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HPV18 DNA replication inactivates the early promoter P, activity

and prevents viral E6 expression

Dear Editor,

Human papillomaviruses (HPV) are a large group (> 200
genotypes) of small double-stranded DNA viruses
(https://pave.niaid.nih.gov/). Although infections by
most HPV types are asymptomatic, persistent infections
in cervical and ano-genital epithelia by high-risk HPV
can lead to the development of cervical and ano-genital
intraepithelial neoplasia and invasive carcinoma. Of 15
known high-risk HPV types, HPV16 and HPV18 are the
two most common types inducing the development of
cervical, anal, and a small portion of oropharyngeal can-
cers and are found in ~70% of cervical cancer cases
worldwide (Munoz et al., 2003).

Active HPV18 DNA amplification depends on kera-
tinocyte differentiation and requires viral DNA helicase
E1 and E2, an accessory factor for E1 binding to the viral
replication origin (Ori) (Demeret et al., 1995). We re-
cently constructed a full transcription map of HPV18
from raft cultures with productive HPV18 infection and
identified two major transcription start sites (TSS), one
at nt 55 (TSS-55) and the other at nt 102 (TSS-102), for
transcription of viral early transcripts (Wang et al.,
2011). Analyses of the region 5’ to each TSS showed a
TATA box (a eukaryotic core promoter motif) 27 bp up-
stream of the TSS-55 and 25 bp upstream of the TSS-102
(Figure 1A). We designated the sequence upstream of
each TSS, respectively, as the promoter P and the pro-
moter P, (Wang et al., 2011). Interestingly, the P5 pro-
moter is positioned in a core Ori region (Demeret et al.,
1995) which contains three E2 binding sites (Figure 1A).
The identified TATA box for the promoter P, is within
the A+T-rich region of the core Ori, whereas the TATA
box for the promoter P, is outside of the core Ori
(Demeret et al., 1995; Demeret et al., 1998). Thus, we
are assuming that the viral DNA replication might pre-
vent the transcription of P; promoter. Using poly A"
total RNA isolated from either day 8 or day-16 rafts de-
rived from HPV18-infected human foreskin keratino-
cytes (HFK18) for TSS assays by 5'- rapid amplification
of cDNA ends (5' RACE), a powerful method to spe-
cifically amplify the 5’ end of a given transcript (Wang
et al., 2011; Wang and Zheng, 2016), we discovered that
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RNA transcription from both P,; and P, promoters
were equally active in the day 8 rafts, but this transcrip-
tion from the P,5 promoter faded in the day 16 rafts
where the P,,, promoter activity remained unchanged
(Figure 1B). It has been demonstrated that active HPV18
DNA replication is associated with keratinocyte differen-
tiation and becomes robust after day 10 in the raft cul-
ture (Wang et al., 2009). To further correlate the cell dif-
ferentiation to the blockade of Py promoter activation,
we examine human foreskin keratinocytes immortalized
with HPV18 infection (HFK18 cells) (Meyers et al.,
1997; Mclaughlin-Drubin and meyers, 2005) either in the
low calcium or in high calcium condition for transcrip-
tion activities of both Pys promoter and P, promoter by
5" RACE (Wang et al., 2011; Wang and Zheng, 2016).
Calcium has been routinely used to induce keratinocyte
differentiation in HPV field (Jones et al., 1997; Moody
and laimins, 2009). Under high calcium condition, a not-
able reduction of the transcription activity was found for
the P, promoter, but not for the P,,, promoter in the
HFK18 cells (Figure 1C), similar to what we observed in
HPV18-infected day-16 rafts. These data suggest that hu-
man keratinocyte differentiation and HPV18 DNA rep-
lication inhibits RNA transcription from the P pro-
moter effectively.

The promoter P,,-derived early transcripts contain an
extremely short 5" untranslational region (UTR), with
only three nucleotides upstream of the viral E6 open
reading frame (ORF) in which its first translation initi-
ation codon ATG starts at nt 105 position in the HPV18
genome (Figure 1A). This short 5" UTR structure of the
P,,, transcripts would be impossible for recruiting ribo-
some binding to initiate E6 translation. In contrast, the
promoter Pys-derived RNA transcripts have a much
longer 5" UTR (51 nts) upstream of the E6 ORF (Figure
1A) and should have enough space for ribosome recruit-
ing and binding to initiate E6 translation. Thus, the P
promoter-derived RNA transcripts would be the RNA
transcripts to translate E6 protein, although both tran-
scripts derived from the P promoter and P, promoter
are capable for translation of E7 and other viral early
proteins after alternative RNA splicing (Tang et al.,
2006). If this assumption is true, the reduced transcrip-
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tion from the P55 promoter in the differentiated keratino-
cytes with active viral DNA replication would decrease
E6 expression and lead to stabilize host p53, because viral
E6 interacts with p53 and induces p53 degradation via

7805 E2BS3

E6-mediated ubiquitination (Scheffner et al., 1993). As
expected, we found that the p53 level in the HFK18 cells
was increased by ~84% in the high calcium condition
over that in the low calcium condition by Western blot-
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Figure 1. Viral DNA replication inactivates the transcription from HPV18 P, promoter and prevents viral E6 expression.
(A) HPV18 genome sequence from its replication origin to the E6 ORF region, with the sequence underlined for HPV18
replication origin (Ori), orange letters for three E2 binding sites (E2BS), red letters for two TATA boxes, green letters for
transcription start sites (TSS) at nt 55 and nt 102 in the virus genome, and italic letters for E6 ORF with translation initi-
ation codon ATG bolded. Shown above the HPV18 sequence are the positions of the sense primer Pr60 and antisense
primer Pr233 used in this study and named by its 5’ end nucleotide position in the HPV18 genome. (B) Late stage of
HPV18 infection blocks transcription from the Pz; promoter, but not the P,,, promoter. 5' RACE with the antisense
Pr233 primer was performed on poly (A)-selected total RNA from HPV18-infected human foreskin keratinocyte (HFK18)
raft tissues collected at early (day 8 [D8]) or late stage (day 16 [D16]) during productive viral infection. The RACE
products were then resolved by electrophoresis in a 1.5% agarose gel. M, 100-bp DNA ladders. (C) Calcium-mediated
keratinocyte differentiation decreases the P55 promoter transcription. 5' RACE were performed on total RNA from
HFK18 keratinocytes grown in calcium-free (low) EpiLife Medium (Invitrogen, Carlsbad, CA) or high (2 mmol/L) calcium
medium for 24 h. (D) Inactivation of P55 promoter in the differentiated HFK18 keratinocytes enhances p53 accumulation
and transactivates p21 expression. HFK18 cells with low or high calcium treatment described in (C) were lysed and blot-
ted for p53 and p21 expressions. B-tubulin served as an internal control. Relative p53 or p21 level (%) of HFK18 cells in
high calcium condition, after normalizing to tubulin, is showed using the p53 and p21 level in low calcium condition set to
100%. (E and F) Inhibition of DNA polymerase activity increases the P promoter transcription and decreases p53 ex-
pression. 5' RACE (E) with the primer Pr233 and Western blotting (F) were conducted, respectively, on total RNA (E)
and on total protein (F) prepared from HFK18 cells with high calcium culture condition and the indicated doses of phos-
phonoacetic acid (PAA) for 24 h. Relative p53 protein level in the cells with PAA over the cells without PAA was calcu-
lated as in the panel D. (G) Inhibition of HPV18 DNA replication by PAA enhance P;-derived E6 transcription. Total
RNA extracted from HFK18 cells grown in high calcium (2 mmol/L)-containing F-12 medium (Invitrogen) in the pre-
sence or absence of 2.5 mmol/L PAA were analyzed specifically for the Pz;-derived E6 RNA by RT-qPCR using an
HPV18-specific primer set of Pr60 and Pr233 shown in (A) and an HPV18 E6-specific TagMan probe oMA410 (nt
205-174, 5-FAM-TATACACAGGTTATTTCTATGTCTTGCAGTGA-TAMRA-3’) synthesized by Integrated DNA Techno-
logies (Coralville, IA, USA). A TagMan gene expression assay for GAPDH (Hs02758991_g1, Thermo Fisher Scientific)
served as an internal control. *, P < 0.05 by two tailed t-test. (H). Proposed Model of how HPV18 DNA replication af-
fects viral promoter P, activity and viral E6 expression. Since the TATA box in the P55 promoter is overlapped with the
HPV18 core Ori, initiation of DNA replication leads to Ori firing and unwinding the double-stranded DNA. Consequently,
the Ori firing makes TATA box being single-stranded, thereby preventing TATA-binding protein (TBP) from binding to
the double-stranded TATA box and reducing the P45 transcription and viral E6 expression, or vice versa when the Ori
becomes silent. As a result, the level of p53 protein, a downstream target for E6-mediated degradation, could either in-
crease with the Ori firing for viral DNA replication or decrease with the Ori in a silent state.

ting using an anti-p53 antibody (Ab-6, Calbiochem, San
Diego, CA, USA), accompanied by ~12-fold increase of
p21, a p53-mediated transcription product (Figure 1D).
To determine if viral DNA replication directly inacti-
vates the P promoter activity, we added phosphono-
acetic acid (PAA), a chemical compound that inhibits
DNA polymerases (Allaudeen and Bertino, 1978), to in-
hibit HPV18 DNA replication in calcium-differentiated
HFK18 cells. As shown in Figure 1E and 1F, PAA at
1 mmol/L or above did induce a much higher level of RNA
transcription from the P, promoter, but had little effect
on the P, promoter (Figure 1E), accompanied by reduc-
tion of p53 protein level in a dose-dependent manner
(Figure 1F), although PAA at 5 mmol/L might exhibit
some toxicity to the cells. Consistent with the increased
P promoter transcription and p53 level reduction, we
saw a greater production of the P5; promoter-derived E6
RNA in the HFK18 cells treated with PAA (Figure 1G).
Altogether, these data provide strong evidence that tran-
scription of the HPV 18 P promoter is directly regu-
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lated by viral DNA replication and is responsible for viral
E6 production to modulate host p53 stability during virus
infection.

HPV18 DNA replication requires an A+T-rich Ori in
the long control region (LCR) and the characterized core
Ori (Demeret et al., 1995; Demeret et al., 1998) contains
the binding sites for two viral DNA-binding proteins, E1
as a DNA helicase and E2 as an accessory factor to E1
(Demeret et al., 1995; Kuo et al., 1994). In addition to its
role in viral DNA replication, E2 has been described as a
transcriptional activator or repressor to regulate viral
early promoter activity through consensus E2-binding
sites (Romanczuk et al., 1990), upstream of the viral
early promoter. 5' RACE is a powerful method to spe-
cifically amplify the 5" end of a transcript to map the
transcription start sites and efficiency of the individual
promoter usage (Wang et al., 2011; Wang and Zheng,
2016). By using this method in this study, we demon-
strated that HPV 18 viral DNA replication inactivates
RNA transcription from viral early promoter Py, but not

OcTOBER 2016 VOLUME 31 ISSUE 5 439



HPV18 DNA replication, P55 promoter and E6 expression

the P,,, promoter. Our data thereby provides the direct
evidence that HPV18 DNA replication contributes to an-
other layer of the control for viral E6 expression.

FOOTNOTES

This study was supported by the Intramural Research Program of
the National Institutes of Health, National Cancer Institute and the
Center for Cancer Research. The authors declare that they have no
conflict of interest. This article does not contain any studies with
human or animal subjects performed by any of the authors.

Xiaohong Wang', Haibin Liu', Hsu-Kun Wangz,
Craig Meyers’, Louise Chow’, Zhi-Ming Zhenglg

1. Tumor Virus RNA Biology Section, RNA Biology Laboratory,
National Cancer Institute, National Institutes of Health, Frederick,
Maryland 21702, USA.

2. Department of Biochemistry and Molecular Genetics, University
of Alabama at Birmingham, Alabama 35294, USA.

3. Department of Microbiology and Immunology, Penn State
University College of Medicine, Hershey, Pennsylvania 17033,
USA.

P4 Correspondence:

440 OCTOBER 2016 VOLUME 31 ISSUE 5

Phone: +1-301-846-7634, Fax: +1-301-846-6846,
Email: zhengt@exchange.nih.gov,
ORCID: 0000-0001-5547-7912

Published online: 25 October 2016

REFERENCES

Allaudeen Hs, Bertino JR. 1978. Biochim Biophys Acta, 520: 490-497.

Demeret C, Goyat S, Yaniv M, et al. 1998. Virology, 242: 378-386.

Demeret C, Le Moal M, Yaniv M, et al. 1995. Nucleic Acids Res, 23:
4777-4784.

Jones DL, Alani RM, Munger K. 1997. Genes Dev, 11: 2101-2111.

Kuo SR, Liu JS, Broker TR, et al. 1994. ] Biol Chem, 269: 24058-24065.

McLaughlin-Drubin ME, Meyers C. 2005. Methods Mol Med, 119:
171-186.

Meyers C, Mayer TJ, Ozbun MA. 1997. J Virol, 71: 7381-7386.

Moody CA, Laimins LA. 2009. PLoS Pathog, 5: ¢1000605.

Munoz N, Bosch FX, de Sanjose S, et al. 2003. N Engl J Med, 348:
518-527.

Romanczuk H, Thierry F, Howley PM.1990. J Virol, 64: 2849-2859.

Scheffner M, Huibregtse JM, Vierstra RD, et al. 1993. Cell, 75: 495-505.

Tang S, Tao M, McCoy JP, et al. 2006. J Virol, 80: 4249-4263.

Wang HK, Duffy AA, Broker TR, et al. 2009. Genes Dev, 23: 181-194.

Wang X, Meyers C, Wang HK, et al. 2011. J Virol, 85: 8080-8092.

Wang X, Zheng ZM. 2016. Curr Protoc Microbiol, 40. doi: 10.1002/
9780471729259.mc14b06s40.

'@'VIROLOGICA SINICA


mailto: zhengt@exchange.nih.gov
mailto: zhengt@exchange.nih.gov
mailto: zhengt@exchange.nih.gov

