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The Viral ESAE2C Repressor Limits Productive Replication of Human
Papillomavirus 16
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Productive replication of human papillomavirus type 16 (HPV16) occurs only in differentiated keratinocyte cells. In addition to
the viral E2 activator protein, HPV16 and related HPV types express transcripts coding for an ESAE2C fusion protein, which
limits genome replication in undifferentiated keratinocytes. To address E8AE2C’s role in productive replication of HPV16, sta-
ble keratinocyte cell lines containing wild-type (wt), ESAE2C knockout (E8—), or E8 KWK mutant (mt) genomes, in which con-
served E8 residues were inactivated, were established. Copy numbers of E8— and E8 KWK mt genomes and amounts of early and
late viral transcripts were greatly increased compared to those for the wt in undifferentiated keratinocytes, suggesting that
HPV16 E8AE2C activities are highly dependent upon the E8 part. Upon differentiation in organotypic cultures, E8 mt genomes
displayed higher early viral transcript levels, but no changes in cellular differentiation or virus-induced cellular DNA replication

in suprabasal cells were observed. E8 mt genomes were amplified to higher copy numbers and showed increased L1 transcripts
compared to wt genomes. Furthermore, the number of cells expressing the viral late protein E4 or L1 or amplifying viral ge-
nomes was greatly increased in E8 mt cell lines. In wild-type cells, ESAE2C transcript levels did not decrease by differentiation.
Our data indicate that the ESAE2C repressor limits viral transcription and replication throughout the complete life cycle of

HPV16.

Persistent infections with high-risk (HR) human papillomavi-
ruses (HPV) are a necessary risk factor for the development of
cancer of the cervix uteri and are also responsible for a fraction of
anal, vaginal, penile, and oropharyngeal cancers (1-3). Notably,
HPV16 is an extremely powerful human carcinogen that is re-
sponsible for approximately 50% of cervical cancers and is also
represented in other HR-HPV-related cancers at high frequen-
cies (2).

HPV have a double-stranded DNA genome that is covalently
closed and organized in nucleosomes. HPV possess eight to nine
open reading frames (E1, E2, E4 to E8, L1, and L2) that are tran-
scribed into polycistronic messages which are further processed by
alternative splicing (4). It is currently assumed that HR-HPV en-
code at least 10 different viral proteins.

The HR-HPV replication cycle is tightly linked to the differen-
tiation state of the infected epithelium. In undifferentiated basal-
cell-like cells, HR-HPV genomes are maintained in the nucleus at
10 to 100 extrachromosomal copies per cell, and only early genes,
mainly transcribed from the major early viral promoter located
immediately upstream of the E6 gene (P97 for HPV16), but not
the late viral L1 and L2 genes are expressed (5). Replication of the
viral genome in undifferentiated cells requires the viral E1 and E2
proteins (6). E1 and E2 are sequence-specific DNA binding pro-
teins which form a complex that recognizes the viral origin of
replication (6). E1 assembles into a hexamer that acts as the rep-
licative helicase and unwinds the viral DNA and also recruits cel-
lular factors to enable replication of the viral genomes (6). E2’s
prime function for viral DNA replication is to enhance E1 binding
to the origin, but it also recruits cellular proteins that contribute to
viral DNA replication (6-9). Furthermore, E2 serves as a segrega-
tion factor for viral genomes during cell division (10).

Upon cellular differentiation, a series of events takes place that
results in the synthesis of infectious virions in the uppermost lay-
ers of the infected epithelium. HR-HPV-infected keratinocytes
reenter the S phase of the cell cycle and induce cellular DNA rep-
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lication in the first suprabasal layers and proceed to the G,/M
phase in middle layers (11, 12). In middle and upper epithelial
layers, the viral late promoter (HPV16: P670) located in the E7
gene becomes active, and this coincides with the abundant expres-
sion of the viral E4 (E1AE4) protein and the amplification of the
viral genomes (13-16). The viral late promoter is also responsible
for the expression of L1 and L2 transcripts, and thus L1 and L2
protein expression and virus capsid synthesis can be observed in
upper epithelial layers (12, 13, 15, 17). The contributions of viral
gene products to the differentiation-dependent activation of the
late promoter and amplification of viral genomes have been inves-
tigated by the analysis of viral mutant (mt) genomes, revealing
that the E6, E7, E4, and E5 genes contribute to differentiation-
dependent genome amplification and late gene expression. The
knockout of E7 in HPV16 or HPV18 leads to a loss of genome
amplification and L1 expression in differentiated cells, which is
most likely due to the inability to induce DNA replication in su-
prabasal cells (18, 19). Similarly, the knockout of E6 in the context
of the HPV18 genome resulted in a lack of genome amplification
in differentiated cells, and this correlated with increased p53 pro-
tein levels and the absence of DNA replication in suprabasal cells
(20). The knockout of E5 in HPV16 and -31 decreases but does not
abolish late gene expression, and this correlates with reduced
numbers of suprabasal cells in which DNA replication is induced
(21, 22). HPV16 and -31 E4 knockout genomes also displayed
decreased genome amplification and late gene expression, which
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also correlated with reduced DNA replication levels in suprabasal
cells (23, 24).

In addition to full-length-form E2, several papillomaviruses
(PV) express a spliced mRNA which links a splice donor site in E1
to the major splice acceptor site in the E2/E4 region. This tran-
script encodes an ESAE2C (or E8/E2) protein which consists of the
E8 gene product fused to the C-terminal half of E2, which medi-
ates sequence-specific DNA binding and dimerization of E2 pro-
teins (16, 25-34). Genetic analyses have revealed that ESAE2C is a
potent inhibitor of the genome replication of HR-HPV16, -18
and -31 in undifferentiated cells (29, 30, 34, 35). HR-HPV
E8AE2C proteins are efficient repressors of the major viral early
promoter (27, 30, 34, 36, 37). In addition, ESAE2C proteins in-
hibit the E1- and E2-dependent replication of the viral origin (30,
34, 35). Thus, the overreplication phenotype of ESAE2C mt ge-
nomes is most likely due to a derepression of both viral transcrip-
tion and E1/E2-dependent replication.

Mutational analysis of the HPV31 E8AE2C protein has indi-
cated that residues K5, W6, and K7 of the E8 domain, which are
conserved among HR-HPV16, -18, -31, and -33 and many other
alphapapillomaviruses, are required for both the repression of
transcription and the inhibition of E1/E2-dependent replication
of HPV31 (35, 37, 38). Recent studies have demonstrated that
the E8 domain of HPV31 functionally interacts with cellular
transcriptional repressor proteins, such as histone deacetylase
3 (HDAC3) and NCoR (38, 39). This suggests that ESAE2C pro-
teins recruit cellular proteins to inhibit viral transcription and
replication.

Currently, it is not known if ESAE2C proteins are also involved
in the differentiation-dependent regulation of the late promoter
and in viral genome amplification. Based on E8AE2C’s inhibitory
activities in undifferentiated cells, a differentiation-dependent
downregulation of ESAE2C activity might contribute to the acti-
vation of the late promoter and/or genome amplification.

Our studies reveal that HPV16 E8 mt genomes not only display
higher copy numbers and viral transcript levels than the wild type
(wt) in undifferentiated cells but also in cells differentiated in or-
ganotypic cultures. This strongly suggests that the ESAE2C pro-
tein limits genome replication of HPV16 at all stages of the viral
life cycle in an E8 domain-dependent manner.

MATERIALS AND METHODS

Recombinant plasmids. The plasmid pBS 16 114b:1, harboring the
HPV16 114/b wt genome, was kindly provided by M. Diirst (40), and
plasmid hPGK1 pEF-IRES-P, encoding the cDNA for human phospho-
glycerate kinase 1 (PGK1), was kindly provided by D. Zieker (41). The
HPV16 E8— and E8 KWK mt genomes were constructed by overlap ex-
tension PCR using specific primers and verified by DNA sequencing. The
E8— mutation replaces the codon for W6 with a stop codon in the E8 open
reading frame (ORF) (TGG to TAG) and is silent in the overlapping E1
gene (30). In the E8 KWK mt, E8 residues K5/W6/K7 were changed to
AAA, which also changes the E1 coding sequence from E138/V139/E140
to GSG. The pGL 16URR-luc and pC18-Sp1-luc luciferase reporter plas-
mids and the expression plasmids for HPV16 E2 and HPV16 E8AE2C and
the respective hemagglutinin (HA)-tagged versions (HPV16 E2-HA and
HPV16 E8AE2C-HA) have been previously described (27). Plasmid pSG
16 ESAE2C KWK mt and 16 E8AE2C-KWK mt —HA were constructed by
PCR. The HPV16 E1 gene was amplified using plasmid pBS 16 114b:1, and
the HPV16 E1 E138G/V139S/E140G gene was amplified using plasmid
pHPV16 E8 KWK mt as a template and primers adding EcoRI and BglII
restriction sites and then inserted into pSG5, giving rise to pSG 16 E1 and
pSG 16 E1 E138G/V139S/E140G, respectively. Plasmid pSG 16 UTR
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E8AE2C was constructed by PCR and has a short 5'-untranslated region
(HPV16 nucleotides [nt] 1257 to 1264) in addition to the EAE2C coding
region.

Cell culture. The HPV-negative human keratinocyte cell line RTS3b
and HelLa cells were maintained as previously described (42). HPV16-
positive keratinocytes were established with minor modifications as de-
scribed previously (34). Briefly, HPV16 genomes were released by BamHI
digestion from the vector and gel purified. Linearized genomes were self-
ligated at a concentration of 10 pg/ml using T4 DNA ligase and then
concentrated by ethanol precipitation. Normal human foreskin keratino-
cytes (NHKSs) from two different donors were cotransfected with HPV16
wt or mt genomes (1.5 pg) and pSV2 neo (1.5 pg) using the Fugene HD
reagent (Promega). Cells were selected with G418 (150 wg/ml) for 14 days
in the presence of mitomycin C-treated, neomycin-resistant 3T3 J2NHP
cells (43) and E medium supplemented with 5% fetal bovine serum as
previously described (15, 34). After drug selection, cells were cocultured
with mitomycin C-treated NIH 3T3 ]2 (34). To induce differentiation,
NHKs or HPV16-positive keratinocytes were seeded onto collagen plugs
in which NIH 3T3 J2 cells were embedded in cell culture inserts (140663;
Thermo Fisher Scientific). After the keratinocytes reached confluence, the
medium was completely removed from the inside of the inserts. Inserts
were then placed in 100-mm culture dishes, and complete E medium
without epidermal growth factor (EGF) was added to the culture dishes
and changed every other day. Organotypic cultures were harvested 12 days
after exposure to the air-liquid interface and cut into pieces to isolate RNA
or DNA or to obtain cryosections for antibody staining.

Reporter gene assays. HeLa or RTS3b cells (3 X 10*) were seeded into
24-well dishes 1 day before transfection. Cells were transfected with re-
porter plasmids alone or together with pSG 16 E1, pSG 16 E2, pSG 16
E8AE2C, or 16 E8AE2C KWK mt expression constructs or the empty
vector pSG5 using the Fugene HD reagent (Promega) and Opti-MEM
(Life Technologies). Furthermore, 0.1 ng of pPCMV-Gluc plasmid (New
England BioLabs) was cotransfected as an internal control. Gaussia and
firefly luciferase assays were carried out 48 h after transfection.

Immunoblot analysis. To detect ESAE2C and E2 proteins by immu-
noblotting, 3 X 10° RTS3b cells were transfected with 0.4 pg of pSG
expression plasmids and lysed 48 h after transfection in SDS-PAGE gel
loading buffer. Equal aliquots were separated in a 12% SDS-PAGE gel and
transferred onto a nitrocellulose membrane. Membranes were incubated
with 1:1,000-diluted primary antibodies (anti-HA [MMS-101P; Covance]
and anti-heat shock protein 90 [HSP90] [sc-69703; Santa Cruz Biotech-
nology]). Bound antibodies were detected with fluorescence-labeled an-
tibodies (IRDye 680RD goat anti-mouse IgG and IRDye 800CW goat
anti-rabbit IgG; Li-Cor) and an OdysseyFC infrared imaging system (Li-
Cor Biosciences).

qPCR. RNA was isolated from monolayer or organotypic cell cultures
using the RNeasy minikit (Qiagen). RNA (1 pg) was reverse transcribed
using the QuantiTect reverse transcription kit (Qiagen). Fifty nanograms
of cDNA was analyzed in duplicate reaction mixtures by quantitative PCR
(qPCR) using 0.3 uM gene-specific primers and 1X LightCycler 480
SYBR green I Master (Roche Applied Science) in a total volume of 20 pl.
Reactions were carried out in a Light Cycler 480 instrument (Roche Ap-
plied Science) using a thermal profile of 10 min at 95°C followed by 45
cycles for 10 s at 95°C, 15 s at 55°C, 15 s at 72°C, melting curve for 10 s at
95°C, 30 s at 60°C, 90°C, and cooling for 30 s at 40°C and analyzed using
the LightCycler 480 software program, version 1.5 (Roche Applied Sci-
ence). Expression levels were determined using standard curves of plas-
mids pBS 16 114b:1, pSG 16 UTR E8AE2C, or hPGK1 pEF-IRES-P. The
following primers were designed using the Primer 3 plus software pro-
gram (44): PGK1 sense (5'-CTGTGGGGGTATTTGAATGG-3') and an-
tisense (5'-CTTCCAGGAGCTCCAAACTG-3"); HPV16 E6 (HPV16 E6i
237F, 5'-TTGCTTTTCGGGATTTATGC-3"; HPV16 E6 439R, 5'-CAGG
ACACAGTGGCTTTTGA-3"), HPV16 E7 (HPV16 E7 649F, 5'-GACAG
CTCAGAGGAGGAGGA-3'; HPV16 E7 816R, 5'-GCCCATTAACAGGT
CTTCCA-3"), HPV16 E1 (HPV16 E1C 1557F, 5'-AACGTGTTGCGATT
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GGTGTA-3"; HPV16 E1C 1804R, 5'-TACGCAATTTTGGAGGCTCT-
3"), HPV16 E2 (16 E2N 3105F, 5'-TGGAAGTGCAGTTTGATGGA-3';
HPV16 E2N 3320R, 5'-CCGCATGAACTTCCCATACT-3"), HPV16
E8AE2C (16E8 1259F, 5'-GCGGGTATGGCAATACTGAA-3"; 16E2C
3475R, 5'-TCGCTGGATAGTCGTCTGTG-3"), and HPV16 L1 (HPV16
L1 6365F, 5'-GAACCATATGGCGACAGCTT-3"; HPV16 L1 6601R, 5'-
ATTATTGTGGCCCTGTGCTC-3").

Total genomic DNA from monolayer or organotypic cell cultures was
isolated using the EZ1 instrument and EZ1 DNA tissue kit (Qiagen).
HPV16 copy numbers were determined using a multiplex qPCR consist-
ing of a mixture of primer/probe sets to detect HPV16 E6 (95F, 5'-AGA
ACTGCAATGTTTCAGGACC-3'; 174R, 5’ -TGTATAGTTGTTTGCAG
CTCTGTGC-3'; probe, 5'-FAM-CAGGAGCGACCCAGAAAGTTACCA
CAGTT-DQ-3'), HPV16 E2 (3362F, 5'-AACGAAGTATCCTCTCCTGA
AATTATTAG-3'; 3443R, 5'-CCAAGGCGACGGCTTTG-3'; probe, 5'-
Cy5-CACCCCGCCGCGACCCATA-DQ-3"), and cellular beta-actin
(TagMan gene expression assay Hs03023880_g1; Applied Biosystems).
Standard curves of plasmid pBS 16 114b:1 or total genomic DNA from
HPV-negative NHKSs were run in parallel and used to calculate viral copy
numbers (E2) per cell (assuming a DNA content of 6.6 pg for a diploid
human keratinocyte cell and 2 copies of beta-actin per cell).

Southern blot hybridization. Low-molecular-weight DNA from
HPV16-positive cell lines was isolated as described previously (34). The
equivalent of a half 100-mm tissue culture plate was digested with Xhol, a
noncutter for HPV16, and run in a 0.7% agarose gel. Blotting and hybrid-
ization to a **P-labeled HPV16 probe were carried out as described pre-
viously (34). After exposure of the membrane to phosphorimager screens,
HPV16 genomes were visualized using the AIDA software package (Ray-
test).

Immunofluorescence analysis. Organotypic cultures were harvested
by detaching the epithelium from the collagen plug. The epithelium was
embedded in OCT compound (Tissue-Tek), and frozen, and 6-pm-thick
sections were obtained with a cryostat microtome (Reichert-Jung). Sec-
tions were fixed in 4% paraformaldehyde—phosphate-buffered saline
(PBS) for 15 min at room temperature (RT). After washing steps, sections
were incubated in blocking buffer (PBS-5% goat serum—0.3% Triton
X-100) for 60 min. Primary antibodies (anti-PCNA [2586; Cell Signaling],
anti-MCM2 [3619; Cell Signaling], anti-MCM7 [3735; Cell Signaling],
anti-HPV16 E4 [TGV 402] [sc-53324; Santa Cruz Biotechnology], anti-
HPV L1 [K1HS8, DLN-14563; Dianova], and anti-keratin 10 [RKSE60;
Research Diagnostics]) were diluted in PBS—bovine serum albumin
(BSA)-0.3% (vol/vol) Triton X-100 and then incubated with the sections
overnight at 4°C. After washing with PBS, diluted secondary goat Alexa-
488-labeled anti-mouse or donkey Alexa-555-labeled anti-mouse anti-
bodies were added and incubated for 60 min. Samples were then washed
several times with PBS, counterstained with 4’,6-diamidino-2-phenylin-
dole (DAPI) and mounted with FluoPrep medium (bioMérieux). Immu-
nofluorescence signals were recorded with an Axiovert 200 M microscope
(Zeiss), the appropriate fluorescence filter sets, and a 20X objective. Im-
ages were obtained using fixed exposure times for a given primary anti-
body and the Zeiss Axiovision 4.8 software program. All stainings were
performed multiple times with independent organotypic cultures to en-
sure reproducibility.

Fluorescence in situ hybridization analysis. Biotin-labeled HPV16
DNA was generated using the Biotin DecaLabel DNA labeling kit
(Thermo Fisher Scientific) and then purified using a nucleotide removal
kit (Qiagen). Rehydrated cryosections (6 wm) were fixed in 2% formal-
dehyde for 15 min at RT and then quenched with H,O, in PBS. Biotinyl-
ated HPV16 DNA (5 mg/ml) was added to the sections in hybridization
buffer (50% formamide, 4X SSC [1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate], 1X Denhardt’s, 5% [wt/vol] dextrane sulfate, and 200
pg/ml salmon sperm DNA) covered with a cover slide, heated to 80°C for
7 min and then incubated at 37°C overnight. Cover slides were removed
by incubation with 0.5X SSC at RT, followed by washes with wash buffer
(50% formamide, 2X SSC, and 0.05% Tween 20) at 42°C and then 2X
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SSCat 42°C. The hybridized HPV16 DNA was detected with streptavidin-
horseradish peroxidase (HRP) and Alexa Fluor 488 tyramide substrate
according to the manufacturer’s instructions (TSA kit 22; Life Technolo-
gies). Images were obtained as described for the immunofluorescence
analyses.

RESULTS

The KWK motif of the HPV16 E8AE2C protein is required for
repression activities. To address the role of the E8 domain in
E8AE2C for the replication of HPV16, we first generated an
HPV16 ESAE2C KWK mt expression construct and compared its
activities in transient-transfection experiments to those of the
HPV16 ES8AE2C wt protein. wt HPV16 E8AE2C repressed the
synthetic reporter construct pC18-Sp1-luc, which consists of 4 E2
binding sites and a minimal promoter, in both HPV-positive
HeLa cells and HPV-negative RTS3b cells (Fig. 1A). In contrast,
E8AE2C KWK mt failed to repress but rather slightly activated the
reporter (Fig. 1A). Similarly, an HPV16 upstream regulatory re-
gion (URR) construct, in which the P97 major viral early pro-
moter drives luciferase expression, was 5-fold inhibited in HeLa
and RTS3b cells at 0.1 ng of HPV16 ESAE2C expression vector,
whereas the ESAE2C KWK mt plasmid repressed less than 2-fold
(Fig. 1B). Also, at higher concentrations, the wt repressed the URR
construct much more efficiently than ESAE2C KWK mt (Fig. 1B).
We recently developed a reporter gene expression-based assay for
the E1 and E2-dependent replication of the HPV16 and -31 origin
which is comparable to an assay described by Fradet-Turcotte and
coworkers (45) (M. Dreer and F. Stubenrauch, unpublished ob-
servation). wt ESAE2C repressed E1/E2-dependent replication ef-
ficiently, whereas ESAE2C KWK mt displayed only weak replica-
tion repression activity in HeLa cells (Fig. 1C). To test whether the
mutation of the KWK motif influences the abundance of the
E8AE2C protein, expression plasmids for HA-tagged versions of
E2, E8AE2C, and E8AE2C-KWK mt were transfected into RTS3b
cells, and protein expression was analyzed by immunoblotting.
HPV16 E2-HA and E8AE2C-HA were present at comparable lev-
els, similar to findings obtained in HeLa cells (27), whereas much
higher levels of the E8AE2C-KWK mt —HA protein could be de-
tected (Fig. 1c). This has also been observed with HPV31 ESAE2C
KWK mt (36, 37) and strongly suggests that the loss of repression
activity of HPV16 E8AE2C KWK mt is not due to decreased pro-
tein levels. In summary, these data reveal that the E§ KWK mt of
HPV16 ES8AE2C behaves very similarly to the corresponding
HPV31 mt (35, 37).

Knockout of ESAE2C or mutation of the E§ KWK motif in-
creases HPV16 copy numbers and transcript levels in undiffer-
entiated keratinocytes. To address the role of ESAE2C for HPV16
replication, two different mt genomes were constructed in which
E8AE2C expression was prevented by introducing a stop codon in
the E8 gene as previously described (16 E8— [30]) or the E§ KWK
motif was mutated (16 E8 KWK mt). HPV16 wt and mt genomes
were transfected into normal human keratinocytes from two in-
dependent donors (1 and 2), and stable cell lines were established
by drug selection. At passage 5 to 6, low-molecular-weight DNA
was isolated and subjected to Southern blot analysis (Fig. 2A). This
revealed that HPV16 wt and mt genomes were predominantly
maintained extrachromosomally and suggested that both the E8
knockout and mutations in E8 resulted in increased copy num-
bers. To quantitate the differences more accurately, total cellular
DNA was isolated and analyzed by a multiplex gPCR that simul-

jviasm.org 939


http://jvi.asm.org

Straub et al.

>

Hela 0:20 RTS3b
1.0 g 0.15
3 ¥o0.10
05 2
5 *0.05
0.0 0.00
vec E8ME2C  E8ME2C vec E8ME2C E8ME2C
KWK mt KWK mt
1 Hela 1
g 0.1 3 0.1
o) oo
= 0.01 = 0.1
—e—E8NE2C —4—ESNE2C
——E8ME2C KWK mt ~—E8ME2C KWK mt
0.001 T . 0.001 - ‘ :
0 5 10 0 5 10
expression vector [ng] expression vector [ng]
0.04 -
0.03 -
s 55 =
30.02 - — = E2 (HA)
= 40 =
=
0.01 +
B ——-— — ESNE2C
0.00 - 15— (HA)
URR + o+ o+ o+ o+ o+ o+
El - + o+ B o= = - 1 2 3 4
E1l mt - - -+ o+ o+
E2 - + o+ o+ 4+ o+ o+
E8AE2C - + - - +
E8ME2Cmt - - - 4+ - - 4+

FIG 1 Characterization of HPV16 E8AE2C wt and KWK mutant proteins. (A) HeLa or RTS3b cells were cotransfected with pC18-Sp1-luc (100 ng), 10 ng of
pSG5 (vec), pSG 16 ESAE2C, or pSG 16 ESAE2C KWK mt and 0.1 ng of pPCMV-Gluc. (B) HeLa or RTS3b cells were cotransfected with pGL 16 URR-luc (100 ng),
pCMV-Gluc (0.1 ng), and only pSG5 (0 ng) or the indicated amounts of pSG 16 ESAE2C or pSG 16 ESAE2C KWK mt (0.1, 1, and 10 ng). The total amount of
DNA was kept constant by adding the pSG5 plasmid. (C) HeLa cells were cotransfected with 10 ng of pGL 16URR-luc (URR) and pCMV-Gluc (0.1 ng) and
combinations of pSG 16 E1 or pSG E1 E138G/V139S/E140G (E1 mt) (100 ng), pSG 16 E2 (10 ng), pSG 16 E8AE2C (1 ng), or pSG 16 ESAE2C KWK mt (1 ng)
as indicated. The total amount of DNA was kept constant by adding the pSG5 plasmid. Values are presented as the ratio of firefly luciferase (fluc) to Gaussia
luciferase (gluc) activities. Data are derived from three (A and C) or four (B) independent experiments performed in duplicate. Error bars indicate the standard
errors of the means. (D) RTS3b cells were transfected with 0.4 g of the empty expression vector pSG5 (1), pSG 16 E2-HA (2), pSG 16 E8AE2C-HA (3), or pSG
16 E8AE2C KWK mt—HA (4) plasmid. Equal amounts of whole-cell lysates were analyzed by immunoblotting using an anti-HA antibody to detect E2 or ESAE2C
proteins and anti-HSP90 to detect HSP90 as a reference protein. A molecular weight marker (in thousands) is indicated on the left.

taneously detects HPV16 E6, HPV16 E2, and cellular beta-actin, and 20.5-fold-higher copy numbers than those of the wt in both

which allows correcting for cell numbers. This revealed that wt
genomes were maintained at 55 and 56 copies/cell, respectively. In
contrast, HPV16 E8— genomes were maintained at 360 and 347
copies per cell, respectively. This corresponded to 6.6- and 6.2-
fold-increased copy numbers compared to those of the corre-
sponding wt cell lines, which is very similar to the phenotype de-
scribed by others (30). Interestingly, mutation of the E§ KWK
residues resulted in HPV16 genomes that were maintained at
1,587 and 1,149 copies per cell, respectively, corresponding to 29-
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cell lines. This demonstrated that conserved E8 residues KSW6K7
are required to limit copy number in undifferentiated cells, as
shown previously for HPV31 in short-term replication assays
(35). To address if the differences in copy numbers between E§ —
and E8 KWK mt cell lines are due to the simultaneous mutations
introduced into E1 (E138G/V139S/E140G), the E1 mt was cloned
into an expression vector and functionally analyzed. This revealed
that E1 E138G/V139S/E140G had replication activity similar to
that of the wt (Fig. 1C). Furthermore, the activity of the E1 mt was
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FIG 2 Mutations in E8 increase HPV16 episome copy numbers in normal
human keratinocytes. (A) Southern blot analysis of low-molecular-weight
DNA isolated from two different sets of low-passage-number HPV16 wt (wt)
HPV16 E8— (E8—) or HPV16 E8 KWK mt (E8 KWK mt) cell lines. DNA was
digested with Xhol, transferred to a membrane, and detected by hybridizing
with a **P-labeled HPV16 genomic probe. As a size marker, 100 pg of linear-
ized HPV16 wt genome was used (M). (B) Quantitation of HPV16 copy num-
bers by gPCR. Equal amounts (50 ng) of total genomic DNA from the different
cell lines were analyzed by multiplex qPCR. The values represent HPV16 E2
copies per 2 beta-actin copies. Data are derived from four independent DNA
preparations for each cell line. Error bars indicate the standard errors of the
means.

also similar to that of the wt when combined with the E8AE2C
KWK mt (Fig. 1C). This suggests that the increase in copy number
in E8 KWK mt cells is not due to mutations in the overlapping E1
gene. HPV16 E8AE2C is a potent repressor of transcription (Fig.
1) (27, 30). We therefore evaluated the consequences of ESAE2C
mutations for HPV16 transcription. Total RNA was isolated from
the different cell lines and analyzed by qPCR using primers that
detect full-length E6 (nt 237 to 439), E7 (nt 649 to 816), E1 (nt
1557 to 1804), full-length E2 (nt 3105 to 3320), or L1 (nt 6365 to
6601). This revealed that the levels of all early and late transcripts
were increased by E8 mutations. Transcripts for E6, E7, E1, and E2
were similarly increased by the E8§ — mutation, ranging from 2.4-
to 2.8-fold in set 1 and 2.1- to 3.2-fold in set 2. E§ KWK mt
genome cell lines had similarly increased levels of transcripts,
ranging from 3.4- to 6.5-fold for set 1 and from 2.8- to 5.7-fold for
set 2 (Fig. 3). However, a difference was observed for L1 tran-
scripts, which were 6.9- and 6.5-fold increased by the E8— muta-
tion and 35.8- and 32.7-fold by the E8 KWK mutation. Taken
together, these data confirm that ESAE2C is a negative regulator of
viral genome replication but is not required for the episomal
maintenance of HPV16 genomes in keratinocytes. Furthermore,
the ESAE2C knockout phenotype can be mimicked by mutating
conserved K5, W6, and K7 residues in the E8 gene, suggesting that
the HPV16 E8 domain plays comparable roles in HPV16 and
HPV31 (35). The mutation of ESAE2C not only raises the viral
copy number but also increases transcription of viral early and late
genes, suggesting that ESAE2C is a general inhibitor of HPV16
genome replication and transcription in undifferentiated cells.
E8 mutations increase viral early transcript levels but do not
influence DNA replication or differentiation markers in orga-
notypic cultures. To investigate the consequences of ESAE2C
mutations in the productive life cycle of HPV16, HPV16-positive
cell lines at low passages (4—6) or NHKs were grown in organo-
typic raft cultures and harvested 12 days after exposure of the
keratinocytes to air. Total RNA was isolated from a part of the raft
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FIG 3 E8 mutations increase HPV16 early and late transcripts in undifferen-
tiated cells. Total RNA from HPV16 wt (#1 and #2), HPV16 E8— (E8— #1 and
#2) and HPV16 E8 KWK mt (E8 KWK mt #1 and #2) cells grown in monolayer
culture was analyzed by qQRT-PCR for the expression of E6, E7, E1, E2, and L1
transcripts using PGK1 as a reference gene. Copy numbers are derived from
plasmid dilutions of pBS 16 114b:1 and hPGK1 pEF-IRES-P plasmids mea-
sured in parallel. Data are derived from four independent RNA preparations
for each cell line. Error bars indicate the standard errors of the means.

cultures, and early viral transcripts were quantitated by qPCR.
Similar to undifferentiated cultures, the E6, E7, E1, and E2 tran-
scripts were present in larger amounts in E8 — and E§ KWK mt cell
lines than in the wt (Fig. 4). E6 RNA levels were significantly in-
creased, 6- and 8.3-fold, E7 RNA levels 5.7- and 8.1-fold, E1 RNA
levels 5-fold, and E2 RNA levels 4- and 3.8-fold in E8§— and E8

A
25 -
Kk Kk
— 20
4
G
[~
2 15 .
2 Owt
S
2 mES-
& 10
% m E8 KWK mt
E 5 |
* k% * kk * Kk
o | il .
E6 E7 E1l E2
B E6 E7 E1l E2
wt 1.4 1.1 1.5 2.1
E8- 2.9 2.7 2.6 3.1
E8 KWK mt 2.8 2.8 1.3 1.8

FIG 4 E8 mutations increase viral early transcription in differentiated orga-
notypic cultures. (A) Total RNA from 12-day HPV16 wt (wt), HPV16 E8—
(E8—), and HPV16 E8 KWK mt (E8 KWK mt) organotypic cultures was ana-
lyzed by qRT-PCR for the expression of E6, E7, E1, and E2 transcripts using
PGKI1 as a reference gene. Copy numbers are derived from plasmid dilutions of
pBS 16 114b:1 and hPGK1 pEF-IRES-P plasmids measured in parallel. The
data represent averages from six independent organotypic cultures, and error
bars show the standard errors of the means. Statistical significance between
results for the wt and mutants was determined by paired, two-sided Student’s
ttest (*, P < 0.05; *%, P < 0.01). The differences between E8 — and E8 KWK mt
are not significant. (B) Relative changes of viral transcript levels (E6, E7, E1,
and E2) induced by differentiation in HPV16 wt, E8 —, or E8 KWK mt genome
cell lines.
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FIG 5 E8 mutations do not influence differentiation or expression of cellular DNA replication proteins in organotypic cultures. Frozen sections of 12-day NHK,
HPV16 wt (wt), HPV16 E8— (E8—), or HPV16 E§ KWK mt (E8 KWK mt) organotypic cultures were stained with antibodies against keratin 10 (K10), MCM2,

MCM?7, or PCNA and DAPI to detect cellular DNA.
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FIG 6 E8 mutant genomes amplify to higher copy numbers and express more
L1 transcripts than the wt upon differentiation. (A) (Left panel) Total cellular
DNA was isolated from 12-day organotypic cultures, and 50 ng was analyzed
by multiplex qPCR as described in the legend for Fig. 2. (Right panel) Quan-
titation of L1 transcripts by qPCR using PGK1 as a reference gene. Data rep-
resent the averages for six independent organotypic cultures, and error bars
indicate the standard errors of means. Statistical significance between the wt
and mutants was determined by paired, two-sided Student’s ¢ test (*, P < 0.05;
#%, P < 0.01). The differences between E8— and E8§ KWK mt are not signifi-
cant. (B) Relative changes in viral genome copies (DNA) and L1 transcript
levels (L1) induced by differentiation in HPV16 wt, E8—, or E8 KWK mt
genome cell lines.

KWK mt cell lines, respectively (Fig. 4). However, differences be-
tween E8— and E8§ KWK mt genomes were not significant. None
of these transcripts was induced more than 2-fold in the wt or
3-fold E8 mt cell lines by differentiation (Fig. 4), consistent with
the idea that P97 activity is not strongly regulated by cellular dif-
ferentiation. Cryosections were stained for the differentiation
marker keratin 10 and DNA replication proteins MCM2, MCM7,
and PCNA (Fig. 5). Keratin 10 staining appeared in the first su-
prabasal cell layer and was present throughout the epithelium in
NHK cells. A very similar pattern was observed in HPV16 wt,
E8—, and E8 KWK mt cell lines, suggesting that the loss of
E8AE2C does not dramatically influence differentiation. Further-
more, no consistent histological changes were observed between
wt and mt cultures. Staining for the DNA replication proteins
MCM2, MCM7, and PCNA, which are regarded as surrogate
markers mainly for E7 activity (46—48), revealed that their expres-
sion is limited to the basal layer in NHK organotypic cultures. In
HPV16 wt organotypic cultures MCM2, MCM7, and PCNA were
also expressed throughout the epithelium, consistent with previ-
ous findings (46—48). Interestingly, no differences in the numbers
of positive cells between wt and E8 mt cells were obvious despite
significantly higher E7 transcript levels (Fig. 5). These results sug-
gested that mutations of ESAE2C increase early transcript levels
but do not change the histology, differentiation, or expression of
cellular DNA replication proteins compared to those for wt
HPV1e6.

E8AE2C limits viral genome amplification and expression of
late transcripts and proteins. Next, the extent of genome ampli-
fication and viral late protein expression was determined. Total
genomic DNA was isolated from a part of the organotypic cul-
tures, and viral copy numbers were quantitated by multiplex
qPCR (Fig. 6). HPV16 wt genomes were present on average at 311
copies per cell, corresponding to a 5.6-fold differentiation-depen-
dent increase (Fig. 2 and 6). E8— genomes were present on aver-
age at 1,693 copies per cell and E8 KWK mt genomes at 2,539
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copies per cell upon differentiation (Fig. 6A). This revealed that
E8— genomes were amplified 4.8-fold and E§ KWK mt genomes
1.9-fold upon differentiation, resulting in 5.4- and 8.2-fold-higher
viral copy numbers than those of the wt. This surprisingly dem-
onstrated that E8 mt genomes displayed significantly higher copy
numbers than wt genomes upon differentiation. In contrast to
early transcripts, late L1 transcripts were induced 71.7-fold upon
differentiation in wt cells (Fig. 6B). However, L1 transcripts were
induced to significantly higher levels in E8— cell lines (7.2-fold
versus wt levels) and E8§ KWK mt cells (14.5-fold versus wt levels)
(Fig. 3 and 6). To further substantiate these findings, sections of
organotypic cultures were stained for the late viral proteins E4 and
L1 (Fig. 7). Some E4-positive cells appeared in upper layers of the
epithelium of HPV16 wt cells. In contrast, nearly all cells in the
middle to upper layers of E8— and E8 KWK mt organotypic cul-
tures were strongly E4 positive. Similar results were obtained
when staining for L1 (Fig. 7). In wt organotypic cultures, few cells
were L1 positive, whereas more L1-positive cell could be observed
in E8— and even more in E8 KWK mt cultures, mirroring the
expression levels of L1 transcripts (Fig. 6 and 7). In addition, flu-
orescence in situ hybridization (FISH) analyses demonstrated that
the number of cells amplifying viral genomes was increased in
E8— and E8 KWK mt cell lines compared to that for the HPV16 wt
(Fig. 7). Interestingly, the appearance of markers for productive
HPV16 replication occurred in similar layers of wt and mt cells.
This suggests that despite increased viral copy numbers and tran-
script levels, mt genomes are still highly dependent upon differ-
entiation to induce productive replication. In summary, these
data suggest that E8AE2C limits genome amplification and late
protein expression of HPV16 in differentiating keratinocytes.

E8AE2C transcripts are present in organotypic cultures of
HPV16 wt cells. To further confirm that ESAE2C limits produc-
tive replication of wt HPV16 in differentiating keratinocytes, the
amounts of E8AE2C transcripts were determined by gPCR in un-
differentiated cells and cells grown in organotypic cultures. In
undifferentiated HPV16 wt cells, 0.011 ESAE2C/PGK1 transcripts
were present (Fig. 8). In organotypic cultures, slightly higher levels
of 0.024 E8AE2C/PGK1 transcripts could be observed. This
strongly indicates that ESAE2C transcripts are also present in su-
prabasal, differentiated cells, since the basal cell layer of orga-
notypic cultures, which is regarded to be similar to undifferen-
tiated monolayer cells, makes up only ~10% of the total cell
number and thus cannot solely account for the amount of
E8AE2C transcripts.

DISCUSSION

The HPV replication cycle is strictly dependent upon the differ-
entiation of the infected keratinocyte. In upper layers of the epi-
thelium, viral genome amplification and expression of the capsid
proteins L1 and L2 are first detected, which results in the produc-
tion of infectious virions. It is now well established that the reentry
of infected cells into the cell cycle in suprabasal layers is a prereq-
uisite for HPV genome amplification and late protein expression.
In the context of replicating HR-HPV genomes, the combined
activities of E4, E5, E6, and E7 are required to achieve this, and
mutations in one of these genes result in decreased or absent viral
DNA amplification and late gene expression levels (18-24). Based
on their essential replication functions in undifferentiated cells,
E1 and E2 are very likely required for differentiation-dependent
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FIG 7 E8 mutations increase E4 and L1 protein expression. Frozen sections of 12-day NHK, HPV16 wt (wt), HPV16 E8— (E8—), or HPV16 E§ KWK mt (E8
KWK mt) organotypic cultures were stained with antibodies against HPV16 E4 (E4) or L1. HPV DNA was detected by FISH analyses. DAPI was used to

counterstain cellular DNA.

genome amplification. Thus, six viral ORFs located in the early
region are required to allow productive replication.

In addition to positive replication regulators, HR-HPV16, -18,
and -31 (and most likely all human alphapapillomaviruses) en-
code an alternative E2 protein, ESAE2C (E8/E2), which limits ge-
nome replication in undifferentiated cells (29, 30, 34). In line with
aprevious report (30), HPV16 E8AE2C knockout (E8 —) genomes
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replicated at 6.4-fold-higher copy numbers as extrachromosomal
elements in undifferentiated keratinocytes. Mutating the con-
served E8 residues K5/W6/K7 in HPV16 E8AE2C led to a specific
loss of transcription and replication repression (Fig. 1) compara-
ble to that of HPV31 E8AE2C KWK mt (35, 37). HPV16 E8§ KWK
mt genomes replicated at even higher levels than E8 — genomes,
demonstrating that the E8 domain is largely responsible for the
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FIG 8 E8AE2C transcripts are present in organotypic cultures. Quantitation
of HPV16 E8AE2C transcripts in total RNA from undifferentiated (U) or dif-
ferentiated (D) HPV16 wt cell lines by qPCR using PGK1 as a reference gene.
Copy numbers are derived from plasmid dilutions of pSG 16 UTR E8AE2C
and hPGK1 pEF-IRES-P plasmids measured in parallel. Data represent the
averages for four (monolayer) or three (organotypic cultures) independent
RNA preparations for each cell line, and error bars indicate the standard errors
of means.

inhibition of HPV16 genome replication in undifferentiated cells.
The increased copy number of E§ KWK mt genomes compared to
that of E8— genomes is most likely not a consequence of the mu-
tations in the overlapping E1 gene (Fig. 1C). Both HPV16 and
HPV31 ESAE2C KWK mt not only lose the ability to repress tran-
scription and E1/E2-dependent replication but slightly activate
transcription from synthetic promoters but not the URR (Fig. 1B)
(37). Thus, it is possible that the ESAE2C KWK mt moderately
activates viral promoters other than P97 and that this contributes
to the increase in copy numbers compared to those of the E8—
genome. The overreplication of HPV16 E8 KWK mt genomes
confirms and extends observations obtained for HPV31 and, since
the HPV16 ESAE2C KWK mt was expressed at higher levels than
the wt protein, challenges the view that alternative E2 proteins act
mainly via their DNA-binding domain/dimerization domain by
binding site competition or formation of inactive heterodimers
with E2 (35, 37). It rather suggests that HPV16 E8AE2C, like
HPV31 E8AE2C, functionally interacts with the cellular corepres-
sors HDAC3 and NCoR to inhibit transcription and DNA repli-
cation (38, 39). Interestingly, E8 mutations not only increased
viral copy numbers but also upregulated viral early and late tran-
scription in undifferentiated cells (Fig. 3).

Based on E8AE2C’s functions in undifferentiated cells, we rea-
soned that a differentiation-dependent loss of ESAE2C repression
activity might contribute to late promoter activation and/or ge-
nome amplification. If E8AE2C activity were completely abol-
ished in suprabasal cells, the levels of viral genome replication and
late viral transcripts should be similar in cell lines with wt or
E8AE2C knockout HPV16 genomes upon differentiation.

After differentiation of HPV16 wt and E8 mt cell lines, we
examined differentiation markers, cellular DNA replication pro-
teins, viral genome amplification, viral early and late transcrip-
tion, and late viral protein expression. Interestingly, no striking
changes in morphology or differentiation were evident between
wt and E8 mt organotypic cultures. Similar to undifferentiated
cultures, both E8 mt cell lines showed greatly increased E6 and E7
transcript levels, but no obvious changes in the number of cells
positive for or expression levels of the cellular DNA replication
proteins MCM2, MCM7, and PCNA were evident. This may in-
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dicate that E6 and E7 levels produced from wt HPV16 genomes
are sufficient to completely reactivate DNA replication in su-
prabasal cells and this cannot be further enhanced. Previous in-
vestigations also did not observe differences in the growth rates of
HPV16 wt and HPV16 E8— cell lines in monolayer cultures,
which further supports the idea that increased E6 and/or E7 levels
do not necessarily affect cell growth (30).

Not only the wt but also E8— and E8 KWK mt genomes were
further amplified by differentiation, reaching significantly higher
levels than the wt (Fig. 6A). E8 mt cell lines also displayed an
increased number of cells positive for the late viral proteins E4 and
L1, which correlated with higher L1 transcript levels than those of
wt cells (Fig. 6B and 7). This could be due to two different scenar-
ios: (i) ESAE2C acts mainly in undifferentiated cells, and the
higher copy numbers and viral transcript levels of the E8 mutants
in differentiated cells are a consequence of the already increased
copy numbers in undifferentiated cells, or (ii) E8AE2C acts in
both undifferentiated and differentiated cells to limit viral tran-
scription and genome replication. Our data favor the second
model, since E8AE2C transcripts are also present in cells grown in
organotypic cultures (Fig. 8). Unfortunately, no specific antibod-
ies against HPV16 E8AE2C are currently available that would al-
low analysis of the distribution of ESAE2C during the productive
replication cycle. Furthermore, a loss of ESAE2C repression activ-
ity upon differentiation is not likely because the wt never reached
the copy numbers of the mt genomes and the relative genome
amplifications upon differentiation are similar between wt (5.6-
fold) and E8— (4.8-fold) genomes (Fig. 6B). The lower relative
amplification of E8 KWK mt genomes (~2-fold) upon differen-
tiation (Fig. 6B) might be due to already higher copy numbers in
undifferentiated cells and the possibility that cellular proteins re-
quired for HPV amplification are limiting in suprabasal cells.

Since the viral late promoter is mainly responsible for L1 and
E4 expression upon differentiation, our data suggest that ESAE2C
inhibits not only the major early promoter P97 but also the late
promoter in differentiating cells. This could occur via conserved
E2 binding sites in the URR, since E8AE2C, in contrast to E2, has
a long-distance repression activity that is dependent upon the E8
domain (27, 37). However, inhibition of the late promoter could
also be an indirect consequence of ESAE2C’s ability to repress
genome replication, since the HPV31 late promoter is influenced
by viral copy number (49). Taken together, these data indicate
that ESAE2C limits productive replication of HPV16 by inhibiting
genome amplification and capsid protein synthesis.

The tissue culture experiments described here and by Lace et al.
(30) have not revealed obvious disadvantages for the host cell
when E8AE2C cannot be expressed by the HPV16 genome. This
raises the intriguing question of why HPV16 maintains the ex-
pression of ESAE2C. One possibility is that in vivo, ESAE2C is
required to prevent high-level expression of early proteins and
spurious viral late protein expression in undifferentiated cells to
minimize detection by the host immune system. As a trade-off,
E8AE2C may also partially limit genome amplification and late
protein expression in cells where virus production takes place.
Alternatively, EAE2C may be required for the regulation of cel-
lular genes, and this may be relevant only for virus production in
vivo. Interestingly, HPV16 E8 — genomes can be stably maintained
in NHK as episomes, whereas HPV31 E8 — genomes integrate into
the host cell genome (30, 34). This could also indicate that the
inhibition of productive replication by E8AE2C is a peculiar fea-
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ture of HPV16 and might be related to carcinogenicity in vivo.
Future studies using ESAE2C knockout mutants of different PV
types are required to solve these questions.
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