted for RNAi mediated 
degradation (Assayed by immunofluorescence 
microscopy). 

We have completed and executed the MTA 
(Kansas State University and International 
Agency for Research on Cancer) that allowed us 
to obtain cells expressing other genes from other 
β-HPVs. The ongoing pandemic delayed this 
exchange but the cells were recently obtained 
and we are beginning to define aneuploidy and 
micronucleation in them. 

Milestones Achieved: We will… 

(1) obtain oversight from HRPO necessary to avoid unintentional or unethical mistreatment of the 
human subjects. 

This was completed during the first budget period. 

(2) get the staff necessary to complete this aim. 

This was completed during the first budget period.  

(3) learn the extent to which β-HPV E6 prevents ICL repair through p300-independent mechanisms. 

Our shift in focus has been very fruitful, resulting in the manuscript described above. We consider 
ourselves to have achieved and surpassed this milestone.  

(4) learn the extent to which β-HPV E6 prevents ICL repair through p300- and ATR-independent     
mechanisms. 

We have obtained the materials to conduct the work described in subtask four and are eagerly pursuing 
this end.  

Major Task 2: Determine the mechanism of β-HPV E6’s p300-independent inhibition of DNA 
crosslink repair. 

As described above, we have refocused our attention. Remaining within the framework of our proposal, 
we have extending the efforts of AIM 2 by defining how β-HPV E6 expressing cells recover from failed 
cytokinesis. These data were combined with data from Major Task 1 and published in Dalton Riforgiate 
and Wallace 2020.   

Subtask 1: Define the extent to which BCL6 inhibition prevents β-HPV E6 from preventing DNA 
crosslink repair by immunofluorescence microscopy and chemical inhibition and RNAi-mediated 
knockdown of BCL6. 

We accomplished our goal of understand how β-HPV E6 expressing cells recovered from H2CB-induced 
failed cytokinesis and identified a common cellular mutation that acted synergistically with β-HPV E6 to 
promote recovery. These data have been described in preceding sections and as mentioned can be found 
in the peer-reviewed manuscript Dacus, Riforgiate and Wallace 2020. This was incorporated in Subtasks 
1-4 of this Major task.  



Subtask 2: Determine if β-HPV E6 interacts with ATR/ATRIP using Co-immunoprecipitation reactions. 

See above 

Subtask 3: Determine if BCL6 is acting as a transcriptional repressor of ATR expression using chromatin 
immunoprecipitation. 

See above 



Subtask 4: Define the 
impact of β-HPV E6 on 
BCL6 protein stability 
and transcription using 
immunoblots and 
qPCR. 

See above 

Subtask 5: Identify 
novel β-HPV E6 
interacting proteins by 
mass spectrometry with 
validation by co-
immunoprecipitation. 

We have continued our 
efforts to understand 
p300-independent 
activities of β-HPV E6 
with regard to DSB 
repair. Specifically 
building off of the 
observation that β-HPV 
ΔE6 attenuated, we 
have defined a p300-
independent 
mechanism of NHEJ 
inhibition. β-HPV ΔE6 
and β-HPV E6 both 
prevent the induction of 
a repair complex 
essential for NHEJ. 
Namely, XRCC4 foci 
are not induced by the 
DSBs created from 
zeocin exposure. These 
data are shown in 
figure 18 and are 
under-review in the 
journal Cancers. In this 
figure we also show 
that DNA-PK mediated 
phosphorylation is 
attenuated by β-HPV 
E6, but this phenotype 
was p300-dependent.  

Milestone(s) 
Achieved: We will 
learn… 

(1) whether β-HPV E6 inhibits ICL repair through BCL6 inhibition. 



We have not been able to complete the originally proposed milestones, because our BCL6 result produced 
a phenotype that was too small/variable for further characterization. To honor our commitment to the 
award, we have instead extended our work in two ways to identify β-HPV E6’s p300-dependent and -
independent genome destabilizing activity. We have published a manuscript describing how β-HPV E6 
acts synergistically with telomerase activation to promote long term proliferation after failed cytokinesis. 
Second, we identified β-HPV E6’s p300-independent ability to impair NHEJ and a mechanism for this 
attenuation (inhibition of XRCC4 foci formation).  

(2) whether β-HPV E6 interacts with ATR/ATRIP. 

See above. 

(3) whether β-HPV E6 induced increases in BCL6 result in transcriptional repression of ATR. 

See above. 

 

(4) the extent to which β-HPV E6 chances BCL6 protein stability. 

 See above. 

 

(5) the extent to which β-HPV E6 changes BCL6 transcription. 

See above. 

 

(6) the identity of novel β-HPV E6 interacting proteins. 

See above. 

o What opportunities for training and professional development has the 
project provided?  

 Both graduate students funded in this project have twice presented their 
work at an international conference (DNA tumor virus meeting). Dalton 
Dacus also presented his work at a virtual assembly of the American 
Society for Virology. The PI received significant mentoring from Drs. 
Laimins, Gao and Clem. Further, he was invited to give 15 seminars on his 
work at Universities across the country and internationally. 

o How were the results disseminated to communities of interest?  
 Our group is highly engaged in the dissemination of our findings to the 

local regional and international communities of interest. 
 We have a very active twitter account (@wallacehpvlab) that we use to 

communicate our work to a network of followers. 
 We have engaged over 100 community members in hands-on tours of our 

lab during each reporting period, prior to COVID-19. These outreach 
activities are not available now. We have however continued our efforts to 
use our proximity to a US military base (Fort Riley) to facilitate 
engagement with the military health community. Specifically, we spoke 
with Drs. Julia Gaston and Colleen Mitchel. We cannot be certain as no 
identifying information is collected from our guests. 



 Before COVID-19 limited our outreach efforts, we participated in events 
organized by the K-State Office for the Advancement of Women in 
Science and Engineering to promote the participation of women in science 
(Girls Reaching Our World and  EXploring sCIence, Technology and 
Enginnering). 

 The PI also gave a public lecture as part of the local “Science on Tap” 
series. 

o What do you plan to do during the next reporting period to accomplish the 
goals?  

 Dr. Wallace will continue his career development adapting to the realities 
presented by COVID-19. Specifically, we will engage with his mentors 
virtually and continue to grow his connections by presenting at virtual 
conferences. 

 We are in the process of implementing two next gen sequencing based 
experiments related to this grant but supported from outside sources of 
funding.  

 We expect to publish at least one additional paper from the work 
supported here.  

 We have resubmitted our application to the American Cancer Society and 
hope for positive news later this month. An R01 grant application to the 
National Institutes of Health will be submitted on topics relevant to the 
work funded here. 

4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, 
successes, or any change in practice or behavior that has come about as a result of the 
project relative to:  

o What was the impact on the development of the principal discipline(s) of the 
project?  

 β-HPV infections are believed to cause cancer by increasing the ability of 
sunlight and radiation to cause skin cancer. We have hypothesized that 
they do this by preventing the cells they infect from properly responding 
to damaged DNA. In this period, we have published five manuscripts 
(Three of these were relevant to this funding). The data presented in these 
papers support this idea by showing the proteins from this virus destabilize 
the host genome. These results are important for the military community 
in particular for two reasons. 1. Military service is a risk factor for skin 
cancers. 2. Military service is associated with increased sun and radiation 
exposure.  

o What was the impact on other disciplines?  
 Our work has broad impacts as it helps clarify the role of p300 in signaling 

pathways known to suppress tumors. This includes investigators studying 
the Hippo Pathway, chromosome segregation and maintenance, double 
strand break repair, cell cycle regulation and crosslink repair.  

o What was the impact on technology transfer?  
 The overall goal of this project is to determine the oncogenic 

potential of β-HPV infections so that anti-viral drugs or vaccines 
can be developed. Our results remain supportive of this goal.  



o What was the impact on society beyond science and technology?  
 Efforts to prevent cancer will always have the potential to impact society 

at large. Our work remains impactful in this manner. 
 Our outreach and engagement efforts also help grow lay knowledge of 

science and encourage participation in science by underrepresented 
members of society  

5. CHANGES/PROBLEMS: The Project Director/Principal Investigator (PD/PI) is 
reminded that the recipient organization is required to obtain prior written approval 
from the awarding agency Grants Officer whenever there are significant changes in the 
project or its direction. If not previously reported in writing, provide the following 
additional information or state, "Nothing to Report," if applicable:  

o Changes in approach and reasons for change  
 We have continued and expanded the new course described in our report 

for budget period 2.  
o Actual or anticipated problems or delays and actions or plans to resolve them  

 We have requested permission to buy a bench top flow cytometry sorter 
that we reported as broken in budget period 2. We are in the process of 
getting a quote for this piece of equipment.  

o Changes that had a significant impact on expenditures  
 none 

o Significant changes in use or care of human subjects, vertebrate animals, 
biohazards, and/or select agents  

 Nothing to report 
o Significant changes in use or care of human subjects 

 Nothing to report 
o Significant changes in use or care of vertebrate animals. 

 Nothing to report 
o Significant changes in use of biohazards and/or select agents 

 Nothing to report 
6. PRODUCTS: List any products resulting from the project during the reporting period. If 

there is nothing to report under a particular item, state "Nothing to Report."  
o Publications, conference papers, and presentations.  

 Journal publications.  

1. Dacus D, Riforgiate E, Wallace NA. “β-HPV 8E6 Combined with TERT 
Expression Promote Long-Term Proliferation and Genome Instability 
After Cytokinesis Failure.” Virology, 2020  

2. Holcomb A, Brown L, Tawfik O, Madan R, Shnayder Y, Thomas SM, 
Wallace NA. “Overexpression of Homologous Repair Proteins in 
Human Papillomavirus Positive Head and Neck Squamous Cell 
Carcinoma.” Virology, 2020 

3. Dacus D, Cotton C, McCallister TX, Wallace NA. “Beta Human 
Papillomavirus 8E6 Attenuates LATS Phosphorylation after Failed 
Cytokinesis” Journal of Virology, 2020 



4. Wallace NA. “Catching HPV in the Homologous Recombination 
Cooking Jar” Trends in Microbiology, 2020. 

5.  Snow JA, Murthy V, Dacus D, Hu C, Wallace NA. “β-HPV 8E6 
Attenuates ATM and ATR Signaling in Response to UV Damage” 
Pathogens 2019 

 Books or other non-periodical, one-time publications.  
 Nothing to report 

 Other publications, conference papers, and presentations. 

1. Louisiana State University, Shreveport Health Science Center, (2020) 
“HPV Oncogenes Induce and Disrupt Translesion Synthesis”  

 
2.  University of Kansas Cancer Center (2019) “HPV Oncogenes Induce 
and Disrupt Translesion Synthesis”  

 
3. Department of Microbiology, Molecular Genetics & Immunology, 
University of Kansas Medical Center (2019) “HPV Oncogenes Induce and 
Disrupt Translesion Synthesis”  

 
4. Center for Molecular Medicine’s Symposium on the missing links in 
HPV-Biology: Focus on Head & Neck cancer and Skin Cancer, Cologne, 
Germany (2019) “Interference of HPV with DNA Damage and Repair 
Pathway” 
 

5. Virginia Commonwealth University Philips Institute for Oral Health 
Research (2018) “HPV Oncogenes Induce and Disrupt Translesion 
Synthesis” 

6. Wake Forest University School of Medicine Microbiology and 
Immunology (2018) “HPV Oncogenes Induce and Disrupt Translesion 
Synthesis” 

7. University of Kansas, Lawrence, KS (2018) “HPV Oncogenes Induce and 
Disrupt Translesion Synthesis” 

8. 6th Workshop on Emerging Issues in Oncogenic Virus Research. 
Manduria, Italy. (2020) “β-HPV E6 Attenuates UV Repair” (Abstract 
Accepted, Conference Cancelled) 

 

9. Midwest HPV Conference, Indiana University School of Medicine 
(2019) “HPV Oncogenes and Genome Stability”  



10. Designing Molecules Workshop and Conference. Japan Society for 
Promotion of Science and K-State Department of Chemistry. (2019) “HPV 
Oncogenes Induce and Disrupt Translesion Synthesis” 

 

 Website(s) or other Internet site(s) 
 www.WallaceLabKSU.weebly.com  

 This is our personal lab website. It broadcasts our 
twitter handle and announces major accomplishments. 
 

 @wallaceHPVlab is our twitter handle.  
 This twitter account disseminates the daily activities and 

science news from our group. We use it to connect with our 
over 800 followers. It is an effective outreach tool. 

o Technologies or techniques 
 Nothing to report 

o Inventions, patent applications, and/or licenses 
 Nothing to report 

o Other Products 
 Nothing to report 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS  
o What individuals have worked on the project?  

Name: Dalton Dacus 

Project Role: Graduate Student 

Researcher Identifier (e.g. 
ORCID ID): 

Not Applicable 

Nearest person month 
worked: 

12 

Contribution to Project: 
Mr. Dacus performed most of analysis of the hippo 
pathway (Aim 2) and some of the work for AIM3 

Funding Support: CDMRP and Wallace Startup funds 

  

Name: Changkun Hu 

Project Role: Graduate Student 

Researcher Identifier (e.g. ORCID 
ID): 

Not Applicable 

Nearest person month worked: 12 



Contribution to Project: 
Mr. Hu has performed the analysis of the NHEJ 
pathway. 

Funding Support: CDMRP and Wallace Startup Funds 

  

Name: Jazmine Snow 

Project Role: Research Assistant 

Researcher Identifier 
(e.g. ORCID ID): 

Not Applicable 

Nearest person month 
worked: 

4 

Contribution to Project: 
Ms. Snow has performed the characterization of ATM and 
ATR signaling described above in Specific AIM 1. 

Funding Support: Wallace Startup funds 

o  

Name: Nicholas Wallace 

Project Role: Primary Investigator 

Researcher 
Identifier (e.g. 
ORCID ID): 

0000-0002-3971-716X 

Nearest person 
month worked: 

3 

Contribution to 
Project: 

Dr. Wallace oversaw the work on each projects. He wrote and 
edited all manuscripts. He also submitted grants to fund future 
relevant studies. He mentored the graduate students, post doc and 
research assistant in his lab. He also presented the lab’s findings 
to external and internal audiences.  

Funding Support: CDMRP Support and NIH Support  

  

Name: Laimonis Laimins 

Project Role: Designated Mentor 

Researcher Identifier (e.g. 
ORCID ID): 

0000-0002-6314-623X 

Nearest person month 
worked: 

1 



Contribution to Project: 
Dr. Laimins advised and mentored Dr. Wallace as 
necessary throughout the budget period.  

Funding Support: 
Dr. Laimins is supported by 2 RO1’s from the NCI and 1 
R21 from NIAID. 

o Has there been a change in the active other support of the PD/PI(s) or 
senior/key personnel since the last reporting period?  

 Nothing to Report. 
o What other organizations were involved as partners?  

 Nothing to Report. 
8. SPECIAL REPORTING REQUIREMENTS  

o Nothing to Report 
o APPENDICES: PDF versions of the five manuscripts published during this 

reporting period are appended below.  
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β-HPV 8E6 combined with TERT expression promotes long-term
proliferation and genome instability after cytokinesis failure

Dalton Dacus, Elizabeth Riforgiate, Nicholas A. Wallace∗
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A B S T R A C T

Human papillomavirus (HPV) is a family of viruses divided into five genera: alpha, beta, gamma, mu, and nu.
There is an ongoing discussion about whether beta genus HPVs (β-HPVs) contribute to cutaneous squamous cell
carcinoma (cSCC). The data presented here add to this conversation by determining how a β-HPV E6 protein (β-
HPV 8E6) alters the cellular response to cytokinesis failure. Specifically, cells were observed after cytokinesis
failure was induced by dihydrocytochalasin B (H2CB). β-HPV 8E6 attenuated the immediate toxicity associated
with H2CB but did not promote long-term proliferation after H2CB. Immortalization by telomerase reverse
transcriptase (TERT) activation also rarely allowed cells to sustain proliferation after H2CB exposure. In contrast,
TERT expression combined with β-HPV 8E6 expression allowed cells to proliferate for months following cyto-
kinesis failure. However, this continued proliferation comes with genome destabilizing consequences. Cells that
survived H2CB-induced cytokinesis failure suffered from changes in ploidy.

1. Introduction

Cutaneous squamous cell carcinoma (cSCC) is one of the most
common malignancies worldwide (Lomas et al., 2012; Alam and
Ratner, 2001). The annual rate of cSCC has risen for thirty straight
years (Hollestein et al., 2014). These malignancies represent a tre-
mendous financial burden, especially in fair-skinned populations. As a
result, the United States currently spends $3.8 billion annually on
treatments (Deady et al., 2014). UV radiation, light skin color, and
immunosuppression are the major risk factors implicated in the devel-
opment of cSCC (Fahradyan et al., 2017). Additionally, it has been
hypothesized that cutaneous human papillomavirus of the beta genus
(β-HPV) may be another factor in cSCC progression (Howley and
Pfister, 2015a; McLaughlin-Drubin, 2015; Tommasino, 2017).

β-HPV types 5 and 8 were first isolated from sun-exposed skin le-
sions found in individuals with the rare genetic disorder, epidermo-
dysplasia verruciformis (EV) (Orth, 2008). People with EV are prone to
β-HPV infections and cSCC (Orth, 2008; Nunes et al., 2018). A similar
association has been observed in people taking immunosuppressive
drugs after organ transplants (Genders et al., 2015; Boyle et al., 1984;
Boxman et al., 1997). Further, animal and epidemiological studies also
suggest β-HPV infections are associated with cSCC (Tommasino, 2017;
Chahoud et al., 2016; Patel et al., 2008). Yet β-HPV expression in im-
munocompetent individuals drops significantly as healthy skin

progresses to precancerous actinic keratosis (AK), then onto cSCC
(Nunes et al., 2018; Winer et al., 2017; Hampras et al., 2017;
Weissenborn et al., 2005, 2009; Howley and Pfister, 2015b). In vitro
assays suggest that β-HPV proteins, particularly β-HPV E6, alter cell
signaling to promote proliferation, impairing genome stability in the
process (Wendel and Wallace, 2017; Rollison et al., 2019). These data
have led some to hypothesize that β-HPV augments the mutational
burden associated with UV, promoting the early stages of malignant
conversion. In what has been called the “hit-and-run” model of viral
oncogenesis, these mutations result in a tumor that no longer relies on
continued viral gene expression (Aldabagh et al., 2013; Hufbauer and
Akgül, 2017; de Koning et al., 2007). While this model has merit, other
factors seem to dictate the oncogenic potential of β-HPV infections. For
example, a recent publication from Strickley et al. helped solidify the
growing consensus that immune status is a central determinant of the
oncogenic potential associated with β-HPV infections (Strickley et al.,
2019). Other factors may also increase or decrease the risk associated
with these infections. Given how widespread β-HPV infections are, it
remains important to understand the genetic changes that could aug-
ment their deleterious characteristics.

The work described here focuses on the maintenance of genome
fidelity during cell division. Live cell microscopy and brightfield mi-
croscopy demonstrate that failed cytokinesis occurs about 10% of the
time that skin cells enter mitosis (Wallace et al., 2014; Dacus et al.,
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2020). When this occurs, if the cells continue proliferating, they will
suffer changes in ploidy (Hayashi and Karlseder, 2013; Alonso-Lecue
et al., 2017; Lens and Medema, 2019). Responses to failed cytokinesis
are often studied after induction by dihydrocytochalasin B (H2CB).
H2CB causes cytokinesis failure by inhibiting actin polymerization. One
study used this approach to show that the Hippo pathway kinase LATS
was responsible for orchestrating the cellular response to failed cyto-
kinesis, by inducing p53 accumulation and preventing further pro-
liferation (Ganem et al., 2014). β-HPV 8E6 expression inhibits this
buildup of p53 by attenuating LATS activation in a p300-dependent
manner (Dacus et al., 2020). Despite the impairment of relevant sig-
naling events, β-HPV 8E6 only imparted transient protection from
failed cytokinesis. While β-HPV 8E6 expressing cells tolerated the im-
mediate impact of failed cytokinesis, they were not capable of sustained
proliferation. Mutations that activate telomerase are common in cSCC
and are associated with growth advantages (Cheng et al., 2015;
Griewank et al., 2013; Pópulo et al., 2014). Like β-HPV 8E6 expression,
TERT expression had a limited ability to promote proliferation after
failed cytokinesis. However, expression of β-HPV 8E6 in cells im-
mortalized by telomerase activation promoted short- and long-term
proliferation after failed cytokinesis. The survival of H2CB-induced
failed cytokinesis was associated with increased aneuploidy.

2. Results

β-HPV 8E6 expressing HFK cannot sustain proliferation after H2CB-
induced failed cytokinesis. β-HPV 8E6 hinders the cellular response to
genome destabilizing events, including DNA damage and failed cyto-
kinesis (Wendel and Wallace, 2017; Dacus et al., 2020). This study
examines the consequences of β-HPV 8E6's impairment of signaling
events stemming from H2CB-induced cytokinesis failure. β-HPV 8E6
reduces H2CB-induced activation of a Hippo tumor suppressor pathway
kinase (LATS), p53 stabilization, and the accumulation of apoptotic
markers. β-HPV 8E6 also increases the expression of pro-proliferative
TEAD-responsive genes. To determine if these alterations allowed cells
to survive H2CB-induced failed cytokinesis, we exposed vector control
human foreskin keratinocytes (HFK LXSN) and β-HPV 8E6 expressing
HFK (HFK β-HPV 8E6) to media containing 4 μM of H2CB for 6 days
(Ganem et al., 2014). Cells counted on day 0 are referred to as ‘before’
H2CB. After 6 days of H2CB exposure, cells were counted and are re-
ferred to as ‘during’. H2CB was washed out and cells were placed in
growth media. Cells were monitored until they reached approximately
90% confluency or stopped proliferating (referred to as ‘after’). At this
point, viable cultures were counted, passaged, and considered to have
recovered (recovered-HFK LXSN or recovered-HFK β-HPV 8E6) from
H2CB exposure. Three independent biological replicates found similar
results. β-HPV 8E6 attenuated the immediate consequences of H2CB-
associated toxicity (compare the number of HFK LXSN and HFK β-HPV
8E6 after 6 days of H2CB exposure in Fig. 1A). However, neither cell
line was capable of sustained proliferation after H2CB (Fig. 1A).

β-HPV infections occur in different genetic backgrounds, some of
which could act synergistically with β-HPV 8E6 to allow cells to recover
from H2CB-induced failed cytokinesis (Martincorena et al., 2015).
Given the links between β-HPV and cSCC development, recurrent ge-
netic contributors to cSCC development were examined to identify
candidate alterations. Specifically, common mutations from sequencing
data of 68 cSCC were ranked by their frequency (Pickering et al., 2014;
Li et al., 2015; Gao et al., 2013; Cerami et al., 2012) (Supplemental
Data 1). Then, a gene ontology analysis was performed on the top 10%
of mutations using the web-based gene ontology software, PANTHER
(Mi et al., 2017; The Gene Ontology Resourc, 2019; Ashburner et al.,
2000) (Fig. 1B). The biological process “replicative senescence” con-
tained within the “proliferation” node contained commonly mutated
genes in cSCC. A complementary gene ontology software also identified
“replicative senescence” among the cellular responses enriched within
cSCC mutated genes (data not shown). This broad unbiased approach

was complimented with a literature-based prioritization of the mutated
genes. Among the genes in the “replicative senescence” node, mutations
in TERT (the gene encoding telomerase reverse transcriptase, a com-
ponent of telomerase) were notable. Multiple other studies have iden-
tified telomerase activating mutations within TERT promoter region in
cSCC (Cheng et al., 2015; Griewank et al., 2013; Pópulo et al., 2014;
Scott et al., 2014). Enhanced telomerase activity can promote pro-
liferation despite damage and stress that would normally remove cells
from the cell cycle (Urquidi et al., 2000; Victorelli and Passos, 2017;
Davoli et al., 2010). It also allows cells immortalized by telomerase
activation to continue growing after exposure to cytochalasin B, an
unsaturated derivative of H2CB, which shares the ability to inhibit cell
division, but unlike H2CB, it affects sugar transport (31, 48–51). These
observations suggest that TERT activation is a relevant alteration in
cSCC and that it could act on its own or synergize with β-HPV 8E6 to
promote growth after cytokinesis failure.

To determine if TERT activation could promote survival from H2CB,
β-HPV 8E6 expression was examined in HFK immortalized by telo-
merase activation (TERT-HFK). Specifically, the effects of H2CB on long
term proliferation were studied in previously characterized HA-tagged
β-HPV 8E6 and vector control TERT-HFKs (TERT-HFK β-HPV 8E6 and
TERT-HFK LXSN, respectively) (Wang et al., 2016; Dickson et al.,
2000). β-HPV 8E6 maintained its previously reported ability to alter the
response to H2CB and increase TEAD-responsive gene expression in this
genetic background (Supplementary Fig. 1A–C). Further, H2CB ex-
posure was more effective at inducing binucleation and senescence
(indicated by senescence-associated β-Galactosidase or SA β-Gal
staining) in TERT-HFK cells (Supplementary Fig. 1D,E). These data
confirmed that both β-HPV 8E6 and H2CB retained their reported ac-
tivities in TERT-HFK cells. Next, the impact of H2CB exposure (6 days of
4 μM H2CB) on long-term proliferation was defined for three biological
replicates using the growth conditions described in Fig. 1A. β-HPV 8E6
continued to reduce cell death in TERT-HFKs during H2CB exposure
(compare cell lines at day 6 in Fig. 2A). However, β-HPV 8E6 was also
able to promote recovery from H2CB-induced failed cytokinesis in this
genetic background (recovered-TERT-HFK β-HPV 8E6). In each of these
long-term growth assays, TERT-HFK β-HPV 8E6 survived for at least 17
days after H2CB exposure (Fig. 2A). Unfortunately, one repeat was
contaminated and could not be expanded after survival. In contrast,
none of the attempts to grow TERT-HFK LXSN after H2CB exposure
were successful (recovered-TERT-HFK LXSN).

To obtain recovered-TERT-HFK LXSN to compare to recovered-
TERT-HFK β-HPV 8E6 cells, 6 additional replicates were performed in a
format with a larger initial population of cells (expansion from a 6-well
to 10-cm plate format). In these conditions, only one of the TERT-HFK
LXSN cell lines survived (See Fig. 2B). TERT-HFK β-HPV 8E6 cells also
survived in each of the experiments conducted in 10-cm plates. Re-
presentative growth data for these cells can be found in Supplementary
Figure 2. Recovered-TERT-HFK cells were expanded to determine the
genomic consequences of surviving H2CB.

3. β-HPV 8E6 exacerbates aneuploidy in TERT-HFKs after
recovering from failed cytokinesis

Failed cytokinesis jeopardizes genome integrity, particularly when
cells continue to proliferate afterward (Hayashi and Karlseder, 2013;
Storchova and Kuffer, 2008; Ganem et al., 2007). To determine if the
cells that survived H2CB-induced failed cytokinesis had impaired
genomic instability, differential interference contrast microscopy of
condensed chromosomes from metaphase spreads was used to compare
the ploidy of TERT-HFK LXSN to recovered-TERT-HFK LXSN cells
(Fig. 3A). While most TERT-HFK LXSN were diploid before H2CB
treatment, many recovered-TERT-HFK LXSN cells had aneuploid gen-
omes. A small subset of recovered-TERT-HFK LXSN cells had tetraploid
genomes (Fig. 3B). Chromosome abnormalities were exacerbated by β-
HPV 8E6 in the cell line paired with the only recovered-TERT-HFK
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LXSN cell line. Most TERT-HFK β-HPV 8E6 cells had aneuploid genomes
before H2CB exposure and all the recovered-TERT-HFK β-HPV 8E6
were aneuploid (Fig. 3B, C). The length of time in passage is unlikely to
explain these data as the cells were analyzed after a similar time in
culture. Further, the results were nearly identical when ploidy was
determined immediately after recovery or several passages later (data
not shown).

4. Discussion

β-HPVs promote the proliferation of damaged skin cells (Howley
and Pfister, 2015a; Tommasino, 2017; Rollison et al., 2019; Wallace
et al., 2014; Dacus et al., 2020). β-HPV 8E6 is a critical contributor to
this phenotype and acts at least in part by suppressing apoptotic re-
sponses (Dacus et al., 2020; Underbrink et al., 2008). As a result, β-HPV
infections have been hypothesized to allow the accumulation of po-
tentially tumorigenic mutations. Here, we examine the ability of β-HPV
8E6 to act along with TERT expression to facilitate the survival of cells
that do not divide after replicating their genomes. We summarize our
observations in Fig. 4. When cytokinesis failure was induced by H2CB,
HFK were unable to sustain long-term growth (Fig. 4A). β-HPV 8E6 did
not change this outcome (Fig. 4B). Immortalization by telomerase ac-
tivation rarely allowed cells to recover from.

H2CB exposure (Fig. 4C). However, the combination of β-HPV 8E6
expression and TERT expression allowed cells to sustain proliferation
for months (presumably indefinitely) after cytokinesis failure and
augmented genomic instability (Fig. 4D).

When comparing HFK and TERT-HFK cell lines some caution should

be exercised as they were generated from different donors. However,
phenotypes are frequently replicated across.

Keratinocytes from separate persons (White et al., 2012; Howie
et al., 2011; Meyers et al., 2017). More specific to this study and these
cells, the previously reported attenuation of the Hippo pathway kinase
LATS activation by β-HPV 8E6 was conserved between both HFK and
TERT-HFK cell lines (Supplementary Figure 1 and (Dacus et al., 2020)).
These data are consistent with the established idea that telomerase
activation promotes carcinogenesis and suggest that β-HPV infections
may augment the transformative power of telomerase activation.

Our data also provides other, more specific insights. For instance,
we found that β-HPV 8E6 made TERT-HFKs approximately 2.5 times
more likely to be aneuploid (Fig. 3C). To our knowledge, this is the first
report associating changes in ploidy with β-HPV 8E6. The observation
is in line with reports from the Tommasino Lab that describe changes in
ploidy in β-HPV 38 E6 and E7 immortalized keratinocytes (Gabet et al.,
2008). Unlike our report, they demonstrated that ectopic TERT ex-
pression reduced aneuploidy, likely by reducing the chromosomal re-
arrangements, anaphase bridges, and multipolar mitoses associated
with β-HPV 38 E6/E7 immortalization. This could be the result of dif-
ferences between β-HPV 38 E6 and β-HPV 8E6 or they might be ex-
plained by the presence/absence of the β-HPV E7 protein (Tommasino,
2017; Howley and Pfister, 2015b).

In vitro studies on β-HPVs tend to examine the effects of stimuli over
a short time interval (hours to days). However, the average β-HPV in-
fection persists for six to eleven months (de Koning et al., 2007;
Hampras et al., 2014). TERT-HFK cells provide a system to replicate
lengthier conditions and our data demonstrates the utility of such an

Fig. 1. H2CB-induced failed cytokinesis prevents long-term proliferation. (A) Three growth curves (biological replicates) comparing HFK LXSN and β-HPV 8E6
cells before, during, and after 6 days of H2CB exposure in 6-well tissue culture plates. HFK LXSN (dashed) and β-HPV 8E6 (solid) data with the same color and
number (red, 1; green, 2; and blue, 3) were treated in parallel. (B) Two charts representing GO analysis of common mutations in cSCC. The larger chart on the left
represents nodes of similar GO: biological process terms. The smaller chart represents the two GO: biological process terms within the “Proliferation” node. TERT
expression allows β-HPV 8E6 HFKs growth after H2CB-induced failed cytokinesis. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 2. TERT expression promotes recovery
from failed cytokinesis. (A) Three growth curves
(biological replicates) comparing TERT-HFK LXSN
and β-HPV 8E6 cells before, during, after, and re-
covered from 6 days of H2CB exposure in 6-well
tissue culture plates. LXSN (dashed) and β-HPV
8E6 (solid) data with the same color and number
(red, 1; green, 2; and blue, 3) were treated in
parallel. ! signifies the premature end of the long-
term cultivation due to bacterial contamination.
(B) Percent of HFK and TERT-HFK cells capable of
long-term growth after 6 days in H2CB. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

D. Dacus, et al. Virology 549 (2020) 32–38

34



Fig. 3. β-HPV 8E6 and cytokinesis failure induce changes in ploidy. (A) Representative images of metaphase spreads. Insert on the top-right corner shows a
magnified chromosome. (B) Relative frequency of diploidy (blue), tetraploidy (yellow), and aneuploidy (red) before H2CB treatment and once cells recovered. Red
and blue asterisks denote a significant difference from ‘LXSN Before’ for aneuploidy and diploidy, respectively. (C) Graphical presentation of the distribution of the
number of chromosomes among≥ 45 cells analyzed by metaphase spreads (before or recovered from 6 days of H2CB exposure). Horizontal-dotted lines represent 46
(2 N), 92 (4 N), or 184 (8 N) chromosomes. ** denotes significant difference between indicated samples p ≤ 0.01, *** denotes p ≤ 0.001 (Student's t-test). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. β-HPV 8E6 and telomerase activation affect
cell fate after failed cytokinesis. (A) Keratinocytes
that experience H2CB-induced cytokinesis failure
become binucleated (indicated by two nuclei inside
the cell) resulting in cell death and inhibition of
long-term proliferation. (B) β-HPV 8E6 (indicated
by green nuclei) reduces the death associated with
cytokinesis failure but cells remain unable to sus-
tain long-term proliferation. (C) Keratinocytes im-
mortalized by TERT activation (indicated by purple
nuclei) experience H2CB-associated binucleation
and toxicity, but unlike primary keratinocytes, a
small number recover. (D) TERT immortalized
keratinocytes that co-express β-HPV 8E6 (indicated
by green/purple nuclei) regularly survive H2CB-
exposure but have high levels of aneuploidy. (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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approach. By removing the restrictive nature of primary cell growth, we
were able to describe the changes in ploidy stemming from failed cy-
tokinesis. Based on our data, caution should be exercised when ex-
amining these systems as TERT expression can change the cellular re-
sponse to genome destabilizing events.

Indeed, our data offers proof of principle that phenotypes associated
with β-HPV E6 can change based on the genetic context of viral gene
expression. There may be genetic environments where cutaneous pa-
pillomavirus infections promote cSCC and others where the same in-
fections prevent cSCC. If this were true, it might help explain conflicting
reports that describe these infections as oncogenic and oncopreventa-
tive (Howley and Pfister, 2015a; Aldabagh et al., 2013; Strickley et al.,
2019; Hasche et al., 2018). Moving forward, it will be interesting to
determine the ability of β-HPV E6 to synergize with other common
mutations and the mechanism by which β-HPV 8E6 increases aneu-
ploidy.

5. Material and methods

5.1. Cell culture

Primary HFK were derived from neonatal human foreskins. HFK and
TERT-immortalized-HFK (obtained from Michael Underbrink,
University of Texas Medical Branch) were grown in EpiLife medium
supplemented with calcium chloride (60 μM), human keratinocyte
growth supplement (ThermoFisher Scientific), and penicillin-strepto-
mycin. HPV genes were cloned, transfected, and confirmed as pre-
viously described (Wallace et al., 2014). In order not to activate the
Hippo pathway via contact inhibition, we carefully monitored the cell
density in all experiments. Experiments were aborted if unintended
differences in seeding resulted in cell densities that were more than
10% different among cell lines at the beginning of an experiment.

5.2. cBioPortal and gene ontology analysis

Software from (www.cbioportal.org) was used to recognize, ana-
lyze, and categorize mutations and transcriptomic data from cutaneous
squamous cell carcinomas (Pickering et al., 2014; Li et al., 2015).
Analysis of the squamous cell carcinoma samples was done at (http://
geneontology.org/) powered by Protein ANalysis THrough Evolu-
tionary Relationships (PANTHER) (The Gene Ontology Resourc, 2019;
Ashburner et al., 2000).

5.3. H2CB recovery assay

6-well format: Cells were counted, then either 1.5 × 105 HFK or
5 × 104 TERT-HFK cells were seeded on a 6 well tissue culture plate
and grown for 24 h. Cells were then treated with 4 μM H2CB, refreshing
the H2CB media every 2 days. After 6 days, the cells were washed with
PBS and given fresh EpiLife. Once cells reached 90% confluency, they
were counted then moved to new 6 wells. This process was continued
until cells were no longer able to be passaged or cells could be moved to
a 10 cm plate.

10 cm format: Cells were counted, then 3.0 × 105 cells were seeded
on a 10 cm tissue culture plate and grown for 24 h. Cells were then
treated with 4 μM H2CB, refreshing the H2CB media every 2 days. After
6 days, the cells were washed with PBS and given fresh EpiLife. Once
cells reached 90% confluency they were counted, then 9.0 × 104 cells
were reseeded. This process was continued until cells were no longer
able to be passaged or for 28 days.

5.4. RT-qPCR

Cells were lysed, isolated, reverse transcribed, and then RT-qPCR
was performed as previously described (Dacus et al., 2020). The fol-
lowing probes (Thermo Scientific) were used: ACTB (Hs01060665_g1),

STK4 (Hs00178979_m1), LATS2 (Referred to as LATS in the text)
(Hs01059009_m1), YAP1 (Hs00902712_g1), CTGF (Hs00170014_m1),
CYR61 (Hs00155479_m1), TEAD1 (Hs00173359_m1), CCND1
(Hs00765553_m1), AXL (Hs01064444_m1), SERPINE1
(Hs00167155_m1).

5.5. Immunoblotting

Cells were washed and lysed, then lysates were run, transferred,
probed, and visualized as previously described (Dacus et al., 2020). The
following antibodies were used: GAPDH (Santa Cruz Biotechnologies
sc-47724), LATS2 (Referred to as LATS in the text, Cell Signaling
Technologies D83D6), Phospho-LATS1/2 (Ser909) (Referred to as
pLATS in the text) (Cell Signaling Technologies #9157), YAP (Cell
Signaling Technologies 4912S), Phospho-YAP (Ser127) (Referred to
pYAP in the text) (Cell Signaling Technologies 4911S), AXL (Cell Sig-
naling Technologies 8661S, p300 (Santa Cruz Biotechnologies sc-584).

5.6. Senescence-associated β-galactosidase staining

Cells were seeded onto three 6-well plates and treated with H2CB
then stained as previously described (Dacus et al., 2020).

5.7. Chromosome counts via metaphase spread

‘Before’ and after cells recovered from H2CB exposure TERT-im-
mortalized HFK cells were grown to 80% confluency then chromosomes
were detected and counted as previously described (Howe et al., 2014).

5.8. Statistical analysis

Unless otherwise noted, statistical significance was determined by a
paired Student t-test and was confirmed when appropriate by a two-
way analysis of variance (ANOVA) with Turkey's correction. Only P
values less than 0.05 were reported as significant.
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A B S T R A C T

The incidence of head and neck squamous cell carcinomas (HNSCCs) is rising in developed countries. This is driven by an increase in HNSCCs caused by high-risk
human papillomavirus (HPV) infections or HPV + HNSCCs. Compared to HNSCCs not caused by HPV (HPV– HNSCCs), HPV + HNSCCs are more responsive to
therapy and associated with better oncologic outcomes. As a result, the HPV status of an HNSCC is an important determinant in medical management. One method to
determine the HPV status of an HNSCC is increased expression of p16 caused by the HPV E7 oncogene. We identified novel expression changes in HPV + HNSCCs. A
comparison of gene expression among HPV+ and HPV- HNSCCs in The Cancer Genome Atlas demonstrated increased DNA repair gene expression in
HPV + HNSCCs. Further, DNA repair gene expression correlated with HNSCC survival. Immunohistochemical analysis of a novel HNSCC microarray confirmed that
DNA repair protein abundance is elevated in HPV + HNSCCs.

1. Introduction

Human papillomaviruses (HPVs) are a family of over 200 different
viruses that are grouped into five genera (alpha-, beta-, gamma-, mu-,
and nu-papillomaviruses) (Bernard et al., 2010). This large family of
viruses causes a wide array of maladies by infecting human mucosal
and epithelial tissue (Doorbar et al., 2012). The diseases associated with
HPV infections range from relatively benign warts to deadly carcinomas
(Doorbar et al., 2015). Oncogenicity has been most clearly demon-
strated for a subset of the alpha-papillomavirus genus, termed high-risk
alpha-papillomaviruses. For simplicity, we refer to high-risk alpha-pa-
pillomaviruses as HPVs in this report. HPVs cause nearly all cervical
cancers through the expression of two viral oncogenes (HPV E6 and E7)
that disrupt tumor suppressor pathways (Bosch et al., 2002). HPV E6
promotes p53 degradation and activates telomerase, while HPV E7
destabilizes Rb (Boyer et al., 1996, p. 53; Dyson et al., 1989; Huibregtse
et al., 1991; Münger et al., 1989a, 1989b, p. 6). Both HPV E6 and E7
also manipulate the host DNA repair responses such that viral replica-
tion is promoted at the expense of host genome fidelity (Anacker et al.,
2016, 2014; Chappell et al., 2015; Gillespie et al., 2012; Hong and
Laimins, 2013; Mehta and Laimins, 2018; Wallace, 2020; Wallace and
Galloway, 2014).

In addition to their role in cervical cancers, HPVs cause a growing
subset of head and neck squamous cell carcinomas (HNSCCs)

(Kobayashi et al., 2018). These HPV positive HNSCCs (HPV+ HNSCCs)
are an increasing proportion of malignancies in developed countries
(Chaturvedi and Zumsteg, 2018; Marur et al., 2010). This increase is
occurring as efforts to combat the abuse of tobacco and alcohol have
decreased the number of HNSCCs that are not related to HPV infections
(HPV– HNSCCs). There are notable differences in HPV+ and HPV-
HNSCCs. Clinically, HPV + HNSCCs are typically less aggressive and
more responsive to care (Ang et al., 2010; Ang and Sturgis, 2012). At
the molecular level, HPV- HNSCC tend to have p53 mutations, while
HPV + HNSCCs more often have wild type p53 and notably higher p16
abundance (Blons and Laurent-Puig, 2003; Maruyama et al., 2014;
Westra et al., 2008).

We hypothesize that HPV oncogenes cause other gene expression
differences in HNSCCs. To test this hypothesis and identify host gene
changes associated with HPV, we used a combination of computational
and standard pathology analyses. This mixed-method approach identi-
fied increased expression of DNA repair genes in HPV + HNSCCs
compared to HPV- HNSCCs. More specifically, this examination of a
publicly available dataset from The Cancer Genome Atlas (TCGA)
shows genes from two repair pathways (homologous recombination
(HR) and translesion synthesis (TLS)) are more robustly expressed in
HPV + HNSCCs (Cancer Genome Atlas Network, 2015). Differential
expression of three of these genes were associated with changes in
HNSCC survival. We generated a novel tissue microarray (TMA) of HPV
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+ and HPV- HNSCCs to further probe this relationship. TMA im-
munohistochemical staining confirmed our in silico data, showing in-
creased DNA repair protein abundance in HPV + HNSCCs. The most
specific increase was seen for the homologous recombination protein,
RAD51.

2. Results

2.1. DNA repair gene expression was increased in HPV positive HNSCCs
compared to HPV negative HNSCCs

To understand how gene expression differed between HPV+ and
HPV- HNSCCs, we segregated the TCGA dataset on HNSCCs by the
clinical designation of HPV status as originally reported (Cancer
Genome Atlas Network, 2015). There were data from 21
HPV + HNSCCs and 65 HPV- HNSCCs. We ranked genes that were
differentially expressed in HPV + versus HPV- HNSCCs based on the
statistical significance of the differences. We then used the Gene On-
tology enRIchment anaLysis and visuaLizAtion tool (GOrilla) to de-
termine if these differentially expressed genes were involved in any
shared cellular processes (Eden et al., 2009) GOrilla analysis demon-
strated that the genes that were differentially expressed in
HPV + versus HPV- HNSCCs were frequently involved in the cellular
stress response (Fig. 1 and Supplemental Data 1). More specifically,
there was a striking enrichment for changes in DNA damage repair
(DDR) gene expression (p < 10−7).

These data demonstrate clear differences in DDR gene expression in

HNSCCs based on HPV status, but they do not indicate whether repair
gene expression is more often higher or lower in HPV + HNSCCs
compared to HPV- HNSCCs. Therefore, we quantified the expression of
137 DDR genes in HPV+ and HPV- HNSCCs. DNA repair genes were
chosen using unbiased definitions of six established repair pathways
(nucleotide excision repair (NER), Fanconi Anemia repair (FA), base
excision repair (BER), TLS, HR and non-homologous end joining
(NHEJ)) (Alan and D'Andrea, 2010; Bult et al., 2019; Cooper, 2000;
Davis and Chen, 2013; Kanehisa and Goto, 2000; Laat and Hoeijmakers,
1999; Prakash et al., 2005; Whitaker et al., 2017). The ratio of the
expression difference and the significance of these changes was de-
termined for each gene (Fig. 2A). This analysis demonstrated that DDR
gene expression was commonly increased in HPV + HNSCCs relative to
HPV- HNSCCs. We dissected this data further by defining the frequency
of increased gene expression among the DDR pathways. Increased DDR
gene expression in HPV + HNSCCs was evident across all DDR path-
ways, ranging from 81.8% of NER genes to 100% of the significant
changes in TLS and FA genes (Fig. 2B).

Based on these findings and our laboratory's in vitro studies de-
monstrating HPV oncogenes manipulation of HR and TLS, we focused
our analysis on genes from these two pathways [Wendel et al. sub-
mitted, 40]. Specifically, we chose four representative TLS genes
(PCNA, RAD18, UBE2A and UBE2B) and four representative HR genes
(BRCA1, BRCA2, RPA1, RAD51). These analyses included few genes
and thus were more amenable to manipulation, so we moved from the
clinical definition of HPV status to one defined by molecular signatures
and also used in the original report from TCGA (Cancer Genome Atlas
Network, 2015). When comparing the expression of these genes, all
eight had increased expression in HPV + HNSCCs (Fig. 3A–H). Because
the prognosis for HPV + HNSCCs is significantly better than HPV-
HNSCCs, we evaluated whether expression of these eight genes was
associated with differences in median survival. For this analysis, we
included the complete TCGA dataset (Fig. 4). When analyzed together,
increased expression of the eight representative TLS and HR genes was
not associated with a significant difference in survival (Data Not
Shown). However, when analyzed individually, the expression of three
of these eight genes was associated changes in survival. Increased ex-
pression of two HR genes (BRCA1 and RPA1) was associated with in-
creased HNSCC survival, while increased UBE2A expression correlated
with decreased survival (Fig. 4).

2.2. Differences in homologous recombination and translesion synthesis
protein abundance were detected in HNSCCs

Our data suggested that increased HR and TLS gene expression has
the potential to serve as a biomarker for HPV status in HNSCCs.
Unfortunately, detecting differences in gene transcripts is not practical
clinically. However, immunohistochemical staining (IHC) is frequently
used to distinguish tumors from margins and among different types of
tumors. This includes the detections of increased p16 levels as a marker
of HPV status in HNSCCs. An obvious and preliminary step in devel-
oping biomarkers for detection by IHC is confirming that there are
detectable differences from control tissue. Based on our computational
data, we hypothesized that elevated HR and TLS protein abundance
would be detectable by IHC in a subset of HNSCCs. Specifically, we
hypothesized that these increases would be seen more often in
HPV + HNSCC. We began testing the first part of our hypothesis by
comparing TLS and HR protein abundance in HNSCC and un-
transformed oral mucosa using the Human Protein Atlas (HPA) (Uhlén
et al., 2015, 2005). This resource provided histology data for these
tissue that had been scored by independent pathologists. As a positive
control, we observed p16 staining (Fig. 5). There were detectable dif-
ferences in p16 between control and transformed oral epithelial cells.
P16 abundance was at times higher in HNSCCs than control tissue.
However, to our surprise, p16 levels were most often reduced compared
to control tissue. Because the HPV status of these samples was

Fig. 1. Gene Ontology Analysis of Differential Gene Expression in
HPV + versus HPV- HNSCCs. Results for gene ontology (GO) analysis of gene
expression differences in HPV + compared to HPV- HNSCCs. Boxes show cel-
lular functions in hierarchical order, descending from general to specific
functions. Darker colors indicate greater statistical significance of enrichment.
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undetermined, this could indicate that most HNSCCs in the HPA are
HPV negative. We used a housekeeping gene (nucleolin) as a negative
control. There was no differential nucleolin staining between trans-
formed or control tissue.

Having confirmed the utility of this resource, our next step was to
use data contained in the HPA to conduct a preliminary analysis of TLS
and HR proteins as biomarkers for HPV status in HNSCCs. Specifically,
our goal was to determine if any of the gene products of BRCA1,
RAD18, PCNA, UBE2A/B (RAD6), RAD51 and RPA1 (RPA70) could be
detected at higher levels in HNSCCs compared to normal oral mucosa.
These data were promising as a proportion of HNSCCs had BRCA1,
RAD51, RAD18, and PCNA levels higher than control tissue. Notably,
the frequency of their increase was at least as high as the frequency of
increased p16 (Fig. 5).

While these data were encouraging, the inability to compare repair
protein staining levels among HPV+ and HPV- HNSCC represented a
significant shortcoming. To address this gap in our analysis, we gen-
erated a novel tissue microarray (TMA) to determine if the abundance
of these seven representative DDR proteins differed between HPV+ and
HPV- HNSCCs. The TMA consisted of 27 HPV+ and 9 HPV- HNSCCs.
Patient demographic and tumor variables were compared between HPV
positive and negative groups (Table 1). Significant differences in mean
age existed between groups (58.7 in HPV+, 69.7 in HPV-, p < 0.01),
consistent with the younger demographic of people with
HPV + HNSCCs (Chaturvedi and Zumsteg, 2018). In addition,
HPV + tumors were more likely to be poorly differentiated, though not
statistically significant (p = 0.11). This reflects an established tendency
for HPV + tumors to present with de-differentiated histopathology

(Dahlstrom et al., 2003). Individuals with HPV- tumors were more
likely to be recurrent or previously treated, though again not statisti-
cally significant (p = 0.06). This was consistent with the recognized
tendency for HPV- HNSCCs to recur more frequently (Faraji et al.,
2017). No other clinical or tumor characteristics were notably different
between groups, including gender, tumor stage, perineural invasion and
lymphovascular invasion status.

We used a composite scoring approach for the analysis of the TMA.
This took into account percentage of the tumor stained and the intensity
of the staining. Inter-rater reliability between pathologists was excellent
with an intra-class correlation coefficient of 0.90. Computer assisted
analysis was compared to pathologist analysis and demonstrated si-
milar results (Pearson correlation coefficient = 0.68). While no dif-
ferences were seen in four of queried proteins (RPA70, BRCA2, PCNA
and RAD18), there was greater IHC staining for two HR proteins,
RAD51 and BRCA1 (Fig. 6 and Supplemental Fig. 1). Mean composite
scores in BRCA1 analysis for HPV+ and HPV- HNSCCs were 1.04 and
0.63 respectively, which approached significance (p = 0.07). Mean
composite scores for RAD51 significantly differed between HPV+ and
HPV- HNSCCs (2.06 and 0.76, respectively, p < 0.01, Fig. 6).

3. Conclusions

The incidence of HPV + HNSCC is rising rapidly (Chaturvedi and
Zumsteg, 2018; Marur et al., 2010). Given the known differences be-
tween HPV+ and HPV- HNSCCs with respect to their epidemiology,
clinical behavior, response to treatment, and prognosis, biomarkers
capable of distinguishing between the two types of HNSCCs are useful

Fig. 2. Differences in DNA Repair Gene Expression
Between HPV- and HPV + HNSCCs. A. Volcano plot
of DNA repair gene expression compared between
HPV+ and HPV- HNSCCs. Statistical significance is
shown on the Y-axis, plotted as the negative log of
the p-value. The log ratio of gene expression in
HPV + HNSCCs compared to HPV- HNSCCs are
shown on the X-axis. Red circles denote significant
changes in expression (p < 0.05), while clear dots
indicate points below this statistical cutoff. Data
points to the left of the Y-axis have decreased ex-
pression in HPV + HNSCCs. Data points to the right
of the Y-axis have increased expression in
HPV + HNSCCs. B. Bar graph showing the ratio of
differnces in DNA repair gene expression in HNSCCs
based on HPV status. Red indicates the percentage of
genes with lower expression in HPV + HNSCCs.
Green indicates the percentage of genes with higher
expression in HPV + HNSCCs. Data is shown for
genes “overall” and grouped into six pathways
(NER = nucleotide excision repair, FA=Fanconi
anemia repair, BER = base excision repair,
TLS = translesion synthesis, HR = homologous re-
combination, NHEJ = non-homologous end joining).
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Fig. 3. Expression of Representative Translesion Synthesis and Homologous Recombination Genes is Higher in HPV + HNSCCs. Box plots depict the expression of A.
BRCA1, B. BRCA2, C. PCNA, D. RAD18, E. RAD51, F. RPA1, G. UBE2A, and H. UBE2B gene expression in HPV+ (red) and HPV- (black) HNSCCs. Expression is plotted
as FPKM (fragments per kilobase of exon model per million reads mapped), a standard normalization of gene expression based on RNA-seq data found in the TCGA
database.
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(Ang et al., 2010; Ang and Sturgis, 2012; Gillison et al., 2008). While
direct detection of HPV is an attractive option, it is more expensive than
tradition pathologic approaches. This gap in clinical diagnostic tests
merits new investigations of expression changes associated with
HPV + HNSCCs. We took a multipronged approach to objectively
identify genes that were differentially expressed in HPV + compared to
HPV- HNSCCS. Our computational analysis of the TCGA database de-
monstrated that the expression of genes involved in DNA repair was
higher in HPV + HNSCCs (Figs. 1–3). We also found that expression of
three of these genes (UBE2A, BRCA1, and RPA1) significantly corre-
lated with survival (Fig. 4). Importantly, increased UBE2A expression
was a negative prognostic factor. This indicates that the relationship
between DDR gene expression is nuanced and that all repair genes
cannot be treated as indirect indicators of HPV status. Our tran-
scriptomic analysis support this assertion as we found UBE2A expres-
sion did not significantly differ between HPV+ and HPV- HNSCCs. Our
analysis of HNSCC tissues from the HPA demonstrated that it was

possible to detect differences in DDR protein abundance in HNSCCs
compared to control tissue. Moreover, these differences were similar to
the differences detected when the same comparison was made using an
established biomarker of HPV status, p16 (Fig. 5). Generating a TMA
with HPV+ and HPV- HNSCCs allowed us to show that increased repair
gene transcripts translated to increased protein that was detectable by
IHC (Fig. 6). In summary, we found that DDR gene expression in
HPV + HNSCC was similar to the alterations observed with tissue
culture systems (Wallace, 2020; Wallace and Galloway, 2014). Further,
these results are similar with another recent effort to understand if DNA
repair protein abundance mirrored HPV status in HNSCCs (Kono et al.,
2020). This supports the value and validity of in vitro characterization
of HPV oncogene biology.

Currently, p16 is used as a surrogate marker of HPV in HNSCCs
(Liang et al., 2012). p16 levels are higher in HPV + HNSCCs and much
of the biology driving this change is understood. HPV E7 deregulates
the cell cycle by disrupting Rb-E2F complexes (Dyson et al., 1989, p. 7).

Fig. 4. Prognostic Value of DNA Repair Gene Expression in HNSCCs. Kaplan Meier curves for HNSCCs differentiated by expression of A. BRCA1, B. RPA70, and C.
UBE2A. These plots were generated using data from the Cancer Genome Atlas. Patients who had cancers with significantly high expression (z score≥ 2) are shown in
red. All other patients are shown in blue. The dotted black line provides visualization of the median survival calculation. P-values denoting significant difference (log-
rank test) in the two populations are indicated along with the population sizes.

Fig. 5. DNA Repair Protein Abundance Varies
Among HNSCCs and Compared to Normal Oral
Epithelia. A. Representative IHC staining of DNA
repair proteins in untransformed oral epithelia
(normal) and HNSCCs (tumors) from the Human
Protein Atlas (top). Letters in the lower left of each
image indicate the composite score of the tissue
shown. (H=High, M = Medium, L = Low) For
normal tissue, the representative image corresponds
to the knowledge-based annotation provided by
Human Protein Atlas. B. The distribution of compo-
site scores compared to control tissue. Red bars de-
note the percentage of tumors with a composite
score lower than control tissue. Black bars denote the
percentage of tumors with the same composite score
as control tissue. Brown bars denote the percentage
of tumors with a composite score higher than control
tissue. P16 is included as an established biomarker of
HPV status with more than half of its composite
scores higher or lower than control tissue. Nucleolin
is included as a negative control with composite
scores that match control tissue.
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This causes replication stress and increased p16 expression. As a sur-
rogate marker of HPV, p16 is notably sensitive. However, p16 is also
influenced by stimuli other than HPV E7 (e.g., B-RAF activation)
(Mackiewicz-Wysocka et al., 2017). Because differences in RAD51
abundance between HPV+ and HPV- are detectable by IHC, changes in
RAD51 (and potentially other DDR protein levels) may be able to
complement existing biomarkers. For instance, combining p16 with
RAD51 could decrease the risk of false positives and more accurately
triage HNSCCs by HPV status.

Expression of UBE2A, BRCA1 and RPA1 each significantly corre-
lated with HNSCC survival. HPV oncogenes cause increased expression
of both BRCA1 and RPA1 in cell culture systems (Wallace et al., 2017).
This observation combined with the positive prognostic value of their
expression suggests that they may also be acting as surrogate markers of
HPV status. Our TMA data support this position. It is more difficult to
explain the correlation of increased UBE2A expression with decreased
survival. UBE2A expression did not significantly vary between HPV-
and HPV + HNSCCs. An attractive explanation is that high UBE2A
expression promotes Cisplatin resistance. Both HPV+ and HPV-
HNSCCs are frequently treated with the drug and UBE2A is an essential
component of TLS, a pathway that promotes Cisplatin resistance when
over-activated (Albertella et al., 2005; Srivastava et al., 2015).

In summary, our data support the development of TLS and HR
proteins as biomarkers of HPV status in HNSCCs. However, they also
require further investigation and substantiation. Our future studies will
focus on the expansion of our TMA. While the data presented here is
interesting, expanding our TMA to include additional HPV+ and HPV-

HNSCC samples as well as non-tumor control tissues would be an im-
provement. Further, determining HPV status by more definitive
methods than p16 would also improve our analysis.

4. Materials and methods

Human Protein Atlas: Representative IHC and staining information
was obtained from the HPA (Uhlén et al., 2005). Composite gene
marker IHC scores were determined by evaluating staining intensity
and frequency. These were then converted to categories corresponding
to the knowledge-based annotation used by the HPA for control tissue.

The Cancer Genome Atlas (TCGA) Analysis: HNSCC TCGA data were
analyzed to define mRNA expression (Uhlén et al., 2015, 2005). Ex-
pression levels were normalized to control tissues. For the analysis
found in Figs. 1 and 2, HPV status was based on clinical criteria as
reported to TCGA. To be considered “clinically positive” for HPV, the
tumor had to be located in an oropharyngeal subsite and be accom-
panied by a positive assay for HPV that was reported in the electronic
case report. Tumors where HPV status were not determined excluded
from this analysis.

For the analysis of gene expression found in Fig. 3, the HPV status
was based on molecular signatures that include microRNA, DNA me-
thylation, gene expression (cellular and viral) as reported in TCGA
manuscript (Cancer Genome Atlas Network, 2015). These approaches
are similar, but identical to more recent efforts to analyze HPV status in
HNSCCs (Johnson et al., 2018; Pérez Sayáns et al., 2019)

The web-based analysis tools at www.cbioportal.com were used to
examine RNAseq data from these tumors (Cerami et al., 2012; Gao
et al., 2013).

Protein and Gene Designations: When the gene and protein names
differ, we show both in this format: GENE (PROTEIN).

Tissue Microarray Creation: De-identified archival formalin fixed,
paraffin embedded patient tissue was obtained from the University of
Kansas Medical Center, Biospecimen Repository Core Facility using an
Institutional Review Board approved protocol. p16 IHC served as a
marker of HPV positive samples. Tumors were considered p16 positive
when there was strong and diffuse staining in at least 75% of tumor
cells. Surgical specimens from HPV+ and HPV- HNSCCs were selected.
Thirty-six total specimens were included in the TMA (27 HPV+ and
nine HPV- specimens). Representative areas were marked on hema-
toxylin and eosin stained slides by a board certified pathologist for use.
Using the marked slide as a map, 2-mm thick core punches were taken
from the corresponding donor paraffin block and transferred to a re-
cipient paraffin block using the TMArrayer instrument (Pathology
Devices). The block containing unique donor cores were sectioned at
4um, mounted on adhesive slides, and dried prior to staining proce-
dures.

Table 1
Tumor Microarray Demographic Data. Patient and tumor characteristics are
compared between HPV+ and HPV- HNSCC groups.

HPV Positive
n = 26

HPV Negative
n = 9

p =

Age (mean (SD)) 58.7 (10.1) 69.7 (9.4) 0.0069
Sex (n (%)) Male 19 (73.1) 6 (66.7) 0.6936

Female 7 (26.9) 3 (33.3)
Tumor Site (n (%)) Tonsil 17 (65.4) 3 (33.3) 0.3241

Base of
tongue

9 (34.6) 5 (55.6)

Soft palate 0 (0) 1 (11.1)
Perineural Invasion (n (%)) 5 (19.2) 1 (11.1) 1
Lymphovascular Invasion (n (%)) 4 (15.4) 2 (22.2) 0.6353
Recurrence/Prior Treatment (n

(%))
0 (0) 2 (22.2) 0.0605

Histologic Grade (n
(%))

1–2 12 (46.2) 1 (11.1) 0.1094
3–4 14 (53.8) 8 (88.9%)

T Stage (n (%)) 1–2 22 (84.6) 7 (77.8) 0.6353
3–4 4 (15.4) 2 (22.2)

Fig. 6. Immunohistochemical analysis of DNA repair proteins in HPV positive and negative HNSCC. A. Representative images of tumor sections considered to have
weak or strong staining for RAD51 or BRCA1 as indicated. B. Immunohistochemical analysis was performed for seven DNA repair proteins using a tissue microarray
derived from 27 HPV positive and nine HPV negative HNSCC specimens. Staining intensity and percentage of nuclear staining were measured to derive composite
scores that were compared between groups using Mann-Whitney U-test. P values are indicated for comparisons that approached or exceeded cutoffs for statistically
significance. All other comparisons did not approach significance.
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Immunohistochemistry: Slides were baked at 60 °C for 1 h. After
deparaffinization and rehydration, tissue sections were treated with
either citrate buffer or Borg Decloaker for 5 min in a pressure cooker for
antigen retrieval. Hydrogen peroxide (3%) was applied to the sections
for 10 min. Sections were incubated with primary antibodies against
BRCA1 (Biocare Medical), BRCA2 (Proteintech), PCNA, RAD51
(Abcam), RAD6, RAD18 or RPA1/RPA70 (Abcam) for 30 min. After
buffer rinsing, sections were incubated with anti-mouse HRP-labeled
polymer (EnVision) or anti-HRP-labeled polymer (Mach2) for 30 min
and buffer rinsed twice. Finally, the staining was visualized by DAB+
(Dako). IHC staining was performed using the IntelliPATH FLX
Automated Stainer at room temperature. A light hematoxylin counter-
stain was performed, then slides were dehydrated, cleared, and
mounted using permanent mounting media.

Immunohistochemical Analysis: TMA slides were analyzed in-
dependently by two board-certified pathologists who were blinded to
the sample's HPV status. Tumors were scored for intensity of staining on
a scale of zero to four and on the percentage of tumor cells that were
positive. A composite score between zero and four was derived by
multiplying the intensity by percent staining. Aperio ImageScope
(Version 12.3.0) was used for a secondary computer-based analysis to
validate pathologist's assessments. An algorithm was created within the
program to capture staining intensity and percentage. This was opti-
mized for accuracy on a series of sample slides.

Clinical Data Analysis: De-identified clinical data were received
from the University of Kansas Medical Center's Biospecimen Repository
Core Facility. Age was provided in five-year ranges and the median
range was used for data analysis.

Statistical Analysis: SPSS software was used for statistical analyses
of the TMA (version 22; IBM Corp). Fishers Exact and Analysis of
Variance tests were applied to categorical variables and Mann-Whitney
U tests were applied to continuous variables. Significance was only
reported for p-values< 0.05. Kaplan-Meier curves display survival
data, and the logrank test assessed survival differences. TCGA data were
analyzed using the analysis tools at www.cbioportal.org (Cerami et al.,
2012; Gao et al., 2013).

Pathway and Gene Ontology Analysis: The Kyoto Encyclopedia of
Genes and Genomes and The Mouse Genome Informatics (MGI) were
used to identify gene subsets specific to the following pathways: TLS,
HR, NER, FA, BER, NHEJ (Bult et al., 2019; Kanehisa and Goto, 2000).
MGI was used to define genes in the translesion synthesis pathway
because this pathway was not included in the Kyoto Encyclopedia of
Genes and Genomes. We compared differences in gene expression be-
tween HPV+ and HPV- HNSCC tumors and used p-value data to rank
genes. Gene ontology analysis of this ranked list was conducted using
the Gene Ontology enrichment anaLysisand visualizAtion (GOrilla)
online tool. A threshold of p < 10−5 was chosen.
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Beta Human Papillomavirus 8E6 Attenuates LATS
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Dalton Dacus,a Celeste Cotton,a,b Tristan X. McCallister,a Nicholas A. Wallacea

aDivision of Biology, Kansas State University, Manhattan, Kansas, USA
bLangston University, Langston, Oklahoma, USA

ABSTRACT Beta genus human papillomaviruses (�-HPVs) cause cutaneous squa-
mous cell carcinomas (cSCCs) in a subset of immunocompromised patients. How-
ever, �-HPVs are not necessary for tumor maintenance in the general population. In-
stead, they may destabilize the genome in the early stages of cancer development.
Supporting this idea, �-HPV’s 8E6 protein attenuates p53 accumulation after failed
cytokinesis. This paper offers mechanistic insight into how �-HPV E6 causes this
change in cell signaling. An in silico screen and characterization of HCT 116 cells
lacking p300 suggested that the histone acetyltransferase is a negative regulator of
Hippo pathway (HP) gene expression. HP activation restricts growth in response to
stimuli, including failed cytokinesis. Loss of p300 resulted in increased HP gene ex-
pression, including proproliferative genes associated with HP inactivation. �-HPV 8E6
expression recapitulates some of these phenotypes. We used a chemical inhibitor of
cytokinesis (dihydrocytochalasin B [H2CB]) to induce failed cytokinesis. This system
allowed us to show that �-HPV 8E6 reduced activation of large tumor suppressor ki-
nase (LATS), an HP kinase. LATS is required for p53 accumulation following failed cy-
tokinesis. These phenotypes were dependent on �-HPV 8E6 destabilizing p300 and
did not completely attenuate the HP. It did not alter H2CB-induced nuclear exclu-
sion of the transcription factor YAP. �-HPV 8E6 also did not decrease HP activation
in cells grown to a high density. Although our group and others have previously de-
scribed inhibition of DNA repair, to the best of our knowledge, this marks the first
time that a �-HPV E6 protein has been shown to hinder HP signaling.

IMPORTANCE �-HPVs contribute to cSCC development in immunocompromised popu-
lations. However, it is unclear if these common cutaneous viruses are tumorigenic in
the general population. Thus, a more thorough investigation of �-HPV biology is
warranted. If �-HPV infections do promote cSCCs, they are hypothesized to destabi-
lize the cellular genome. In vitro data support this idea by demonstrating the ability
of the �-HPV E6 protein to disrupt DNA repair signaling events following UV expo-
sure. We show that �-HPV E6 more broadly impairs cellular signaling, indicating that
the viral protein dysregulates the HP. The HP protects genome fidelity by regulating
cell growth and apoptosis in response to a myriad of deleterious stimuli, including
failed cytokinesis. After failed cytokinesis, �-HPV 8E6 attenuates phosphorylation of
the HP kinase (LATS). This decreases some, but not all, HP signaling events. Notably,
�-HPV 8E6 does not limit senescence associated with failed cytokinesis.

KEYWORDS cancer, cytokinesis, Hippo signaling pathway, human papillomavirus,
skin cancer, apoptosis, senescence

The human papillomavirus (HPV) family includes over 200 double-stranded DNA
viruses that are divided into five genera, all of which infect human epithelia (1).

Upon infecting mucosal or cutaneous tissue, members of each genus can cause a broad
array of pathologies. Of these, the most prominent diseases are the anogenital and
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oropharyngeal carcinomas caused by alpha genus HPVs (2, 3). Cutaneous beta genus
HPVs (�-HPVs) have also been linked to tumorigenesis via high viral DNA loads in
cutaneous squamous cell carcinomas (cSCCs) of immunocompromised patients, pri-
marily in sun-exposed skin (4–6).

While �-HPV infections are common in immunocompetent individuals, their contri-
bution to cSCCs is less clear. The main etiological factor in skin cancer pathogenesis is
UV. Further, the characterizations of cSCCs in the general population do not include
continued �-HPV expression (7–9). Viral loads decrease as lesions progress from pre-
cancerous actinic keratosis (AK) to cSCC (10–12). These data have led to the hypothe-
sized “hit-and-run” mechanism of oncogenesis, where �-HPVs cooperate with UV to
enhance genomic instability in the early stages of carcinogenesis (10, 13, 14). This
elevated mutational load then increases the chances of tumor progression indepen-
dent of continued viral gene expression.

While it is hard to prove the role of a transient viral infection in persistent cancer,
�-HPVs are also a common resident of our skin and are frequently found in AKs. Despite
the billions of dollars spent on sun care products annually, 58 million Americans still
have one or more AKs. Moreover, over $1 billion is spent during 5.2 million outpatient
visits each year for AK treatment (15, 16). The cost of these AKs for the patient, both
financial and emotional, increases if these lesions develop into malignancies. Within 1
year of diagnosis, an estimated 0.6% of AKs progress to cSCCs. This progression
expands to 2.6% of AKs 5 years after diagnosis (17). Because �-HPV infections are quite
common, even a mild increase in cancer risk would be notable. Thus, it is important to
understand their potential contribution to the genome instability that drives cSCC
progression.

A great deal is known about the tumorigenic potential of �-HPV proteins, particu-
larly the E6 protein. The presence of the putative oncogene E6 from �-HPV 8 (�-HPV
8E6) is enough to cause cancers in mice without UV exposure (18, 19). �-HPV 8E6
inhibits differentiation and promotes proliferation by targeting the NOTCH and TGF-�
signaling pathways (20). Another central theme of �-HPV E6 proteins is their ability to
bind the cellular histone acetyltransferase p300 (21–24). �-HPV 8E6 and the E6 from
�-HPV 5 bind p300 strongly, leading to its destabilization and decreasing DNA damage
repair (DDR) gene expression (22, 25, 26). �-HPV type 38’s E6 protein has a lower
p300-binding affinity and cannot destabilize the cellular protein (27). Nevertheless,
binding p300 is essential for HPV38-induced immortalization of human foreskin kera-
tinocytes (HFKs) (28). This suggests that p300 binding may be a shared factor in
�-HPV-promoted oncogenesis. Because p300 is a master regulator of gene expression
(29, 30), other signaling pathways are likely to be altered by �-HPV 8E6’s destabilization
of the histone acetyltransferase.

Approximately 10% of skin cells do not divide after entering mitosis (25, 31). �-HPV
8E6 allows these cells to divide by preventing p53 stabilization in a p300-dependent
manner (25). p53 accumulation requires the activation of large tumor suppressor kinase
(LATS), a kinase in the Hippo signaling pathway (HP) (32). This suggests that �-HPV 8E6
may attenuate LATS activity. The HP also prevents growth by inhibiting the proprolif-
erative activity of YAP/TAZ (32–34). Our analysis of transcriptomic data from cell lines
segregated by their relative p300 expression was consistent with p300 acting as a
negative regulator of HP and HP-responsive gene expression. We confirm that p300
modulates HP gene expression using HCT 116 cells with and without the p300 gene
locus. Expressing �-HPV 8E6 in HFKs recapitulated some, but not all, of these effects.
p300 is also important for responding to dihydrocytochalasin B (H2CB)-induced failed
cytokinesis. HCT 116 cells without p300 had reduced LATS activation and p53 accu-
mulation. �-HPV 8E6’s destabilization of p300 similarly hindered LATS phosphorylation
and p53 accumulation. Despite p53’s role in apoptosis, elevated p53 levels did not
correlate with increased apoptosis until the drug was washed off and the cells were
allowed to recover. During this recovery period, �-HPV 8E6 displayed some ability to
reduce markers of apoptosis. �-HPV 8E6 did not completely abrogate the HP’s response

Dacus et al. Journal of Virology

June 2020 Volume 94 Issue 12 e02184-19 jvi.asm.org 2

 on A
ugust 19, 2020 at K

A
N

S
A

S
 S

T
A

T
E

 U
N

IV
http://jvi.asm

.org/
D

ow
nloaded from

 

https://jvi.asm.org
http://jvi.asm.org/


to failed cytokinesis, as YAP was still excluded from the nucleus. �-HPV 8E6 also did not
impede the HP induction in cells grown to a high density.

RESULTS
Loss of p300 alters Hippo pathway gene expression. Animal models show that

certain �-HPV E6 genes can contribute to UV-associated carcinogenesis (18, 19, 23). In
vitro studies from our group and others have added molecular details by describing
�-HPV E6’s ability to impair the DDR by destabilizing p300 (18, 22, 27, 28, 35, 36).
Despite this focus on repair, there are DDR-independent pathways that protect genome
fidelity (37–39). To identify p300-regulated pathways that could contribute to �-HPV
E6-associated genome destabilization, we performed an in silico screen comparing RNA
sequencing data among 1,020 cancer cell lines grouped by their relative p300 expres-
sion levels (Data Set S1 in the supplemental material) (40–42). The rationale for this
approach is based on our prior observations that reducing p300 expression via RNA
interference (RNAi) phenocopies �-HPV 8E6’s p300-dependent reduction of gene ex-
pression (22, 26). We compared expression in cell lines with and without low p300
expression (Z scores of less than �1.64 and greater than �1.64, respectively). Of the cell
lines screened, 71 had low p300 expression. The remaining 949 cell lines were consid-
ered as not having low p300 expression. This identified 4,211 genes that had altered
expression in cells with lower p300 expression. Next, gene ontology (GO) analysis was
performed using Gene Ontology enRIchment anaLysis and visuaLizAtion tool (GOrilla)
to identify pathways that were significantly altered when p300 expression was reduced
(43, 44). Notably, HP was the only pathway identified by GOrilla as significantly changed
(Fig. 1A). We then performed a more detailed analysis of HP, using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) to provide an unbiased definition of the path-

FIG 1 Loss of p300 leads to changes in Hippo pathway gene expression. (A) Gene ontology of 1,020 cancer cell lines via GOrilla. Boxes show GO biological
process terms. Boxes descend from general to specific functions. Gold color indicates P � 0.001. (B) Volcano plot of 154 HP genes in 1,020 cancer cell lines with
decreased EP300 expression. The colors blue, purple, and black represent proproliferative TEAD targets, core HP genes, and p300-negative controls, respectively.
The horizontal line denotes P � 0.05. (C and D) Canonical HP genes (C) and TEAD-regulated mRNA expression (D) in HCT 116 WT and -p300�/� measured by
RT-qPCR and normalized to �-actin mRNA. (E) Representative immunoblots of HP and TEAD-regulated proteins in HCT 116 WT and -p300�/�. Figures depict
the mean � the standard error of the mean; n � 3. *, significant difference between indicated samples; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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way’s members. When p300 expression was reduced, many canonical HP genes were
upregulated. However, the most striking changes occurred in proproliferative TEAD-
responsive genes (e.g., CYR61, CTGF, AXL, and SERPINE1) (Fig. 1B). As expected, there
was a significant reduction in the expression of genes (ATM, BRCA1, and BRCA2) that
are dependent on p300 for robust transcription (26, 45, 46).

We used isogenic HCT 116 cells with (WT) or without the p300 gene (p300�/�)
deleted to confirm our in silico analysis (47). The p300 status of these cells was verified
by immunoblot (data not shown) before the expression of canonical HP genes (LATS2,
STK4, and YAP1) was measured by quantitative real-time PCR (RT-qPCR). Note, STK4 is
the gene that encodes the HP kinase, MST1. Of the three HP genes analyzed, the
expression of YAP was significantly decreased by p300 loss (Fig. 1C). Next, we defined
the abundance of TEAD and TEAD-responsive gene transcripts by RT-qPCR. Seven
genes (CTGF, CYR61, TEAD1, TEAD4, CCND1, AXL, and SERPINE1) were chosen based on
indications that they were negatively regulated by p300 in our computational screen.
Some of these transcripts were more abundant in HCT 116 cells that lacked p300, with
increased expression of CTGF, AXL, and SERPINE1 reaching statistical significance (Fig.
1D). Next, we turned to immunoblots to determine if p300 loss leads to changes at the
protein level. These data show that increased canonical HP proteins are increased in the
absence of p300 (Fig. 1E). The elevated levels extended to AXL, CTGF, and PAI-1 (the
protein encoded by the SERPINE1 gene).

�-HPV E6 expression alters Hippo pathway gene expression. �-HPV 8E6 desta-
bilizes p300, but this does not result in complete loss of the histone acetyltransferase.
We questioned if this decrease in p300 was enough to dysregulate the HP. To
determine the extent that the reduction of p300 by �-HPV 8E6 increased HP gene
expression, we defined the expression of canonical HP genes using RT-qPCR. �-HPV 8E6
did not increase expression of the canonical HP genes in human foreskin keratinocytes
or HFKs (Fig. 2A). Immunoblots of these cells were consistent with these results except
for LATS, which was more abundant when �-HPV 8E6 was expressed (Fig. 2B). We
continued this analysis by defining the amount of TEAD and TEAD-responsive genes in
HFKs expressing �-HPV 8E6. RT-qPCR comparing expression between vector control

FIG 2 �-HPV 8E6 alters Hippo pathway gene expression. Canonical HP genes (A) and TEAD-regulated mRNA expression (C) in HFKs LXSN,
�-HPV 8E6, and �-HPV Δ8E6 measured by RT-qPCR and normalized to �-actin mRNA. Representative immunoblots of HP (B) and
TEAD-regulated proteins (D) in HFKs LXSN, �-HPV 8E6, and �-HPV Δ8E6. (E) Relative growth recorded over a 5-day period. Figures depict
mean � standard error of the mean; n � 3. *, significant difference between indicated samples; #, significant difference from LXSN; one
symbol (* or #), P � 0.05; two symbols (** or ##), P � 0.01; three symbols (*** or ###), P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues
132 to 136 were deleted.
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(LXSN) and �-HPV E6-expressing HFKs found �-HPV E6 increased expression of some
TEAD-responsive genes (CTGF, CYR61, CCND1, AXL, and SERPINE1) (Fig. 2C). This was
similar to our results in HCT 116 cells except for CCND1. Immunoblots were used to
compare protein levels for TEAD-responsive genes, with elevated expression in HFKs
expression in �-HPV 8E6. This demonstrated that �-HPV 8E6 increases CTGF, PAI-1, and
AXL protein (Fig. 2D). A luciferase reporter assay showed a small but reproducible
increase in luciferase expression driven from a TEAD-responsive promoter (data not
shown). The increased expression of proproliferative TEAD-responsive genes correlated
with increased proliferation (Fig. 2E). Consistent with a p300-dependent mechanism,
�-HPV 8E6-driven changes in the HP were abrogated by the deletion of the p300-
binding domain in a previously characterized mutant, �-HPV Δ8E6 (Fig. 2).

p300 is necessary for a robust Hippo pathway response to failed cytokinesis.
The HP typically restricts growth in response to adverse conditions. This includes failed
cytokinesis, induced by dihydrocytochalasin B (H2CB), an inhibitor of actin polymeriza-
tion (48). Because the loss of p300 promoted proliferation gene expression and
dysregulated the HP, we hypothesized that p300 was required for the cellular response
to H2CB exposure. Confirming previous data, LATS phosphorylation increased in HCT
116 cells with exposure to 4 �M H2CB (Fig. 3A and B). YAP phosphorylation was
similarly elevated by H2CB treatment (Fig. 3A and C). Loss of p300 in HCT 116 cells
reduced LATS in response to H2CB (Fig. 3A and B). When cells are treated with H2CB,
LATS activation leads to p53 accumulation (32). To determine if p300 was necessary for this
response, we used immunofluorescence microscopy to detect p53 in wild-type (WT) and
p300 knockout (p300�/�) HCT 116 cells grown in H2CB-containing media. We were able to
confirm previous reports of p53 buildup in response to the drug in WT HCT 116 cells (Fig.
3D and E). However, p53 did not accumulate in HCT 116 cells lacking p300.

�-HPV 8E6 attenuates LATS2 phosphorylation but does not impede nuclear
exclusion of YAP. These data suggest that �-HPV 8E6 alters H2CB induction of the HP.
Before evaluating this possibility, we needed to confirm that �-HPV 8E6 did not impede
H2CB-induced failed cytokinesis. The visualization of cells with more than one nucleus
provides a straightforward measure of failed cytokinesis. We used bright-field and
immunofluorescence microscopy to detect the presence of two or more nuclei in cells

FIG 3 Loss of p300 impedes the Hippo pathway’s response to failed cytokinesis. (A) Representative immunoblot of HP
proteins before and during H2CB treatment. (B and C) Densitometry of immunoblots described in panel A. GAPDH was
used as a loading control. (D) Representative images of p53 (green)- and DAPI (blue)-stained HCT 116 cells before and
during H2CB exposure. (E) Relative p53 intensity in HCT 116 cells. At least 150 cells/line were image across three
independent experiments. Figures depict mean � standard error of the mean; n � 3. *, significant difference between
indicated samples; †, significant difference relative to before H2CB; one symbol (* or †), P � 0.05; two symbols (** or ††),
P � 0.01; three symbols (*** or †††), P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were deleted.
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grown in media containing H2CB (Fig. 4A to D). The percentage of cells with super-
numerary nuclei increased as a function of time in H2CB. This was true in both HFK and
U2OS cells. The frequency of these abnormal cells was also not notably altered by
�-HPV 8E6 or �-HPV Δ8E6. H2CB increased STK4 and YAP1 gene expression. Neither
�-HPV 8E6 nor �-HPV Δ8E6 changed this (Fig. 4E). Consistent with our observations in
HCT 116 cells, �-HPV 8E6 reduced LATS phosphorylation in cells exposed to H2CB (Fig.
4F). �-HPV Δ8E6 did not attenuate LATS phosphorylation. �-HPV 8E6’s restriction of HP
signaling may be limited to reducing LATS phosphorylation. �-HPV 8E6 did not change
YAP phosphorylation or the abundance of other HP proteins (data not shown). More-
over, immunofluorescence microscopy of YAP shows that �-HPV 8E6 did not hinder the
nuclear exclusion of YAP associated with the protein’s phosphorylation (Fig. 4G) (49). As
expected from these results, H2CB reduced TEAD-responsive promoter activity. �-HPV
8E6 did not prevent this decrease (data not shown).

�-HPV 8E6 attenuates p53 accumulation after failed cytokinesis. Seeing �-HPV
8E6 reduce LATS phosphorylation led us to hypothesize that �-HPV 8E6 would also
reduce p53 accumulation in response to H2CB. To test this, we used immunofluores-
cence microscopy to detect p53 in U2OS grown in media containing H2CB. Consistent
with our previous observations, H2CB increased the frequency of cells with more than
one nucleus. H2CB increased p53 levels in vector control cells but not in cells express-
ing �-HPV E6 (Fig. 5A and B). This abrogation of p53 accumulation is likely dependent
on p300 degradation, as �-HPV Δ8E6 expressing U2OS and vector control had a similar
frequency of p53-stained cells. To validate these results, we used immunoblotting to
detect p53 levels in cells grown in H2CB. These experiments also demonstrated that
�-HPV 8E6 can repress p53 buildup in response to H2CB. Again, vector control U2OS
and �-HPV Δ8E6-expressing U2OS behaved similarly in this assay (Fig. 5C and D). We
speculated that the additional p53 found in cells grown with H2CB would result in
apoptosis. Fluorescence-based detection of two apoptosis markers (propidium iodide
and annexin V) were used to test this idea (50, 51). Surprisingly, we did not see
exposure to H2CB associated with an increase in either of these apoptosis markers (Fig.
5E and F). There were also no differences in staining among vector control HFKs and
HFKs expressing �-HPV 8E6 or �-HPV Δ8E6.

FIG 4 �-HPV 8E6 diminishes LATS phosphorylation during failed cytokinesis. Representative images of U2OS (A) and HFK (B) cells before and during H2CB
exposure. Green and blue represent �-tubulin and DAPI, respectively. Quantification of U2OS (C) and HFK (D) cells with 2 or more nuclei as a function of time
in H2CB. (E) STK4, LATS, and YAP1 expression before and after H2CB exposure measured by RT-qPCR; n � 2. (F) Representative immunoblot of pLATS and totals
LATS protein levels in HFK cells before and during H2CB exposure. (G) Representative images of YAP (green)- and DAPI (blue)-stained HFK cells before and
during H2CB treatment. At least 200 cells/line were imaged from three independent experiments. Figures depict mean � standard error of the mean; n � 3.
†, significant difference relative to before H2CB; †, P � 0.05; ††, P � 0.01; †††, P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were deleted.
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H2CB stalls cytokinesis. It was important to understand if/how those cells recover
once the drug is removed and cytokinesis is again possible. To this end, we compared
HFKs grown in three conditions: without H2CB (before), grown with 4 days of continual
H2CB (during), and grown in H2CB for 4 days followed by 3 additional days without
H2CB (after). Figure 6A depicts our experimental setup. We used microscopy to
determine the frequency of HFKs with supernumerary nuclei (two or more) in each of
these conditions. �-HPV 8E6 did not make supernumerary nuclei less prevalent before
or during H2CB exposure (Fig. 6B). However, �-HPV 8E6 decrease supernumerary nuclei
after H2CB. This appears to be dependent on p300 destabilization, as supernumerary
nuclei were similarly prevalent in HFKs with �-HPV Δ8E6 or vector control. We next used
immunoblots to determine if �-HPV 8E6 maintained its ability to attenuate LATS
phosphorylation after H2CB. While LATS phosphorylation was elevated in vector control
HFKs after H2CB, they remained low in HFKs expressing �-HPV 8E6. This phenotype was
not seen in HFKs expressing �-HPV Δ8E6. We used immunofluorescence microscopy as
an additional way of detecting p53. These experiments complement the results from
immunoblotting, as p53-positive cells were more frequent after H2CB in the vector
control but not �-HPV 8E6-expressing HFKs (Fig. 6D and E). We repeated the detection
of propidium iodide (PI) and annexin described in Fig. 5 after H2CB. �-HPV 8E6 reduced
the percentage of PI-positive HFKs after H2CB compared to vector control and �-HPV
Δ8E6-expressing HFKs (Fig. 6F). Annexin V staining was also reduced, but this change
did not reach statistical significance (Fig. 6G).

�-HPV 8E6 does not completely abrogate the Hippo pathway. Having seen
diminished LATS activation, we queried whether �-HPV 8E6 prevented the HP from
restricting growth after H2CB was removed. We used immunofluorescence microscopy
to detect Ki67, an established marker of proliferation. While we readily detected Ki67 in
both vector control and �-HPV 8E6-expressing HFKs before H2CB, Ki67 was notably less
abundant during and after H2CB (Fig. 7A). Ki67 staining intensity was also lower in HFKs
expressing �-HPV 8E6 (Fig. 7B). Consistent with these results, HFKs were not capable of
long-term proliferation with or without �-HPV 8E6 (data not shown). To understand
what was happening to HFKs after H2CB, we stained for senescence-associated beta-

FIG 5 �-HPV 8E6 attenuates p53 accumulation upon H2CB-induced failed cytokinesis. (A) Representative images of p53 and DAPI staining
in cells before and during H2CB treatment. (B) Percent of p53-positive U2OS cells. (C) Representative immunoblot of p53 before and during
H2CB exposure. (D) Densitometry of immunoblots described in panel C. GAPDH was used as a loading control. Data were normalized to
p53 levels in untreated LXSN cells (set to 1). (E) Percent of propidium iodide-stained HFK cells before and during H2CB exposure. (F)
Percent of annexin V-stained HFK cells before and during H2CB treatment. At least 200 cells/line were imaged from three independent
experiments. Figures depict mean � standard error of the mean; n � 3. *, significant difference between indicated samples; †, significant
difference relative to before H2CB; one symbol (* or †), P � 0.05; two symbols (** or ††), P � 0.01; three symbols (*** or †††), P � 0.001
(Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were deleted.
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galactosidase (SA �-Gal) activity as an indicator of cellular senescence. These data were
consistent with our Ki67 staining experiments (Fig. 7C and D). HFKs were more likely to
have SA �-Gal activity after H2CB, and �-HPV 8E6 expression amplified this phenotype.

The HP restricts growth by relocating YAP from the nucleus to the cytoplasm. We
used immunofluorescence microscopy to define the subcellular localization of YAP in
HFKs before, during, and after H2CB (Fig. 7E and F). Cytoplasmic YAP increased in
HFKs during and after H2CB as expected. �-HPV 8E6 attenuated this only after H2CB
exposure (Fig. 7F). Additionally, we saw a nominal decrease in nuclear-located YAP in
HFKs expressing �-HPV 8E6 alone after H2CB treatment. To more precisely define YAP
localization, we performed subcellular fractionation on HFKs before and after H2CB (Fig.
7G). Immunoblotting demonstrated that phosphorylated YAP was more abundant in
the cytoplasm, particularly after H2CB. This was also true for phosphorylated LATS. After
H2CB, �-HPV 8E6 decreased the amount of total YAP in the nuclear fraction, despite
reducing total and cytoplasmic phospho-LATS1/2 (pLATS).

We wanted to determine the extent that �-HPV 8E6 could attenuate LATS phos-
phorylation in response to other stimuli. Because cell density is a commonly used
activator of the HP, we compared LATS and YAP phosphorylation in confluent and
subconfluent HFKs (Fig. 8A and B). Immunoblots of these cells demonstrate increased
YAP phosphorylation in confluent HFKs compared to subconfluent HFKs. The phos-
phorylation of LATS did not increase under these conditions. Next, we used immuno-
fluorescence microscopy to determine if HFKs increased p53 levels when grown to high
confluence (Fig. 8C and D). As expected, p53 staining was more intense in confluent
compared to subconfluent HFKs. In general, neither �-HPV 8E6 nor �-HPV Δ8E6
changed these responses. However, �-HPV Δ8E6 decreased p53 staining. We have no

FIG 6 �-HPV 8E6 hinders LATS phosphorylation and p53 accumulation after failed cytokinesis. (A) Timeline for administration and removal of H2CB. (B) Percent
of HFK cells with � 2 nuclei per cell before, during, and after H2CB treatment. (C) Representative immunoblots of pLATS and totals LATS in HFKs before and
after H2CB exposure. (D) Representative images of p53 and DAPI staining in cells before and after H2CB exposure. (E) Percent of p53-stained HFK cells before
and after H2CB exposure. At least 200 cells/line were imaged across three independent experiments. (F) Percent of propidium iodide-stained HFK cells before
and after H2CB exposure. (G) Percent of annexin V-stained HFK cells before and after H2CB treatment. Figures depict mean � standard error of the mean; n � 3.
*, significant difference between indicated samples; †, significant difference relative to before H2CB; one symbol (* or †), P � 0.05; two symbols (** or ††),
P � 0.01; three symbols (*** or †††), P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were deleted.
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explanation of this observation, but it does demonstrate that �-HPV Δ8E6 is not
universally inactive.

DISCUSSION

Tumorigenesis is among the grave consequences associated with changes in ploidy.
HP activation is one of the cellular mechanisms that prevents polyploidy by halting the
proliferation of cells that do not divide after replication (32, 52). Despite the high stakes,
cytokinesis fails in approximately 10% of skin cells that enter mitosis (25, 31). As a result,
the HP may play an important role in preventing cSCCs. The growth arrest associated
with HP activation is likely refractory to �-HPV replication, as HPV replicates in actively
proliferating cells (53). Our work suggests that �-HPV 8E6 helps binucleated cells
survive by mitigating HP activation. Presumably limiting HP signaling is beneficial to
papillomaviruses in general, as genus � HPV oncogenes also dysregulate the Hippo
pathway (54, 55).

The “evolutionary motivation” behind this could stem from the modest growth
advantage that we report. However, this weak phenotype seems unlikely to drive
convergent evolution toward HP dysregulation. Given the HP’s role in immunity, it is
more enticing to speculate that targeting the HP helps HPVs avoid an immune
response (56, 57). Indeed, an MST1 deficiency increased �-HPV infections (58). Since the
HP was only discovered 14 years ago (59), there could also be other currently unknown
advantages to be gained by disrupting the pathway.

Less speculatively, we extend the understanding of �-HPV 8E6 biology. �-HPV E6
disrupts multiple cell signaling pathways necessary for DNA repair and regulating
differentiation. Much of �-HPV E6’s ability to disrupt DNA repair is linked to p300
destabilization. We demonstrate that changes in signaling associated with reduced
p300 extend to the HP, as LATS phosphorylation is attenuated following failed cytoki-
nesis. �-HPV 8E6 also displays some antiapoptotic properties in response to H2CB-

FIG 7 �-HPV 8E6 increases SA �-Gal staining and reduces YAP abundance after failed cytokinesis. (A) Representative images of Ki67 (red) and DAPI (blue)
staining in HFK cells before, during, and after H2CB treatment. (B) Relative KI67 intensity in HFK cells before, during, and after H2CB treatment. At least 150
cells/line were imaged across three independent experiments. (C) Representative images of HFK cells stained for SA �-Gal activity (blue). (D) Percent of SA
�-Gal-positive HFK cells before, during, and after H2CB exposure. (E) Representative images of HFK cells stained for YAP (green) and DAPI (blue). (F) Cytoplasmic
and nuclear YAP intensity in HFK cells before, during, and after H2CB treatment. At least 205 images were imaged across three independent experiments. (G)
Subcellular fractionation of HFKs harvested before and after H2CB treatment. Hippo pathway proteins were probed via immunoblotting. GAPDH and histone
H3 serve as cytoplasmic and nuclear loading controls, respectively. YAP-SE and YAP-LE indicate short- and long-term exposure of YAP, respectively. Figures
depict mean � standard error of the mean; n � 3. *, significant difference between indicated samples; †, significant difference relative to before H2CB; one
symbol (* or †), P � 0.05, two symbols (** or ††), P � 0.01; three symbols (*** or †††), P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were
deleted.
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induced failed cytokinesis. Together, these data demonstrate that �-HPV 8E6 is a
versatile protein capable of a striking reprogramming of cellular signaling. We also
extend the long history of using viral oncogenes to learn about cell biology by linking
p300 to the HP- and TEAD-responsive gene expression.

The fact that most people get infected with �-HPV but a significantly lower number
of those infections become cSCCs causes many to doubt that the virus is tumorigenic.
�-HPV 8E6 may be more mutagenic in certain genetic backgrounds. For instance,
�-HPV 8E6 reduces LATS phosphorylation after failed cytokinesis, but the cells still
senesce. This suggests that mutations that help cells avoid senescence would augment
�-HPVs tumorigenic potential. One could imagine any number of additional mutations
that might synergize with �-HPV 8E6 to promote mutagenesis. Genetic landscapes
where the opposite is true seem equally likely. Moreover, �-HPV E6 could also be more
or less harmful when coexpressed with other �-HPV genes. Future studies are needed
to evaluate these complexities.

MATERIALS AND METHODS
Cell cultures. U2OS and HCT 116 cells were maintained in Dulbecco modified Eagle medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin. Primary HFKs were derived
from neonatal human foreskins. HFKs were grown in EpiLife medium supplemented with calcium
chloride (60 �M), human keratinocyte growth supplement (Thermo Fisher Scientific), and penicillin-
streptomycin. HPV genes were cloned, transfected, and confirmed as previously described (25). We
carefully monitored cell density in all experiments. To avoid confounding our experiments by activating
the Hippo pathway via contact inhibition, experiments were aborted if unintended differences in seeding
resulted in cell densities that were more than 10% different among cell lines at the beginning of an
experiment.

Proliferation assays and H2CB cell viability assays. Cells were counted, and 4.0 � 104 cells were
plated into 6 wells per cell line of 6-well tissue culture dishes. One well was trypsinized, resuspended, and

FIG 8 �-HPV 8E6 does not inhibit the Hippo pathway’s response to cellular density. (A) Representative images of subconfluent and confluent
HFKs. (B) Representative immunoblot of HP proteins in confluent and subconfluent HFKs. (C) Representative images of �-tubulin (red)-, p53
(green)-, and DAPI (blue)-stained subconfluent and confluent HFK cells. (D) Mean p53 intensity in HFK cells before and after confluence. At least
200 cells/line were imaged across 3 independent experiments; n � 2 for �-HPV Δ8E6. Figures depict mean � standard error of the mean; n � 3.
†, significant difference relative to before H2CB; †, P � 0.05; ††, P � 0.01; †††, P � 0.001 (Student’s t test). In �-HPV Δ8E6, residues 132 to 136 were
deleted.
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counted 3 times via hemocytometer with trypan blue. For dihydrocytochalasin B (H2CB) cell viability
assays, cells were grown for 24 h and then treated with 2/4 �M H2CB, and fresh H2CB was readministered
every 2 days while cells were trypsinized and counted 3 times via hemocytometer with trypan blue.

RT-qPCR. Cell were lysed using TRIzol (Invitrogen) and RNA isolated with the RNeasy kit (Qiagen).
Two micrograms of RNA were reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad).

Quantitative real-time PCR (RT-qPCR) was performed in triplicate with the TaqMan FAM-MGB gene
expression assay (Applied Biosystems) and C1000 touch thermal cycler (Bio-Rad). The following probes
(Thermo Scientific) were used: ACTB (Hs01060665_g1), STK4 (Hs00178979_m1), LATS2 (referred to
as LATS in the text) (Hs01059009_m1), YAP1 (Hs00902712_g1), CTGF (Hs00170014_m1), CYR61
(Hs00155479_m1), TEAD4 (Hs01125032_m1), TEAD1 (Hs00173359_m1), CCND1 (Hs00765553_m1), AXL
(Hs01064444_m1), and SERPINE1 (Hs00167155_m1).

Immunoblotting. After being washed with ice-cold phosphate-buffered saline (PBS), cells were lysed
with radioimmunoprecipitation assay (RIPA) lysis buffer (VWR Life Science) supplemented with Phos-
phatase inhibitor cocktail 2 (Sigma) and protease inhibitor cocktail (Bimake). The Pierce bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific) was used to determine protein concentration. Equal
protein lysates were run on Novex 4-12% Tris-Glycine WedgeWell mini gels (Invitrogen) and transferred
to Immobilon-P membranes (Millipore). Membranes were then probed with the following primary
antibodies: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz Biotechnologies; catalog
no. sc-47724), LATS2 (Cell Signaling Technologies; clone D83D6), phospho-LATS1/2 (Ser909) (referred to
as pLATS in the text) (Cell Signaling Technologies; product no. 9157), YAP (Cell Signaling Technologies;
product no. 4912S), phospho-YAP (Ser127) (Referred to pYAP in the text) (Cell Signaling Technologies;
product no. 4911S), MST1 (Cell Signaling Technologies; product no. 3682S), AXL (Cell Signaling Tech-
nologies; product no. 8661S), CTGF (Abcam; catalog no. ab6692), PAI-1 (Cell Signaling Technologies;
product no. 11907S), p53 (Calbiochem; catalog no. OP43; 100 �g), p300 (Santa Cruz Biotechnologies;
catalog no. sc-584), and histone H3 (Abcam; catalog no. ab1791). After exposure to the matching
horseradish peroxidase (HRP)-conjugated secondary antibody, cells were visualized using SuperSignal
West Femto maximum sensitivity substrate (Thermo Scientific).

cBioPortal and gene ontology analysis. Software from www.cbioportal.org was used to recognize,
analyze, and categorize mutations and transcriptomic data from over 1,000 cancer cell lines (40–42) and
cutaneous squamous cell carcinomas (60, 61). Gene Ontology enRIchment anaLysis and visuaLizAtion
tool (GOrilla) identified and visualized enriched GO terms from these data (43, 44). The Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) was used to identify genes specific to the Hippo signaling pathway
(hsa04390).

Senescence-associated �-galactosidase staining. Cells were seeded onto three 6-well plates and
were grown for 24 h. Then, they were treated with 4 �M H2CB for stated times, after which cells were
fixed and stained for senescence-associated �-galactosidase (�-Gal) expression according to the manu-
facturer’s protocol (Cell Signaling Technologies).

Immunofluorescence microscopy. Cells were seeded onto either 96-well glass-bottom plates
(Cellvis) or coverslips and grown overnight. Cells treated with H2CB for a specified time and concentra-
tion were fixed with 4% formaldehyde. Then, 0.1% Triton-X solution in PBS was used to permeabilize the
cells, followed by blocking with 3% bovine serum albumin in PBS for 30 min. Cells were then incubated
with the following: p53 (Cell Signaling Technologies; clone 1C12), YAP (Cell Signaling Technologies;
product no. 4912S), Ki67 (Abcam; catalog no. ab15580), alpha-tubulin (Abcam; catalog no. ab18251), and
�-tubulin (Cell Signaling Technologies; product no. 3873S). The cells were washed and stained with the
appropriate secondary antibodies: Alexa Fluor 594 goat anti-rabbit (Thermo Scientific; catalog no.
A11012) and Alexa Fluor 488 goat anti-mouse (Thermo Scientific A11001). After washing, the cells were
stained with 28 �M 4=,6-diamidino-2-phenylindole (DAPI) in PBS and visualized with the Zeiss LSM 770
microscope. Images were analyzed using ImageJ techniques previously described in reference 62.

Apoptosis assay. After H2CB treatment, HFKs were harvested via trypsinization and then counted
while incubating at 37°C for 30 min. After incubation, cells were resuspended to 1 � 106 cells/ml. Next,
cells were stained with 100 �g/ml of propidium iodide (PI) and 1� annexin-binding buffer following the
protocol from Dead Cell apoptosis kit (Invitrogen; catalog no. V13242). Stained cells were imaged with
the Countess II FL automated cell counter (Invitrogen). Images were processed using ImageJ software.

Subcellular fractionation. Cells were seeded at 5.0 � 105 cells/10 cm2 plate and grown for 24 h.
Cells were then treated with 4 �M H2CB for 3 days, washed with PBS, and recovered in fresh EpiLife for
3 days (after H2CB treatment). Before and after H2CB exposure, cells were washed with ice-cold PBS and
divided into cytosolic and nuclear fractions via Abcam’s subcellular fractionation protocol. Afterward,
lysates were treated the same as in the Immunoblotting section.

Statistical analysis. Unless otherwise noted, statistical significance was determined by an unpaired
Student’s t test and was confirmed when appropriate by two-way analysis of variance (ANOVA) with
Turkey’s correction. Only P values of less than 0.05 were reported as significant.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.9 MB.
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Review

Catching HPV in the Homologous
Recombination Cookie Jar
Nicholas A. Wallace1,*

To replicate, the human papillomaviruses (HPVs) that cause anogenital and oropharyngeal malig-

nancies must simultaneously activate DNA repair pathways and avoid the cell cycle arrest that

normally accompanies DNA repair. For years it seemed that HPV oncogenes activated the ho-

mologous recombination pathway to facilitate theHPV lifecycle. However, recent developments

show that, although homologous recombination gene expression and markers of pathway acti-

vation are increased, homologous recombination itself is attenuated. This review provides an

overview of the diverse ways that HPV oncogenes manipulate homologous recombination and

ideas on how the resulting dysregulation and inhibition offer opportunities for improved thera-

pies and biomarkers.

Understanding Human Papillomaviruses and Host DNAMachinery to Combat
Disease

According to the World Health Organization, human papillomavirus (HPV) infections cause cancers

that kill someone about every 90 s. HPV transforms tissues throughout the anogenital tract and

oral cavity [1]. There are several formulations of prophylactic vaccines against these infections,

each with an admirable safety profile, that provide immunity against the deadliest HPV infections

[2]. In the developed world, their primary limitation is under-utilization resulting from vaccine hesi-

tancy and misconceptions about increased promiscuity associated with their protection. Despite

nascent attempts to determine if HPV vaccination can benefit infected individuals, there is no evi-

dence of therapeutic benefit [3–5]. Thus, the millions of HPV infections that occur each year remain

a tremendous health hazard [6]. Because HPV-associated tumors often take decades to develop, uni-

versal vaccination would not immediately reduce HPV-associated malignancies [7,8]. Rather, the fre-

quency of HPV-positive head and neck cancers grows at a staggering rate [9] and the United States’

National Cancer Institute reports that 5-year survival rates for cervical cancer prognosis have not

improved in decades. In low- and middle-income countries, where HPV is most deadly, additional

barriers prevent full utilization of these vaccines. In these regions, vaccine-based intervention efforts

also face financial and logistic limitations.

This has motivated researchers to interrogate HPV biology in the hope of improving these grim sta-

tistics. The relationship between HPV replication and the host DNA repair has gained significant in-

terest because repair defects result in acute sensitivity to genotoxic chemotherapeutics. Each cell in

our bodies repairs an estimated 10 000 lesions every day [10]. This bombardment is quite diverse and

addressed by a complex and interwoven series of signaling cascades, collectively known as the DNA

damage response (DDR; see Glossary). Whether DDR promotes or restricts viral propagation differs

among viruses, but interplay between viral replication and host DDR is common [11,12]. For HPV, DDR

activation is critical. However, HPV must also avoid the cell cycle arrest that accompanies DDR. While

decoupling arrest and repair is advantageous for the virus, host genome integrity suffers, leading to

an accumulation of tumorigenic mutations.

DDR is subdivided into pathways that fix specific types of lesion during particular portions of the cell

cycle [13]. Double-strand breaks (DSBs) in DNA are arguably the most important type of lesion, both

for HPV and the cell. DSBs are by far the worst type of damage faced by cells [10]. Improperly repaired

DSBs result in large-scale deletions and rearrangements [10], such that a single unrepaired DSB can

cause cell death [14]. As a result, there are overlapping pathways to fix these lesions. Homologous

recombination (Figure 1A) is the best pathway for avoiding mutations and maintaining genome sta-

bility, but its use of the sister chromatid as a repair template restricts it to the S and G2 phases of the
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cell cycle [15]. HPV replication is reliant on upregulating homologous recombination genes and re-

cruiting these proteins to viral replication centers (Figure 1B).

This review offers a summary of recent revelations about the relationship between homologous

recombination and HPV, with apologies for omission of the seminal earlier discoveries that made

these breakthroughs possible. We focus mostly on the ’high risk’ human papillomaviruses that are

the most oncogenic and are referred to simply as HPV (see Box 1 for a discussion of diversity among

genus a human papillomaviruses, or reference [16] for a more complete discussion of HPV diversity).

There is also a brief discussion of homologous recombination and cutaneous genus b HPV infections.

HPV’s Reliance on Host Homologous Recombination Proteins

HPV replication is not uniformly dependent on homologous recombination proteins. The HPV life cy-

cle has two distinct phases (Figure 2A). The first begins with the virus infecting epithelial cells, gaining

access to basal keratinocytes through microabrasions. When these cells divide laterally, the viral

genome replicates along with the cell, keeping a steady number of genomes. This is the virus’s main-

tenance phase [17]. Homologous recombination proteins are not necessary for maintenance. As basal

cells divide and differentiate towards the skin’s surface, HPV enters the second phase of its life cycle,

known as amplification [17]. As the name suggests, HPV intensifies its replication efforts during ampli-

fication, reaching several hundred copies per cell (Figure 2B). A map of the major HPV gene products

and genome features can be found in Figure 2C.

Amplification requires activation of ataxia-telangiectasia mutated (ATM) signaling [18]. ATM is a

pinnacle DDR kinase that initiates DSB repair [19]. While its targets include cell cycle checkpoints

and proteins in other repair pathways, ATM’s role in amplification appears to be linked to its induction

of homologous recombination. ATM phosphorylates SMC1, a known facilitator of homologous

recombination [20,21]. During this period of the viral lifecycle, ATM also phosphorylates at least

two homologous recombination proteins, BRCA1 andNBS1 [22]. Both of these proteins, and another

homologous recombination factor, RAD51, are essential for amplification [22,23]. While a complete

understanding of how ATM is activated by HPV is lacking, a cellular histone acetyltransferase, TIP60, is

involved [24]. Signal transducer and activator of transcription 5 (STAT5), a member of the JAK/STAT

signaling cascade, is necessary for HPV to activate ATM [25]. HPV E7 is also the primary viral factor for

inducing ATM during replication.

Activation of the DDR is not limited to the HPV E6 and E7 oncogenes. HPV E1 and HPV E2 proteins

directly facilitate HPV replication by activating DSB repair signaling. HPV E2 induces an ATM

response [26], while HPV E1’s helicase activity results in DDR machinery localizing to viral replication

foci [27]. HPV E1 and E2 remain active in the face of exogenous DNA damage synthesizing DNA,

albeit with loss of fidelity, suggesting that homologous recombination protects viral genome integ-

rity [28]. Homologous recombination machinery’s role in HPV replication is pervasive. Although the

details of the advantage gained by this activation have not been fully delineated, homologous recom-

bination may help to resolve replication errors as HPV rapidly and exponentially expands its copy

number [11]. Inhibiting individual members of this pathway restricts HPV amplification in vitro, making

HPV’s interaction with these proteins attractive targets for antiviral drug development.

Taking Full Advantage of Host Homologous Recombination Factors

Because HPV is so dependent on the pathway, the virus has an array of tools for increasing its access

to homologous recombination machinery. By binding and destabilizing the retinoblastoma protein

(RB), HPV E7 increases homologous recombination protein abundance [29]. This is accomplished in

part by raising RAD51 and BRCA1 stability. HPV E6 can cooperate with HPV E7 to further induce ho-

mologous recombination gene expression, increase the amount of RAD51, RPA70, BRCA1 and

BRCA2 in cells [30]. Some of the expression changes are the result of chromatin modifications.

SIRT1, a deacetylase, remodels the host and viral DNA facilitating the recruitment of NBS1 and

RAD51 to the HPV genome [31]. SIRT1 is also localized to the HPV origin of replication, where it reg-

ulates HPV E1- and E2-dependent replication via acetylation and stabilization of HPV E2 [32].

Glossary
ATM: an apical DNA repair kinase
that typically responds to double-
strand DNA breaks. It is activated
during amplification and is
necessary for the HPV lifecycle.
ATR: major DNA repair kinase.
ATR most often responds to
replication stress. HPV must acti-
vate ATR during amplification.
BRCA1/2: these two repair pro-
teins are critical for homologous
recombination and DNA crosslink
repair. Both are induced by HPV
oncogene expression, and BRCA1
is necessary for viral replication.
DDR: DNA damage repair; catch-
all phrase encompassing any cell
signaling process that responds to
the �10 000 DNA lesions per cell
each day. HPV oncogenes acti-
vate and impair DDR.
DSB: double-strand break in
DNA; a single DSB can result in
cell death. HPV causes and delays
their repair.
Homologous recombination: the
least mutagenic means a cell has
of repairing DSBs. This pathway is
activated and subverted by HPV
oncogenes to promote viral
replication.
HPV E6: staves off apoptosis by
degrading p53, impairing host
genome fidelity in the process.
HPV E7: causes replication stress
by promoting unregulated
growth; it is responsible for most
of the elevated DDR gene
expression associated with HPV.
MCM helicase: cellular replicative
polymerase responsible for un-
winding DNA. It will continuing
unwinding DNA when replicative
polymerase stalls, exposing un-
stable single-stranded DNA.
NBS1: MRN complex member,
with RAD50 and MRE11. It helps
to resect DNA near DSBs,
providing single-stranded DNA
for homologous recombination.
NBS1 is recruited to HPV replica-
tion sites.
Polymerase h or POLh: error-
prone translesion synthesis poly-
merase. POLh’s flexible active site
allows it to bypass replication fork
impediments. HPV low mutation
rate suggests that POLh is not
used during viral replication.
RAD51: required for HPV replica-
tion. During homologous recom-
bination, RAD51 facilitates the
search for homology and strand
invasion that helps to use sister
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During amplification, there is extensive colocalization of homologous recombination factors with the

HPV genome that can be detected by immunofluorescence microscopy [33]. HPV oncogenes are

active participants in recruiting these repair factors. When expressed without other viral factors or

DNA, HPV E6 and E7 cause FANCD2 to be moved away from sites of DNA damage limiting the ability

of RAD51 to localize to DSBs [30,34]. When expressed as part of the whole viral genome, RAD51 and

BRCA1 are preferentially recruited away from cellular damage to the viral genome [35]. Notably,

RAD51 and BRCA1 are required for HPV replication [36].

HPV E6 and E7 also inhibit homologous recombination indirectly by deregulating cell cycle

checkpoints. Because homologous recombination relies on a homologous template to complete

repair, it typically cannot be finished without a sister chromatid. As a result, cells avoid

beginning homologous recombination during G1. Instead they use an alternative repair pathway

(nonhomologous end joining) to fix breaks with minimal loss of sequence [36]. HPV E6 and E7

make it significantly more likely that nuclear RPA foci (an indirect indicator of resected single-

stranded DNA) appear during G1 [30]. DDR proteins form increasingly large complexes around

this type of hard-to-resolve lesion [37]. This would provide a noteworthy opportunity for HPV

to ’steal’ homologous recombination proteins. The fact that most HPV replication occurs during

G2 is contrary to this idea, though. Perhaps it is an unintended consequence resulting from wide-

spread deregulation of cell signaling, or maybe it creates a ’G2-like’ environment where HPV can

replicate [38].

Stressing the Cell to Gain Access

HPV amplification requires replication of typically quiescent cells. To satisfy this need, HPV E7 de-

grades Rb and RB-family proteins leading to increased E2F transcription and effectively preventing

G1/S checkpoints [39]. By removing this constraint on cell proliferation, HPV E7 allows dysregulated

growth that depletes nucleoside pools causing replication stress [40]. In response, the host cell un-

dergoes multiple efforts to mitigate the replication stress. It becomes addicted to two demethylases

(KDM6A and KDM6B), resulting in widespread methylation and gene expression changes [41–44]. A

ribonucleotide reductase, RRM2, is also overexpressed, providing an alternative source of nucleo-

sides [45].

In this environment, replication forks are presumably stalling as they wait for necessary building

blocks. This should decouple replication fork progression from the MCM helicase activity and result

in long stretches of single-stranded DNA (ssDNA). ssDNA is rapidly bound by the RPA complex

(RPA14, RPA32, and RPA70) to help prevent fork collapse and activate ATR signaling [46]. ATR acti-

vation stabilizes the error prone polymerase h or POLh, beginning a process known as translesion

synthesis (TLS) [47]. The stalled fork also promotes PCNA ubiquitination, allowing POLh to displace

the replicative polymerase, easing replication restraints and preventing fork collapse into DSBs.

Since the pathway responds to other replication stressors, TLS is presumably activated by HPV

E7-induced replication stress. However, TLS likely falters before completion as HPV E7 induces

double-strand breaks consistent with fork collapse [48]. Further, HPV’s constitutive activation of

ATR occurs via a TOPBP1-dependent mechanism, which would be expected if TLS begins, but is

not completed [24]. This is clearly important for HPV replication as ATR activation promotes HPV

replication.

On the surface, this seems disadvantageous for the virus as failed TLS results in DSBs that promote

viral episome integration, after which HPV can no longer produce infectious virions [30]. However,

there would be advantages for HPV that could outweigh the detriments. First, failed TLS leads to

the ATR activation that is at least partially required for recruitment of DSB repair factors to viral repli-

cation centers [49]. Further, the DSBs that result from replication fork collapse are overwhelmingly re-

paired by homologous recombination increasing the availability of these factors. Finally, because the

need for TLS reaches its maxima during amplification as HPV E7 levels rise, if the pathway failed then

homologous recombination proteins would also peak during amplification when HPV has the great-

est need for them.

chromatin as template for error-
free repair.
Replication stress: general term
encompassing the strain resulting
from any impediment to replica-
tion. Common source of genome
instability in cancers. HPV E7 in-
duces replication stress by
depleting nucleoside pools.
RPA70: a member of the RPA
trimer that protects single-
stranded DNA from degradation.
HPV oncogenes increase RPA70
abundance and phosphorylation
of fellow RPA trimer partner,
RPA32.
SIRT1: host NAD-dependent de-
acetylase that controls HPV repli-
cation through histone modifica-
tions and recruitment of RAD51
and NBS1 to replication centers.
STAT5: a member of the JAK/
STAT signaling family. STAT5 is
required for ATM activation dur-
ing HPV amplification.
Synthetic lethality: occurs when
the combination of two conditions
is exponentially more deleterious
together than separately. Often
the result of blocking two inter-
connected signaling pathways.
Translesion synthesis (TLS):
translesion synthesis mitigates
replication stress via polymerase
barrier bypass. It is a recently
identified mediator of chemo-
therapy resistance. Inhibition of
the pathway could explain some
of the DNA repair activation seen
in cells expressing HPV
oncogenes.
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Box 1. How Conserved Is the Abrogation of Homologous Recombination among Human Papillomavi-
ruses?

This review focuses on cancer-associated HPVs from the alpha genus, but there is considerably more diversity

in the genus. There are only 12 recognized ’high risk’ aHPVs (HPV 16, HPV 18, HPV 31, HPV 33, HPV 35, HPV 45,

HPV 51, HPV 52, HPV 56, HPV 58, HPV 59, and HPV 68). The other viruses in this genus are collectively referred

to as ’low risk’ HPVs and lack the ability to abolish p53- and RB-mediated cell signaling. Because they do not

cause deadly cancers, these viruses are often neglected by researchers. When ’low risk’ HPVs are studied, HPV

6 or HPV 11 are used as surrogates for the rest of the genus. These are chosen because they cause genital warts

and reoccurring respiratory papillomas, more than for their ability to reflect the biology of the rest of the genus

[83]. Even among the ’high risk’ HPVs there is considerable bias towards studying the more clinically relevant

viruses, with most studies investigating HPV 16, HPV18, and HPV31 biology. While there is good reason to

believe that all ’high risk’ HPVs share the ability to hinder homologous recombination, subtle differences in

their manipulation of the pathway could explain why 70% of cervical cancers are caused by HPV 16 and HPV

18. There are more knowledge gaps with regard to the attenuation of repair by ’low risk’ HPVs. The wart-

causing ’low risk’ HPVs (HPV 6 and HPV 11) have a significantly muted ability to alter DNA repair, compared

to ’high risk’ HPVs. However, less is known about how representative HPV 6 and HPV 11 are of less pathogenic

’low risk’ HPVs. A more complete understanding of how other alpha genus HPVs thrive is an area ripe for

investigation.

(A) (B)

Trends in Microbiology

Figure 1. The Homologous Recombination Pathway Is Altered by Human Papillomavirus (HPV) Replication.

(A) Schematic of canonical homologous recombination pathway. (B) Table showing how HPV replication/gene expression alters the homologous

recombination proteins. The column lists (left) genes involved in homologous recombination, (middle) changes in protein abundance during HPV

replication or oncogene expression, and (right) whether the indicated protein localizes to HPV replication sites. CHK2 is phosphorylated by the DNA

repair kinase ATM in response to a double-strand break (DSB) which induces a cell cycle checkpoint. SIRT1 promotes homologous recombination via

deacetylation of target proteins. References [18,22,23,30,34] are provided in the first column.
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Hurting without Killing: HPV’s Repurposing of Homologous Recombination
Factors Has Severe Consequences for Host Cells

Of course, HPV is not the only entity with an interest in how the cell responds to DSBs. Protecting

genome fidelity is essential to the host cell’s survival. HPV infections further complicate the host’s

mandate to protect its own DNA. The replication stress caused by the virus represents a notable chal-

lenge to cellular genome integrity [50]. As discussed in a preceding section, these responses are

evidently unable to keep up as HPV oncogenes cause DSBs consistent with a failed or overwhelmed

replication stress response. Unsurprisingly, HPV oncogenes make cells significantly more sensitive to

replication stress from DNA crosslinking drugs, hydroxyurea, and UV [51,52].

HPV E6 and E7 also make DSBs more persistent, particularly in the host genome [30,35]. They lower

homologous recombination efficiency by 50–60%, by causing a defect in the resolution of RAD51 foci

[30]. The decreased homologous recombination efficiency suggests that the inhibitory effects of HPV

oncogenes outpace any benefit to host that might come from the increased homologous recombina-

tion protein abundance. As expected from attenuated DSB repair, HPV oncogene-expressing cell

lines are sensitive to endogenous and exogenous sources of DSBs [53–55].

It should be noted that the toxicity of replication stress and DSBs would likely be worse if HPV onco-

genes were not simultaneously blocking repair and apoptosis. Apoptosis inhibition is often linked to

HPV E6’s promotion of p53 degradation, but the viral oncogenes have several other antiapoptotic

activities [56]. This effectively amounts to a triple blockade of the cellular response to HPV E7-induced

(A)

(C)

(B)
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Figure 2. Homologous Recombination Proteins Localize to Viral Replication Sites during Amplification.

(A) Image depicts high-risk a-HPV life cycle in stratified epithelia. Differentiation in these cells is represented by changes in their shape. More differentiated

cells are flatter ovals, while less differentiated cells are rectangular. Arrow and blue circle represent infectious viral particles infecting the basal layer and

gaining access via microabrasions in the skin. Yellow circles depict nuclei. During horizontal replication of the host cells, high-risk a-HPV enters the

maintenance phase of its life cycle where it maintains a relatively low genome copy number. As cells differentiate towards the surface, the number of

viral genomes increase to remarkable levels, shown as a rising number of blue circles within cells. Human Papillomavirus (HPV) does not induce lysis;

instead, it leaves as cells slough off naturally. Lighter pink cells with yellow borders represent this portion of the viral life cycle. (B) Enlarged image of

cells [matching the morphology from (A)] highlighting the recruitment of homologous recombination proteins to sites of HPV replication, shown as blue

spheres. (C) Linearized HPV genome with major transcripts. HPV genes are grouped by function and designated by color: HPV oncogenes (HPV E6, HPV

E7, and splice variant HPV E6*) are pink, other early genes (HPV E1, HPV E2, HPV E5, HPV E1^E4, and HPV E8^E2) are green, and capsid genes (HPV L1

and L2) are yellow. The two primary promoters are noted with black arrows and numbers, indicating their location in the genome (p97 and p670). The

HPV E2 bindings sites crucial for segregating HPV genomes during division are also noted.
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replication stress. First, HPV oncogenes increase the likelihood of replication forks collapse. The

repair of the resulting DSBs is attenuated and the last-ditch effort of programmed cell death is in-

hibited. Despite greater sensitivity, far more cells survive than would be prudent, and the host

genome acquires tumorigenic mutations.

Targeting HPV Oncogene Biology for Direct Translational Implications

HPV-associated tumors are addicted to HPV oncogene expression. Even though HeLa cells have

been grown in laboratories around the world for decades, they remain sensitive to reduction of

HPV E6 or E7 [57]. This is notable given that HPV oncogenes promote acquisition of the additional

mutations required for transformation. If cells with a notably impaired DDR do not acquire the neces-

sary mutations to become independent of HPV oncogene expression after nearly 70 years in culture, it

is unlikely that HPV-associated cancers would gain said mutations over the markedly shorter period

that tumors exist in vivo. This results in a degree of tumor homogeneity that may be therapeutically

targetable.

Synthetic lethality refers to gene mutations/chemical inhibitions that are very toxic together, but not

particularly deleterious individually [58]. This concept has been the rationale for some chemothera-

peutic regiments, where small-molecule inhibitors are more effective in certain genetic backgrounds.

However, either extensive individual tumor profiling or biomarker development is required for this
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DNA repair
inhibitor

Pathway B
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Dead Cell

HPV oncogene 

DNA repair
inhibitor
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Figure 3. Potential Synthetic Lethal Relationship Where Human Papillomavirus (HPV) Oncogene Expression Is Combined with DNA Repair

Inhibition.

On their own, the inhibition of Pathway A by HPV oncogene(s) or Pathway B by a DNA repair inhibitor are not deleterious to cells. However, when combined,

they cause significant cytotoxicity. This would provide very targeted killing of HPV-associated cancer cells and requires continued characterization of DNA

damage repair (DDR) pathways inhibited by HPV oncogenes. For example, HPV E6 and E7 inhibit the homologous recombination pathway (Pathway A),

which is expected to create the potential for a synthetic lethal relationship with PARP1 inhibition (Pathway B).
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approach. This may not be necessary in cervical cancers, where nearly all of the tumors are caused by

constitutive HPV oncogene expression [59]. HPV-associated malignancies likely have an unusually

high replication stress burden and a limited ability to complete homologous recombination. Figure 3

illustrates the concept of HPV oncogene-induced synthetic lethality. The efficacy of cisplatin and car-

boplatin at treating cervical cancers is consistent with this idea, as these drugs are more effective

when replication stress is high or homologous recombination is impaired [60]. Using synthetic

lethality approaches to target tumors with altered DNA repair is an area of considerable promise

[61]. Breast cancers harboring BRCA1 or BRCA2 mutations can be effectively treated with PARP1 in-

hibitors [62]. PARP1 inhibition increases the number of DSBs during replication that would typically be

repaired by homologous recombination, but BRCA1/BRCA2 mutations prevent the pathway from re-

sponding. HPV oncogenes also inhibit homologous recombination, and several ongoing clinical trials

are using PARP1 inhibitors to treat cervical cancer [63–65].

The homogeneity resulting from HPV oncogene expression provides opportunities for improving bio-

markers against HPV-associated tumors. DNA repair protein abundance increases in parallel with cervical

premalignant lesion progression and was predicted based on HPV oncogene-driven changes first

observed in tissue culture [66]. This approach is particularly helpful for tumors that may or may not be

caused by HPV. Management of the ongoing HPV-positive head and neck squamous cell carcinoma

(HPV+ HNSCCs) epidemic would especially benefit, because response to therapy varies significantly be-

tween HPV-positive and -negative cancers [67]. In fact, individuals with HPV+ HNSCCs are candidates

for de-escalated therapies [68]. HPV status is currently determined using p16 status as a surrogate marker,

but there are mutations that can change p16 abundance independently of HPV [69]. Since homologous

recombination and other repair proteins are increased by HPV oncogenes, these proteins may be able

to act as biomarkers, improving the specificity of p16 for predicting HPV status.

Cutaneous HPV Infections Repress Homologous Recombination

Although we have focused exclusively on high-risk members of the a-Papillomavirus genus to this

point, other human papillomaviruses have clinically relevant interactions with the homologous

recombination pathway. Members of the b-Papillomavirus genus (b-HPVs) have a tropism for cuta-

neous rather than anogenital and oropharyngeal keratinocytes. b-HPVs augment nonmelanoma

skin cancer development, especially in people with immunosuppression [70]. The World Health

Organization and the International Agency for Research on Cancer (IARC) recognize the oncogenic

potential of two b-HPVs among the genus, designating b-HPV 5 and b-HPV 8 as possibly carcinogenic

[71]. Although other members of the b-HPV genus may also be oncogenic [70,72,73], we follow the

IARC’s lead focusing only on b-HPV 5 and 8 and referring to them collectively as b-HPV (see Box 2

Box 2. Which b-HPVs Should We Worry about?

In this review, we focus on HPV 5 and HPV 8 as representative of b-HPVs, primarily because of their IARC desig-

nation. However, there is epidemiological evidence that more b-HPVs increase the risk of skin cancer. Along

with HPV 5 and HPV 8, at least six other members of the genus (HPV 15, HPV 17, HPV 20, HPV 24, HPV 36,

and HPV 38) are associated with a mild, yet significant, risk factor in cutaneous squamous-cell carcinoma

[73]. There is also a variety of molecular evidence supporting broad, but mild, oncogenic potential within

this genus. Many b-HPV E6s limit cells from undergoing UV-induced apoptosis [84]. Also, HPV 38 and HPV

49 oncogenes transform primary skin cells in vitro [85,86]. Among b-HPVs not designated ’possibly carcino-

genic’ by the IARC, HPV 38 is the best characterized. Transient expression of HPV 38 E6 and E7 promotes

tumorigenesis in mice exposed to UV [72]. HPV 38E6 also reduces homologous recombination efficiency

and activates telomerase [77,87]. Finally, HPV 38E6 binds p300, although more weakly than HPV 8E6 or

5E6, but does not cause its destabilization [88]. These data seem to justify reconsideration of IARC’s character-

ization of b-HPVs. Further, given the diversity among b-HPVs, they may each have a specific genetic/immune

environment where they are most transforming. Ultimately, continued interrogation of these viruses is neces-

sary to understand the relative cancer risk associated with them and to identify appropriate antiviral treatments

for any that are dangerous.
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for an expanded discussion of other b-HPVs). b-HPV infections appear to act by augmenting UV’s

mutagenic potential, making it more oncogenic. Unlike high-risk HPVs, b-HPV infections are transient.

Indeed, their gene expression peaks in precancerous lesions and appears to be dispensable in tu-

mors [74]. Similar to other HPVs, b-HPV have E6 and E7 genes (b-HPV E6 and b-HPV E7) that contain

most of the virus’s transforming potential. b-HPV E7 binds and destabilizes RB, but less completely

than HPV E7 proteins from high-risk HPVs [71]. This likely removes cell cycle constraints, allowing cells

to spend more time in parts of the cell cycle (S and G2/M phases), where DSBs are preferentially re-

paired via homologous recombination. b-HPV E6 attenuates multiple repair pathways, including

homologous recombination, by binding and destabilizing the cellular histone acetyltransferase,

p300 [75–77]. This makes UV more likely to result in a DSB and increases the risk that chromosome

abnormalities (large deletions, fusions, etc.) result from crosslinked DNA [77]. Decreased p300 avail-

ability likely reaches further as p300 is a master transcription regulator [78]. We have already shown

that, by destabilizing p300, b-HPV reduces the expression of four repair genes (ATM, ATR, BRCA1,

BRCA2) that play critical roles in multiple repair pathways [75–77]. Presumably, by hindering repair,

these viruses escape the cell cycle arrest associated with UV damage. Recently described infection

models and established animal models are driving a renewed interest in this field [72,74,79,80]; how-

ever, some question the importance of p300 degradation in carcinogenesis. There are considerable

basic and epidemiological gaps left to determine the extent that transient cutaneous HPV infections

contribute to skin cancers, but they undoubtedly contribute to the tremendous tumor burden caused

by HPV.

Concluding Remarks

Nearly all of the death and disease caused by HPV infections can be avoided through vaccinations.

Unfortunately, the antivaccine movement is a persistent scourge. In the developing world, fiscal

and logistic restrictions represent additional barriers. Together, this has undermined the full benefits

of HPV vaccination in most countries other than Australia [81]. For unvaccinated individuals, and

Key Figure

When a Double-Strand Break (DSB) Occurs in an S- or G2/M-Phase Cell’s DNA, Homologous
Recombination Proteins Assemble at the Lesion to Repair the Lesion (Repair Factor Color and
Shape Match Those from Figures 1 and 2).

Homologous recombinaƟon 
machinery gathers at DSBs

Trends in Microbiology

Homologous recombination
machinery is relocalized to 
replication centers

HPV

Figure 4. During an infection by human Papillomavirus (HPV), this repair machinery is leached away from cellular damage to viral replication centers (shown

as a blue sphere).
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people who are already infected with HPV, alternative therapies and improved biomarkers are still

needed. HPV’s utilization of homologous recombination provides an opportunity to meet both of

these needs (Figure 4, Key Figure). We are already beginning to see this potential explored. Impaired

homologous recombination synthesizes cells to PARP inhibitors and these drugs are being tested in

cervical cancers [64]. Chemotherapeutic drugs that inhibit specific cell signaling pathways are

becoming increasingly available in clinical settings. This is improving the opportunities to leverage

an intimate understanding of HPV oncogene biology toward better patient outcomes [82]. HPV onco-

gene-induced changes in homologous recombination protein abundance also lead to targeted pre-

clinical biomarker development. While there is undoubtedly a litany of remaining questions impor-

tant to the field, we suggest five knowledge gaps that we find particularly compelling in the

Outstanding Questions box. Using the knowledge of viral oncogene biology to improve treatment

of the associated malignancies is not limited to homologous recombination and HPV-associated dis-

ease. Rather, these principles can be applied to the 15–20% of tumors with infectious origins. The

lessons learned from HPV biology and therapeutic applications could thus have even larger public

health consequences.
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Abstract: Given the high prevalence of cutaneous genus beta human papillomavirus (β-HPV)
infections, it is important to understand how they manipulate their host cells. This is particularly true
for cellular responses to UV damage, since our skin is continually exposed to UV. The E6 protein
from β-genus HPV (β-HPV E6) decreases the abundance of two essential UV-repair kinases (ATM
and ATR). Although β-HPV E6 reduces their availability, the impact on downstream signaling events
is unclear. We demonstrate that β-HPV E6 decreases ATM and ATR activation. This inhibition
extended to XPA, an ATR target necessary for UV repair, lowering both its phosphorylation and
accumulation. β-HPV E6 also hindered POLη accumulation and foci formation, critical steps in
translesion synthesis. ATM’s phosphorylation of BRCA1 is also attenuated by β-HPV E6. While
there was a striking decrease in phosphorylation of direct ATM/ATR targets, events further down
the cascade were not reduced. In summary, despite being incomplete, β-HPV 8E6’s hindrance of
ATM/ATR has functional consequences.

Keywords: genus beta human papillomavirus; ATM; ATR; nucleotide excision repair; translesion
synthesis; cell cycle; UV

1. Introduction

The human papillomavirus (HPV) family is made up of five genera (alpha, beta, gamma, mu and
nu papillomaviruses), each containing a large number of individual HPV types [1,2]. The division
into these groups is based on differences in the major capsid gene’s sequence [3,4]. Although all these
genera contain members capable of causing disease, the alpha (α-HPV) and beta (β-HPV) genera have
received the most research attention because of their connection and potential connection to cancer,
respectively [5–8]. Certain members of the alpha papillomavirus genus are known to cause tumors
in the anogenital tract and in the oropharynx [9]. These so-called high risk, or HR α-HPVs, cause
tumors that are dependent on continued viral oncogene (HR α-HPV E6 and E7) expression, making it
somewhat straightforward to connect their infections with tumorigenesis [10,11].

β-HPVs are far more difficult to definitively tie to malignancies but may contribute to
non-melanoma skin cancer (NMSC) development in certain populations and potentially more
broadly [12]. The difficulty in linking β-HPVs to NMSCs is that, unlike HR-α HPVs, they do
not cause an infection that lingers in the tumor [13,14]. Their infections are more transient, lasting
for months rather than decades like HR-α HPVs [15]. As a result, β-HPV infections are thought to
act through a “hit and run” mechanism of oncogenesis [16,17]. This hypothesis holds that β-HPV
infections act synergistically along with UV radiation to promote tumorigenic mutations that cause
lasting changes to the cellular environment without being dependent on continued expression of
β-HPV’s putative oncogenes (β-HPV E6 and E7) [18].
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The “hit and run” hypothesis presents a challenge for epidemiologists that is further compounded
by the fact that neither β-HPV infections nor NMSCs are rare. In fact, most people are sero-positive
for at least one β-HPV and there are millions of NMSCs diagnosed each year [19–21]. The purposed
link between β-HPV and NMSCs is best characterized in individuals with Epidermodysplasia
verruciformis (EV), a genetic disease that is associated with an increased susceptibility to HPV infections,
and in solid organ transplant recipients [22–24]. While a potential role in cancer warrants further
investigation, the ubiquitous presence of β-HPV in our skin alone makes it important to further
understand β-HPV biology.

Of β-HPV’s genes, β-HPV E6 is the most well characterized [25]. It alters multiple cell signaling
pathways including MAML1, TGFβ, NOTCH and EGFR signaling [26–28]. It also binds and destabilizes
the cellular histone acetyltransferase, p300 [29]. We have previously shown p300’s role as a transcription
factor is required for robust expression of at least four essential DNA repair genes, including two
essential repair kinases (ATM and ATR) [30–32]. Because of their position atop multiple repair
pathways, we hypothesize that diminished ATM and ATR availability has a far-reaching impact on
the ability of cells to protect themselves from UV radiation [33–36]. We test this hypothesis with a
combination of in silico and in vitro analyses, specifically focusing on phosphorylation events that
facilitate cell cycle regulation, nucleotide excision repair (NER), and translesion synthesis (TLS). NER is
responsible for physically removing UV-induced DNA lesions and it has been shown that an essential
protein, XPA, is stabilized by ATR phosphorylation [37,38]. The TLS pathway helps bypass UV lesions
primarily through the TLS polymerase, POLη, which is regulated by ATR and p53 [39,40]. Finally,
ATM and ATR control cell cycle progression via phosphorylation of CHK1 and CHK2 [41–43].

2. Results

2.1. ATR, ATM and p53 Have Distinct Transcription Effector Profiles

We have previously reported that β-HPV 8E6 decreases ATM and ATR abundance [30,31].
However, the extent that β-HPV 8E6 disrupts ATM and ATR signaling remains poorly defined.
This motivated us to characterize the extent that β-HPV 8E6 alters ATM and ATR signaling pathways.
As a first step, we performed an in silico screen of previously collected transcriptomic data featuring
877 different cell lines [44–46]. Cell lines with ATM/ATR expression with z-scores below −2 were
considered to have low expression (28 and 22 cell lines respectively) and compared to the remaining
cell lines. We focused our analysis on genes that belonged to two pathways involved in UV repair
responses, namely nucleotide excision repair (NER) and translesion synthesis (TLS) as well as a few
canonical ATR/ATM targets (BRCA1, CHEK1, CDC25A, and TP53) [47–51]. We were unable to perform
this analysis for CHEK2, one of the most characterized ATM targets, as there was no data available in
the transcriptomic data. Gene expression was plotted against statistical significance in volcano plots to
highlight significant robust correlations (Figure 1).

As expected, ATM and ATR expression positively correlated with UV responsive and canonical
target gene expressions. We complimented this approach by performing the reciprocal analysis of cells
that had high expression of these kinases. Despite comparing different subsets of cell lines, we found
similar correlations among ATM/ATR and UV-responsive gene expression (28 and 45 cell lines were
observed to have excess ATM/ATR, respectively) (Supplemental Figure S1). As a final computational
effort, we compared expression profiles in cell lines segregated by the presence or absence of ATM/ATR
truncating mutations (Supplemental Figure S2). However, there was only a small number of cell lines
with ATM/ATR truncating mutations available for analysis, therefore the significant gene expression
changes are not as robust. This also supported the role of these kinases as broad regulators of UV
responsive gene expression. For both low and high expression of ATM/ATR, the changes in all three
gene expression groups were more strongly correlated with ATM expression than ATR expression
(Figure 1, Supplemental Figure S1).
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Figure 1. Low expression of ATR/ATM mRNA correlates with a decrease in UV damage repair
pathways gene expression. Volcano plots comparing RNAseq data of NER (orange), TLS (blue) and
ATR/ATM target (yellow) genes between cell lines (A) with low ATM expression (z-score > 2) and
without decreased ATM expression (z-score < 2) or (B) between cells with (z-score > 2) and without
(z-score < 2) low ATR expression. Outlined circles represent non-significant expression changes.
Filled in circles represent significant expression changes. The black line represents significance cutoff

(p < 0.05). The x-axis depicts the log of the ratio of each gene’s expression levels in cell lines with high
expression of ATM/ATR versus all other cell lines in the cancer cell line encyclopedia. The y-axis shows
the negative log of the p-value. Genes with reduced expression appear to the left of the y-axis, while
genes with increased expression are on the right.

Both capstone DNA repair kinases have multiple targets that they regulate primarily via
phosphorylation [34]. p53 is preeminent among those targets for both ATM and ATR [52]. We have
also previously shown that β-HPV 8E6 delays p53 stabilization in response to UV damage [53]. p53 is
also a well-recognized transcription factor [54]. To gain some insight into how much of the expression
profiles was the result of ATM/ATR signaling through p53, we characterized expression of ATM/ATR
responsive genes in transcriptomic data from cell lines segregated by p53 expression (Table 1). This
was distinct from both ATM and ATR expression profiles but shared some notable overlap. POLK had
a positive correlation in all three settings suggesting that POLK may be regulated by ATM, ATR and
p53. This includes the possibility that each regulates POLK expression independently as well as the
possibility that ATM and ATR regulate POLK by stabilizing p53. We interpret these data as consistent
with other reports describing distinct but overlapping roles for ATM, ATR and p53 in response to
UV. However, not all of these changes remained significant when accounting for the false discovery
rate associated with multiple comparisons (Supplemental Table S1). This prompted us to test our
hypothesis using in vitro approaches.

Table 1. Different expression profiles in cells with lower ATM, ATR and p53 expression. n.s. denotes a
non-significant relationship. −/+ denote significant relationships p < 0.05 with low magnitude. −−/++

denote relationships with 0.05 < p > 0.001 and 0.02 > log ration > 0.01. −−−/+++ denote relationships
with p < 0.001 and log ratio > 0.02. (sign denotes negative and positive regulation).

p53 ATR ATM

BRCA1 n.s. ++ +++
CDC25A n.s. n.s. ++
CHEK1 − n.s. +++
POLH +++ n.s. ++
POLK + ++ +++
XPA − n.s. +++
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2.2. β-HPV E6 Decreases ATM and ATR Activation

The correlations demonstrated by these data motivated us to interrogate β-HPV E6’s ability to
decrease ATR/ATM signaling with in vitro systems, beginning with the ATM activation that occurs via
autophosphorylation at Ser1981 (pATM). β-HPV infection occurs in keratinocytes, making them the
preferred cell culture model. We used p300 abundance as a surrogate marker for β-HPV E6 expression
to confirm expression of β-HPV E6 in primary keratinocytes (LXSN and β-HPV 8E6 HFKs). Since these
cells are derived from patients, it was important to control for donor variability using lines derived from
separate sources. To this end, we also tested our hypothesis in keratinocytes derived from a different
donor and immortalized by exogenous hTERT expression (hTERT HFKs). Probing for the HA-tag on
the β-HPV 8E6 expressed in hTERT HFKs provided proof of expression (Supplemental Figure S3).
Finally, hTERT HFKs mimic the telomerase activation that is a common in NMSCs providing insight
into β-HPV E6 phenotypes in a relevant cellular environment [55].

β-HPV 8E6 decreased total and activated ATM in each of these cell lines (Figure 2A). This loss
is seen more clearly in primary HFKs. The difference in activated ATM remained over 8 h after
UV-induced ATM activation (Figure 2B,C, Supplemental Figure S4A–D). To determine if β-HPV 8E6
prevents ATM from phosphorylating its downstream targets, we probed for two canonical ATM
targets associated with the DNA damage response, Ser1423 of BRCA1 (pBRCA1) and Thr68 of CHK2
(pCHK2) [43,56]. β-HPV 8E6 caused aberrations in both proteins’ reaction to UV (Figure 2B,C). pCHK2
accumulation and total CHK2 abundance were both decreased by β-HPV 8E6. pBRCA1 levels peaked
higher, but this buildup was delayed, occurring several hours after they reach their maxima in vector
control hTERT HFKs, demonstrating a delayed response similar to what we have reported for p53
for hTERT HFKs [30] (Figure 2B, Supplemental Figure S4E–H). We did not see this delayed peak in
pBRCA1 occur in the primary HFKs (Figure 2C). β-HPV 8E6 also decreased p53 stabilization, but we
cannot distinguish whether this is an ATM or ATR effect as both kinases stabilize p53 (Supplemental
Figure S5). To determine if β-HPV 8E6 changed ATM’s cellular position, we performed subcellular
fractionation on cells before and after UV treatment. There were no robust differences in nuclear
localization, suggesting that β-HPV 8E6 primarily impairs ATM activation via decreased expression
and autophosphorylation. Interestingly, we did observe some changes in cytoplasmic localization
between LXSN, vector control, and β-HPV 8E6 in untreated cells (Figure 2D). We then moved to
ATR’s activation by autophosphorylation at Thr1989 (pATR). This typically occurs in response to
single stranded DNA associated with replication stress [57]. β-HPV E6 decreased pATR in hTERT
HFKs (Figure 3A). pATR levels increased in vector control HFKs and in β-HPV E6 over 6/8-h post
UV. However, β-HPV E6 diminished pATR induction. This resulted in notably less pATR in cells
with β-HPV 8E6 after UV (Figure 3B,C, Supplemental Figure S4I,J). Subcellular fractionation did not
provide evidence that β-HPV E6 attenuated localization of pATR to the nucleus (Figure 3D).
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Figure 2. β-HPV 8E6 attenuates ATM activation. (A) Representative immunoblots of untreated hTERT
HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading control.
(B) Representative immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 harvested
0–8 h post 5 mJ/cm2 UVR. GAPDH was used as a loading control. (C) Representative immunoblots
of primary HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR.
GAPDH was used as a loading control. (A–C) The numbers above bands represent quantification by
densitometry. This is shown relative to untreated cells within the same cell line and normalized to the
loading control. (D) Subcellular fractionation of hTERT HFKs with vector control (LXSN) and β-HPV
8E6 cell line lysates harvested 6 h post exposure to 5 mJ/cm2 UVR were observed via immunoblot.
GAPDH was used as a cytoplasmic loading control and Nucleolin was used as a nuclear loading control.

Pathogens 2019, 8, x FOR PEER REVIEW 5 of 15 

 

Figure 2. β-HPV 8E6 attenuates ATM activation. (A) Representative immunoblots of untreated hTERT 

HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading control. 

(B) Representative immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 

harvested 0–8 h post 5 mJ/cm2 UVR. GAPDH was used as a loading control. (C) Representative 

immunoblots of primary HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 

mJ/cm2 UVR. GAPDH was used as a loading control. (A–C) The numbers above bands represent 

quantification by densitometry. This is shown relative to untreated cells within the same cell line and 

normalized to the loading control. (D) Subcellular fractionation of hTERT HFKs with vector control 

(LXSN) and β-HPV 8E6 cell line lysates harvested 6 h post exposure to 5 mJ/cm2 UVR were observed 

via immunoblot. GAPDH was used as a cytoplasmic loading control and Nucleolin was used as a 

nuclear loading control. 

 

Figure 3. β-HPV 8E6 attenuates ATR activation. (A) Representative immunoblots of untreated hTERT 

HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading control. 

(B) Representative immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 

harvested 0–6 h post 5 mJ/cm2 UVR. Nucleolin was used as a loading control. (C) Representative 

immunoblots of primary HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 

mJ/cm2 UVR. Nucleolin was used as a loading control. (A–C) The numbers above bands represent 

quantification by densitometry. This is shown relative to untreated cells within the same cell line and 

normalized to the loading control. (D) Subcellular fractionation of hTERT HFKs with vector control 

(LXSN) and β-HPV 8E6 cell line lysates harvested 6 h post exposure to 5 mJ/cm2 UVR were observed 

via immunoblot. GAPDH was used as a cytoplasmic loading control and Nucleolin was used as a 

nuclear loading control. 

2.3. β-HPV 8E6 Decreases Phosphorylation of ATR Target Proteins 

We continued our characterization of β-HPV 8E6’s impact on UV signaling by examining ATR’s 

most established target, CHK1 [57–59]. ATR phosphorylates CHK1 at Ser345 (pCHK1) in response to 

replication stress and UV [59]. We saw a mild increase in a replication stress marker (RPA32 at Ser8 

(pRPA32)) accompanying β-HPV 8E6 expression (Supplemental Figure S6). In contrast, pCHK1 was 

decreased by β-HPV 8E6 (Figure 4A). To determine if CHEK1 transcription changed, RT-PCR was 

performed. β-HPV 8E6 caused a modest but non-significant decrease in CHEK1 mRNA consistent 

with our in silico data (Figures 1 and 4B). Next, we probed pCHK1 and total CHK1 by immunoblot 

over a 6/8-h time course after UV. While UV elicited a sizable increase in pCHK1 within an hour of 

exposure in vector control cells, β-HPV 8E6 prevent all but a mild induction of pCHK1 (Figures 4C,D, 

Supplemental Figures S4K,L). These changes were independent of foreskin donor or hTERT 

activation. 

Figure 3. β-HPV 8E6 attenuates ATR activation. (A) Representative immunoblots of untreated hTERT
HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading control.
(B) Representative immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 harvested
0–6 h post 5 mJ/cm2 UVR. Nucleolin was used as a loading control. (C) Representative immunoblots
of primary HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR.
Nucleolin was used as a loading control. (A–C) The numbers above bands represent quantification by
densitometry. This is shown relative to untreated cells within the same cell line and normalized to the
loading control. (D) Subcellular fractionation of hTERT HFKs with vector control (LXSN) and β-HPV
8E6 cell line lysates harvested 6 h post exposure to 5 mJ/cm2 UVR were observed via immunoblot.
GAPDH was used as a cytoplasmic loading control and Nucleolin was used as a nuclear loading control.
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2.3. β-HPV 8E6 Decreases Phosphorylation of ATR Target Proteins

We continued our characterization of β-HPV 8E6’s impact on UV signaling by examining ATR’s
most established target, CHK1 [57–59]. ATR phosphorylates CHK1 at Ser345 (pCHK1) in response to
replication stress and UV [59]. We saw a mild increase in a replication stress marker (RPA32 at Ser8
(pRPA32)) accompanying β-HPV 8E6 expression (Supplemental Figure S6). In contrast, pCHK1 was
decreased by β-HPV 8E6 (Figure 4A). To determine if CHEK1 transcription changed, RT-PCR was
performed. β-HPV 8E6 caused a modest but non-significant decrease in CHEK1 mRNA consistent
with our in silico data (Figures 1 and 4B). Next, we probed pCHK1 and total CHK1 by immunoblot
over a 6/8-h time course after UV. While UV elicited a sizable increase in pCHK1 within an hour of
exposure in vector control cells, β-HPV 8E6 prevent all but a mild induction of pCHK1 (Figure 4C,D,
Supplemental Figure S4K,L). These changes were independent of foreskin donor or hTERT activation.
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decrease in abundance is not likely due to reduced transcription (Figure 5B). Next, we looked at pXPA 
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Figure 4. β-HPV 8E6 attenuates CHK1 phosphorylation. (A) Representative immunoblots of untreated
hTERT HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading
control. (B) mRNA expression level of CHEK1 in vector control (LXSN) and β-HPV 8E6 expressing
primary HFKs as measured by RT-qPCR and normalized towards the expression level of β-actin.
Data shown in figures are the means of ±SE of three independent experiments. (C) Representative
immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–6 h post 5mJ/cm2

UVR. Nucleolin was used as a loading control. (D) Representative immunoblots of primary HFKs with
vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR. Nucleolin was used as
a loading control. (E) Representative immunoblots of hTERT HFKs with vector control (LXSN) and
β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR. Nucleolin was used as a loading control. (A, C–E) The
numbers above bands represent quantification by densitometry. This is shown relative to untreated
cells within the same cell line and normalized to the loading control. (F) Cell cycle analysis of hTERT
HFKs with LXSN vector control and β-HPV 8E6 1 h post 5 mJ/cm2 UVR.

CHK1 coordinates cell cycle progression at the G1-S boundary [60]. To determine if β-HPV
8E6 diminished phosphorylation downstream of CHK1 activation, we defined the phosphorylation
status of CHK1 targets, beginning with CDC25A [42]. This dual–specificity protein phosphatase
removes inhibitory phosphorylates from cyclin-dependent kinases, like CDK2, and other regulatory
factors, like CDC2, allowing them to promote cell cycle progression. Highlighting the key role of
CDC25A in tumorigenesis, it is frequently overexpressed in cancer cells and associated with poor
cancer patient outcomes [61]. In response to UV, pCHK1 phosphorylates CDC25A increasing its
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proteasome-mediated turnover [42]. To our surprise, β-HPV 8E6 did not reliably change total CDC25A
abundance or the protein’s phosphorylation at Thr507 (pCDC25A) (Figure 4E and Supplemental
Figure S7). β-HPV 8E6 caused inconsistent changes to pCDC2 (at Thr14) (Figure 4E and Supplemental
Figure S7). This could be explained either by β-HPV 8E6 not completely inhibiting ATR signaling or by
redundant kinase activity. Despite not completely blocking ATR signaling, β-HPV 8E6 subtly changed
cell cycle distribution, mildly increasing the proportion of cells in G1 (Figure 4F).

ATR promotes NER by phosphorylating and stabilizing XPA in response to UV [62,63].
We measured total XPA and XPA phosphorylation at Ser196 (pXPA) by immunoblot (Figure 5A).
A small but insignificant decrease in XPA mRNA accompanied β-HPV 8E6 expression indicating that
this decrease in abundance is not likely due to reduced transcription (Figure 5B). Next, we looked at
pXPA and XPA by immunoblot over a 6/8-h time course after UV. We observed that pXPA was increased
in LXSN, vector control, after cells were exposed to UV. However, in the presence of β-HPV 8E6, pXPA
protein abundance was decreased even after exposure to UV (Figure 5C,D, Supplemental Figure S4M,N).
While there was only a subtle decrease in pXPA in hTERT HFKs following UV, this decline is more
visible in primary HFKs. For further validation, we observed XPA phosphorylation in a previously
described osteosarcoma cell line expressing β-HPV 8E6. β-HPV 8E6 attenuated XPA phosphorylation
in these cells (Supplemental Figure S8). Consistent with our previous experiments, we found that
β-HPV 8E6 did not affect XPA’s distribution in subcellular fraction experiments. (Figure 5E). However,
immunofluorescence microscopy showed mild differences in XPA localization associated with β-HPV
8E6. Specifically, XPA remained dispersed throughout the cell. This contrasts with XPA’s localization
in control cells where it is nearly exclusively nuclear. This data suggests that β-HPV 8E6 may have
some ability to decrease nuclear localization of XPA after UV exposure. (Supplemental Figure S9).
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Figure 5. β-HPV 8E6 attenuates XPA phosphorylation. (A) Representative immunoblots of untreated
hTERT HFKs with vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading
control. (B) mRNA expression level of XPA in vector control (LXSN) and β-HPV 8E6 expressing primary
HFKs as measured by RT-qPCR and normalized towards the expression level of β-actin. Data shown
in figures are the means of ±SE of three independent experiments. (C) Representative immunoblots
of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–6 h post 5 mJ/cm2 UVR.
Nucleolin was used as a loading control. (D) Representative immunoblots of primary HFKs with
vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR. Nucleolin was used as a
loading control. (A,C,D) The numbers above bands represent quantification by densitometry. This
is shown relative to untreated cells within the same cell line and normalized to the loading control.
(E) Subcellular fractionation of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 cell line lysates
harvested 6 h post exposure to 5 mJ/cm2 UVR were observed via immunoblot. GAPDH was used as a
cytoplasmic loading control and Nucleolin was used as a nuclear loading control.
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Immunoblot analysis also shows β-HPV 8E6 causes a decrease in POLη (Figure 6A). This reduction
of POLη is more consistent in primary HFKs throughout the figure. In contrast, we did not find
significant differences in the abundance of another TLS polymerase, POLκ (Figure 6A) [64]. β-HPV
8E6 marginally decreased POLH (gene for POLη) expression consistent with our in silico data, but
this modest difference failed to reach statistical significance (Figures 1 and 6B). Previous reports have
shown that POLη stability is dependent on ATR phosphorylation during UV damage [39], leading us
to speculate that β-HPV 8E6 altered POLη stability. β-HPV 8E6 does not change the abundance of
other TLS proteins, such as RAD18 and ubiquitinated PCNA (Supplemental Figure S10). Exposure
to UV increased the abundance of POLη and POLκ in control cells (Figure 6C,D, Supplemental
Figure S4O–R). While β-HPV 8E6 prevented POLη induction, POLκ rose more sharply after UV
(Figure 6C,D, Supplemental Figure S4O–R). This may represent a compensatory response. Neither of
these phenotypes were altered by hTERT activation and both were consistent among cells derived from
different donors (Figure 6C,D, Supplemental Figure S4O–R). There are likely functional ramifications
of the reduced POLη abundance as immunofluorescence microscopy demonstrated that β-HPV 8E6
reduced UV-induced POLη nuclear foci (Figure 6E, Supplemental Figure S11).
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Figure 6. β-HPV 8E6 attenuates POLη abundance. (A) Representative immunoblots of untreated
hTERT HFKs vector control (LXSN) and β-HPV 8E6 cell lines. Nucleolin was used as a loading control.
(B) mRNA expression level of POLH and POLK in vector control (LXSN) and β-HPV 8E6 expressing
primary HFKs as measured by RT-qPCR and normalized towards the expression level of β-actin.
Data shown in figures are the means of ±SE of three independent experiments. (C) Representative
immunoblots of hTERT HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5
mJ/cm2 UVR. GAPDH was used as a loading control. (D) Representative immunoblots of primary
HFKs with vector control (LXSN) and β-HPV 8E6 harvested 0–8 h post 5 mJ/cm2 UVR. Nucleolin was
used as a loading control. (A,C,D) The numbers above bands represent quantification by densitometry.
This is shown relative to untreated cells within the same cell line and normalized to the loading control.
(E) Representative immunofluorescence microscopy images of hTERT HFKs. POLη (green) and nuclei
stained (blue) with DAPI.

3. Discussion

Pre-clinical studies and observations in immunocompromised people with NMSC support the
role of β-HPV in NMSC development [65,66]. Yet, gaps in the molecular details of how β-HPV E6
changes the cellular environment remain. To address this challenge, we defined how β-HPV 8E6’s
reduction of ATR and ATM impacted cell signaling in response to UV. This work expands the breadth
of known UV-responsive pathways impaired by β-HPV E6 to include nucleotide excision repair and
translesion synthesis (Figures 5 and 6, respectively). Figure 7 details the β-HPV E6 induced changes to
DNA repair and cell cycle regulation described throughout this paper.
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First, we performed an in silico screen to find candidate genes likely to be regulated by ATM/ATR.
We saw a positive correlation between ATM/ATR expression and the expression of UV responsive
and canonical target gene expression (Figure 1). Moving from in silico analysis to in vitro, we show
that β-HPV E6 decreases the autophosphorylation of ATM and ATR in primary and hTERT HFKs
(Figures 2 and 3, respectively). This led us to study proteins that are dependent on ATM- and/or
ATR- phosphorylation. We saw that phosphorylation of two key ATM targets, BRCA1 and CHK2,
was lessened by β-HPV E6 with and without UV exposure (Figure 2). Further studies will need to be
done to determine the extent of which decreased phosphorylation of BRCA1 and CHK2 impacts their
downstream signaling pathways.Pathogens 2019, 8, x FOR PEER REVIEW 9 of 15 
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Figure 7. Schematic diagram of the effects of β-HPV 8E6 on downstream ATM and ATR targets.
(A) β-HPV 8E6 binds to p300 (1) causing p300 to become destabilized and subsequentially degraded (2).
The decrease in p300 levels leads to less ATM transcription (3). This leads to a decrease in ATM
autophosphorylation (4) resulting in less activated ATM available (5). Limited availability of activated
ATM leads to a decrease in ATM-dependent phosphorylation of downstream proteins (6) causing changes
inβ-HPV 8E6 infected cells (7). (B)β-HPV 8E6 binds to p300 (1) causing p300 to become destabilized and
subsequentially degraded (2). The decrease in p300 levels leads to less ATR transcription (3). This leads
to a decrease in ATR autophosphorylation (4) resulting in less activated ATR available (5). Limited
availability of activated ATR leads to a decrease in ATR-dependent phosphorylation of downstream
proteins (6) causing changes in β-HPV 8E6 infected cells (7).

Since ATM is mainly involved in double strand break repair rather than UV repair, we moved on to
ATR and its downstream targets. Beginning with phosphorylation of one of the most characterized ATR
targets, CHK1. We found that pCHK1 was diminished by β-HPV E6. Since CHK1 phosphorylation
halts the cell cycle, we hypothesized that β-HPV 8E6 reduced cell cycle arrest after UV. To test this,
we examined the phosphorylation of CHK1 targets. Surprisingly, there were no appreciable changes
to the downstream proteins, CDC25A and CDC2, and only modest changes in the cell cycle profile
in cells with β-HPV E6 (Figure 4). This partial inhibition may be attributed to β-HPV 8E6’s inability
to completely eliminate p300, ATM or ATR. Alternatively, the phenotypes could be explained by the
presence of secondary kinases capable of filling in for ATR. In either case, we suspect that there will be
other examples where β-HPV 8E6’s inhibition of signaling pathways is significant but limited. As a
result, the continued interrogation of abrogated signaling is both warranted and necessary.
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β-HPV E6 was able to attenuate phosphorylation of XPA, a rate-limiting protein for NER. This may
also result in altered subcellular localization of XPA, but our data do not support a strong conclusion in
this regard (Figure 5 and Supplemental Figure S8). With less pXPA protein present, we hypothesize that
NER function will be attenuated in cells expressing β-HPV E6. This could lead to genomic instability
due to the persistence of UV lesions that would typically be resolved by the NER pathway. It would also
be advantageous for β-HPV. The virus is dependent on cellular replication but infects an anatomical
site that is frequently exposed to UV. Failure to initiate NER could increase the likelihood that β-HPV
infected cells continue to proliferate after UV damage, offering a more conducive environment for
β-HPV replication. Clearly, future studies on β-HPV E6’s impact on NER are needed to better clarify
the functional consequences of reduced XPA phosphorylation.

Lastly, we looked at POLη, the TLS polymerase most relevant for bypassing UV lesions. β-HPV
E6 decreased POLη abundance with and without UV. POLη foci formation and localization were
reduced with β-HPV E6 (Figure 6). The levels of another TLS polymerase, POLκ, were not by β-HPV
E6. Thus, β-HPV E6 is not universally reducing the availability of TLS polymerases. Decreased POLη
is expected to promote genomic instability by forcing TLS to rely on TLS polymerases less suited to
bypass UV lesions. The experiments described here have a limited ability to test these ideas, but they
justify further investigation.

Together these data better elucidate β-HPV E6’s manipulation of UV damage repair. While there
were inconsistencies between primary HFKs and hTERT HFKs in our immunoblots, we put more
emphasis on the phenotypes seen in the primary HFKs. Primary HFKs only grow for a limited time in
culture and thus more closely mirror the typically transient β-HPV infection. Further, it would not be
surprising if the differences were attributable to the known interactions between telomerase and DNA
repair machinery [67]. However, lack of functional analysis limits the breadth of our conclusions. This
will require a more detailed interrogation of cell cycle, NER, and TLS in the presence of β-HPV E6.
Organotypic raft cultures and animal models could also provide biologically relevant insight in the
monoculture experiments described here. Further, it would be beneficial to repeat these experiments in
the presence of other β-HPV proteins (particularly β-HPV 8E7) and genes from other disease associated
β-HPVs (e.g., HPV 38 and HPV 49).

4. Materials and Methods

4.1. Cell Culture

Primary human foreskin keratinocytes (HFKs) were isolated from neonatal human foreskins.
HFKs were grown in EpiLife medium (Gibco, Billings, MT, USA) supplemented with calcium chloride
(Gibco), human keratinocyte growth supplement (Gibco), and penicillin-streptomycin (Caisson, North
Logan, UT, USA) or Keratinocyte Growth Medium 2 (Promocell, Heidelberg, Germany), Supplement
Mix (Promocell), and penicillin-streptomycin (Caisson). hTERT human foreskin keratinocytes (hTERT
HFKs), provided by Michael Underbrink (University of Texas Medical Branch, Galveston, TX, USA),
are immortalized keratinocytes that constituently express telomerase (hTERT). hTERT HFKs were
grown in EpiLife medium (Gibco) supplemented with calcium chloride (Gibco), human keratinocyte
growth supplement (Gibco), and penicillin-streptomycin (Caisson). Multiple passages were used
throughout these experiments for both cell lines with hTERT HFK passaging ranging from 15–80 and
primary HFKs passaging ranging from 9–11. hTERT HFKs and primary HFKs both expressed the
control vector (LXSN) and β-HPV 8E6; hTERT HFKs expressed HA-tagged β-HPV 8E6. In total, one
primary HFK and one hTERT HFK cell line (each from separate donors) was used in these experiments.

4.2. Cell Cycle Analysis

Cells were harvested by trypsinization from 10-cm dishes, with cells being 70–90% confluent. After
washing with cold 1× phosphate-buffered saline (PBS), cells were fixed with 4% paraformaldehyde
(PFA) in 1×PBS for 15 min, and permeabilized in PBS containing 0.2% Triton X-100 for 30 min at room
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temperature. After washing with PBS, cells were resuspended in 0.2 mL of PBS and 3 µM of DAPI was
added, then incubated at room temperature for 30 min in the dark [68].

Samples were analyzed by using an LSRFortessa X20 Flow Cytometer (BD, Franklin Lakes, NJ).
Cells were gated on the Forward versus Side Scatter plot to eliminate debris, and then single cells
were gated by using a dot-plot showing the pulse width versus pulse area of the DAPI channel.
Post-acquisition analysis was performed with Flowing software 2.5.1. [68].

4.3. Comparative Transcriptomic Analysis

Web-based software on cBioPortal for Cancer Genomics (ww.cbioportal.org) was used to analyze
RNAseq data from the Cancer Cell Line Encyclopedia [44–46]. List of genes for each category in Figure 1
and Supplemental Figure S1 is provided here: NER genes: UBE2B, FAAP20, POLK, PRIMPOL,
RFC1, POLE3, RPA1, POLD1, RPA3, PCLAF, POLE2, RFC5, DTL, PCNA, RFC4, POLD3, RFC2, RPA2,
ZBTB1, POLI, REV3L, REV1, POLH, VCP, RAD18, ISG15, SPRTN. TLS genes: CDK7, POLE, POLE2,
POLE3, POLD1, POLD2, GTF2H1, GTF2H4, POLD3, POLD4, POLE4, RBX1, PCNA, CCNH, DDB2,
ERCC8, DDB1, RPA3, LIG1, RFC1, RFC2, RFC3, RFC4, RFC5, XPC, ERCC6, MNAT1, ERCC3, ERCC2,
GTF2H5, XPA, ERCC4, ERCC1. ATR/ATM genes: CHEK1, CDC25A, BRCA1, TP53. List of genes in
Supplementary Figure S2 is provided here: BRCA1, MRE11, RAD9A, RAD9B, RAD50, TP53, NBN,
PRKDC, RBBP8, ATMIN, HIF1A, TOPBP1, TP53BP1, MDC1, H2AFX, STRAP, SMC1B, E2F1, AATF,
DCLRE1C, MDC1, EXO1, DNA2

4.4. Immunoblot

Once cell lines were 85% confluent after being seeded onto 6-well plates, they were exposed to
5 mJ/cm2 UV radiation for the appropriate time. Then, whole cell lysates were prepared by washing
cells in cold 1×PBS before incubating on ice in complete RIPA lysis buffer (RIPA lysis buffer, protease
inhibitor, phosphatase inhibitor) and mechanically harvested. Lysates were then centrifuged for higher
purification and protein concentration was determined via BCA assay. 20 µg protein lysates were
electrophoresed on SDS-PAGE and transferred to Immobilon-P membranes (Millipore, Burlington,
MA, USA). The membranes were then probed with primary and secondary antibodies. All key
immunoblot results were repeated at least five times (three times in hTERT HFKs and twice in HFKs to
confirm the phenotype). Negative results (e.g., sub-cellular fractionation experiments) were done in
duplicate. Quantification was performed using ImageJ (NIH, Rockville, MD, USA).

4.5. Antibodies

The following primary antibodies were used: pATM (Ser1981) (D25E5) (13050S, Cell Signaling,
Danvers, MA), ATM (11G12) (92356S, Cell Signaling), pATR (Thr1989) (58014S, Cell Signaling), ATR
(2790S, Cell Signaling), pBRCA1 (Ser1423) (ab90528, Abcam, Cambridge, United Kingdom), BRCA1
(9010S, Cell Signaling), pCHK2 (Thr68) (C13C1)( 2197S, Cell Signaling), CHK2 (2662S, Cell Signaling),
pCHK1 (Ser345) (133D3) (2348S, Cell Signaling), CHK1 (2G1D5) (2360S, Cell Signaling), pCDC25A
(Thr507) (PA512564, Thermo Fisher, Waltham, MA), CDC25A (DCS121) (MA112293, Thermo Fisher),
pCDC2 (Thr14) (2543S, Cell Signaling), CDC2 (77055S, Cell Signaling), pCDK2 (Tyr15) (PA5-77907,
Fisher Scientific, Hampton, NH), CDK2 (78B2) (2546S, Cell Signaling), pXPA (Ser196) (PA5-64730,
Thermo Fisher), XPA (5F12) (ab65963, Abcam), RAD18 (ab57447, Abcam), UB. PCNA (Lys164) (D5C7P)
(13439S, Cell Signaling), PCNA (PC10) (2586S, Cell Signaling), POLκ (ab57070, Abcam), POLη (B-7)
(sc-17770, Santa Cruz, Dallas, TX), pRPA32/RPA2 (Ser8) (83745S, Cell Signaling), RPA32/RPA2 (52448S,
Cell Signaling), RPA70/RPA1 (2267S, Cell Signaling), TOPBP1 (B-7) (sc-271043, Santa Cruz), GAPDH
(0411) (sc-47724, Santa Cruz), Nucleolin (C23) (MS-3) (sc-803, Santa Cruz).

The following secondary antibodies were used: Peroxidase AffiniPure Goat Anti Mouse IgG
(H + L) (115-035-003, Jackson ImmunoResearch, West Grove, PA), Anti Rabbit IgG, HRP-linked (7074S,
Cell Signaling), Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Goat anti-Mouse
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IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A-11001, Thermo Fisher, Waltham,
MA), Alexa Fluor 594 (A-11012, Thermo Fisher).

4.6. Immunofluorescent Microscopy

Cells were seeded onto glass bottom plates (Cellvis, Mountain View, CA, USA), grown for 24 h and
exposed to 5 mJ/cm2 UV radiation. Then once it was the appropriate time after 5 mJ/cm2 UV exposure,
the cells were incubated in 4% formaldehyde for 15 min. Then the cells were permeabilized with 0.1%
Triton X for 10 min. Next, the cells were blocked with 3% BSA and incubated with primary antibody
overnight at 4 ◦C. The next day, the cells were incubated with fluorescent secondary antibodies (1:500)
for 1 h and stained with 300 nM DAPI (D1306, Thermo Fisher) for 9 min. Cells were imaged using the
Carl Zeiss 700 confocal microscope (Oberkochen, Germany) using the 40× (1.4 NA Oil) objective. Foci
and intensity analyses were completed using ImageJ.

4.7. Subcellular Fractionation

Cells were seeded and grown for 24 h before being exposed to 5 mJ/cm2 UV and incubated for the
appropriate time after radiation. Whole cell lysates were prepared by washing cells in cold 1×PBS before
mechanically harvesting the cells in Subcellular Fractionation Buffer (HEPES, KCl, MgCl2, EDTA, EGA,
pH 7.4, 1mM DTT, protease inhibitor, and phosphatase inhibitor). Nuclear and cytoplasmic lysates
were separated through centrifugation. 20 µg protein lysates were electrophoresed on SDS-PAGE and
transferred to Immobilon-P membranes (Millipore, Burlington, MA, USA). The membranes were then
probed with primary and secondary antibodies.

4.8. mRNA Quantification

Cell were lysed using Trizol (Invitrogen, Carlsbad, CA, USA) and RNA isolated with the RNeasy
kit (Qiagen, Hilden, Germany). Two µg of RNA were reverse transcribed using the iScript™ cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). Quantitative reverse transcription-PCR was performed in
triplicate with the TaqMan™ FAM-MGB Gene Expression Assay (Applied Biosystems, Foster City,
CA) and C1000 Touch Thermal Cycler (Bio-Rad). The following probes (Thermo Scientific) were used:
ACTB (Hs01060665_g1), POLH (Hs00197814_m1), POLK (Hs00211965_m1), CHEK1 (Hs00967506_m1),
XPA (Hs00166045_m1)

4.9. UV Radiation

Cells were washed with 1×PBS and then irradiated at 5 mJ/cm2 using the UV Stratalinker 2400
(Stratagene, San Diego, CA, USA). Then media was added back to the cells and they were allowed to
incubate for the appropriate time after UV exposure.

4.10. Statistical Analysis

Statistical significance was determined using student’s t-test. p values less than or equal to 0.05
were reported as significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/4/267/s1,
Figure S1: High expression of ATR/ATM mRNA correlates with an increase in UV damage repair pathways
gene expression. Figure S2: Truncation of ATR/ATM weakly correlates with UV damage repair pathways gene
expression., Figure S3: Confirmation of β-HPV 8E6 expression. Figure S4: Quantification of hTERT HFK and
primary HFK UV time course immunoblots. Figure S5: β-HPV 8E6 reduces p53 accumulation after UV exposure.
Figure S6: β-HPV 8E6 increases phosphorylation of RPA32. Figure S7: Quantification of hTERT HFK UV time
course immunoblots for CHK1 downstream targets. Figure S8: β-HPV 8E6 attenuates XPA phosphorylation in
U2OS cells. Figure S9: β-HPV 8E6 attenuates XPA localization in U2OS cells. Figure S10: β-HPV 8E6 does not
attenuate other TLS proteins. Figure S11: β-HPV 8E6 diminished POLη foci formation and intensity. Table S1:
Multiple comparison (False discovery rate).
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