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The adenovirus E1A C-terminal region restrains oncogenic transformation through interaction with three distinct cellular pro-
tein complexes that include the DYRK1A/1B/HAN11 complex. The E6 proteins of beta-human papillomaviruses (beta-HPVs)
also interact with the DYRK1/HAN11 complex. A variant of HPV5 E6 frequently found in epidermodysplasia verruciformis skin
lesions interacted less efficiently with DYRK1A/HAN11. The E6 variant and E7 of HPVS5 efficiently coimmortalized primary epi-
thelial cells, suggesting that naturally arising variants may contribute potential oncogenic activities of beta-HPV E6 proteins.

Functional commonality is a prominent theme by which the
oncoproteins of small DNA tumor viruses such as the polyo-
maviruses, papillomaviruses, and adenoviruses subvert cell
growth-regulatory activities. It is well known that the transform-
ing proteins of these viruses target the tumor suppressor protein
P53 to inactivate its cell growth-inhibitory activities (reviewed in
reference 1). The second example is the targeting of the retinoblas-
toma protein (pRb) by which the viral proteins such as adenovirus
E1A, simian virus 40 (SV40) T antigen, and human papillomavi-
rus (HPV) E7 disable the cell cycle restriction imposed by retino-
blastoma family proteins (reviewed in references 2 and 3). Since
these viruses infect quiescent target cells, they induce a cellular
proliferative state to facilitate their DNA replication by inactivat-
ing the cell cycle regulatory checkpoints conferred by antiprolif-
erative molecules such as p53 and pRb. The transforming protein
E4-ORF1 of HAdv9 and E6 proteins of high-risk HPVs have been
shown to target the epithelial cell tight junction and polarity pro-
teins, such as hDgl-1, Scribble, and PATJ, through conserved
PDZ-binding motifs to disrupt epithelial differentiation and pro-
mote oncogenesis (4).

Studies on the transforming activities of HAdv5/2 E1A pro-
teins have revealed that the N-terminal region of E1A promotes
cell proliferation and inhibits cell differentiation to mediate onco-
genic cell transformation (5) by interacting with retinoblastoma
family proteins, p300/CBP (6, 7), and p400/TRRAP protein com-
plexes (8-10). In contrast to the N-terminal region, the C-termi-
nal region antagonizes cell proliferation (11) and differentiation
activities (12, 13). Deletion of the C-terminal region in HAdv5/2
E1A confers a hypertransforming function to E1A (12, 14-17).
The transformed cells that express the E1A C-terminal mutants
and the activated Ras oncogene are also highly tumorigenic and
metastatic (14, 17). The E1A C-terminal region interacts with
three different protein complexes, FOXK1/K2, DYRKI1A/1B/
HANI11 (referred to here as DYRK1/HANI11), and CtBP1/2 to
collectively confer the tumor-restraining activity to the E1A C-ter-
minal region (11).

Of the more than 120 known human papillomaviruses
(HPVs), a predominant number belong to the genus beta. Unlike
the alpha-HPVs, which are linked to anogenital and head and neck
cancers, the beta-HPVs are less extensively studied. Certain beta-
HPV species have been linked to the development of nonmela-
noma skin cancers (18). More than 40 different beta-HPVs have

July 2013 Volume 87 Number 13

Journal of Virology p. 7781-7786

been identified in the hyperproliferative skin lesions seen in pa-
tients suffering from the genetic disorder epidermodysplasia ver-
ruciformis (EV) (19-22). About half of these patients develop
squamous cell carcinoma (SCC) in sun-exposed areas by the time
they reach midlife (22). As the EV lesions progress to SCC, there
appears to be a selective prevalence of certain HPV species, such as
HPV5 and HPVS (21). By analogy to alpha-HPVs, it is believed
that the E7 and E6 proteins of beta-HPVs may play critical roles in
the overall viral biology and in potential oncogenic transforma-
tion. The beta-HPV E6 proteins have been reported to suppress
UV-induced apoptosis by interacting with the proapoptotic mol-
ecule BAK and targeting it for degradation (23, 24). Recent pro-
tein-protein interaction studies using affinity purification and
mass-spectrometric analyses and yeast two-hybrid interaction ap-
proaches identified interactions with cellular proteins such as
MAMLI, p300, and Ccr4-Not (25-28). These studies have pro-
vided novel insights into the functions of beta-HPV E6 proteins.

Earlier, we reported that both HAdv5 E1A and E6 proteins of a
subgroup of cutaneous beta-HPVs (HPV14 and 21) contain a Ser/
Thr-rich FHA (forkhead-associated domain)-binding motif and
interact with the forkhead transcription factors FOXK1 and -K2 to
suppress cell proliferation and transformation (11). The E6 pro-
tein of HPV20 [prevalent in several SCCs (29)] also contains the
FHA-binding motif, but with a single amino acid substitution that
prevents interaction with FOXK1/K2. The apparent similarity be-
tween HAdv5 E1A and E6 proteins of HPV14/21 prompted us to
examine whether the similarity between the E1A C terminus and
the E6 proteins of beta-HPVs extends beyond FOXK1/K2 interac-
tion. Here, we report that the E6 proteins of several beta-HPVs
interact with the DYRK1/HAN11 complex and certain E6 variants
of HPV5 and HPV8 associated with human pathologies are defi-
cient in such interaction.

E6 proteins of beta-HPVs interact with DYRK1A/1B/HAN11
complex. Although no specific sequence motif in HAdv5 E1A that
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FIG 1 Interaction of DYRKIA with HPV21 E6 protein. (A) Homology be-
tween the C-terminal region of EIA and the N-terminal regions of 21/14E6.
The E1A deletion mutants that are defective in interaction with different cel-
lular protein complexes are indicated. E1A mutants d/1133 and dI1134 are
defective in interaction with the DYRK1/HAN11 complex. (B) Mutants of
21E6. (C) Immunoprecipitation analysis of DYRKIA interaction with 21E6.
The E6-GFP-Flag fusion proteins of wt 21E6 or E6 mutants (codon optimized)
were transiently expressed in 293 cells using the Tet-GFP-inducible vector and
immunoprecipitated with the Flag antibody (Ab) as described previously (11).
The Western blots were probed with Abs specific to DYRK1A, FOXK1, or the
Flag epitope.

mediates the interaction with DYRK1A/1B has been identified, the
CR4 region involved in this interaction is conserved among dif-
ferent HAdv E1A proteins (30). Visual examination of HPV14/21
E6 sequences adjoining the FHA-binding motif revealed a limited
sequence similarity (Fig. 1A). We constructed five different mu-
tants in HPV21 E6 (21E6) (Fig. 1B) and carried out coimmuno-
precipitation and Western blot analyses to determine their ability
to interact with endogenous DYRK1A (Fig. 1C). Immunoprecipi-
tation of the Flag-tagged 21E6-green fluorescent protein (GFP)
fusion protein revealed readily detectable interaction of DYRK1A
with wild-type (wt) 21E6-GFP. A deletion mutant encompassing
the N-terminal residues 20 to 48 (mt 1, A20—48) was defective in
interaction with DYRK1A. A second deletion mutant, mt 2 (A46—
62), interacted weakly. Based on these results, we hypothesized
that a bipartite sequence motif within the N-terminal region en-
compassing the sequences deleted within mt 1 and 2 might medi-
ate interaction with DYRK1A. We then made amino acid substi-
tution mutants (mt 3 and mt 4) (Fig. 1B) by converting certain
conserved residues within each motif. Immunoprecipitation stud-
ies revealed that both mutants interacted with DYRKIA like wt
21E6 (Fig. 1C). In contrast, a mutant (mt 5) that contained a
combination of the mutations in mt 3 and mt 4 was deficient in
interaction with DYRK1A. It should be noted that mt 5 interacted
with FOXK1, showing that the mutation did not alter the overall
structure of E6. These results suggest that 21E6 may interact with
DYRKI1A through two redundant sequence motifs within the N-
terminal region.

We then tested whether E6 proteins of other beta- and alpha-
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HPVs interact with DYRK1A. Coimmunoprecipitation/Western
blot analysis revealed that the E6-GFP proteins of HPV21, -14,
and -20 and HPV5 interacted well with endogenous DYRK1A and
HANT11 (Fig. 2A) and endogenous DYRK1B (data not shown). In
contrast, l6E6-GFP did not interact with any of the three proteins
in spite of relative overexpression of 16E6. We further ascertained
the interaction pattern by cotransfection of both E6 and GFP-
DYRKIA (Fig. 2B). We also investigated the interaction of
DYRKI1A with other E6 proteins (Fig. 2C). While DYRKIA inter-
acted with transiently expressed 8E6 (beta-HPV), it did not inter-
act with 11E6 (low-risk alpha-HPV) (Fig. 2C, left). We observed
prolific interaction of endogenous DYRKIA with 8E6 expressed
from an HAdv5 vector that expresses 8E6 (Fig. 2C, right). We also
observed the interaction of DYRK1A and DYRK1A-GFP in a GST
pulldown assay with GST-21E6, GST-5E6, and GST-8E6 (Fig.
2D). Thus, the results presented in Fig. 1 and 2 suggest that the E6
proteins of different beta-HPVs (HPV14, -20, -21, -5, and -8)
interact with the DYRK1/HAN11 complex, like HAdv5 E1A.

Interaction of DYRKI1A with EV and cancer-associated E6
variants. The premalignant and malignant lesions associated with
EV contain the DNA sequences of HPV5 and HPV8 DNA (31—
33). Sequence analysis of a number of HPV5 (subtype a) isolates
from EV lesions were found to contain mutations predominantly
in the N-terminal region of E6 (31) that encompasses the DYRK1-
interacting region that we have identified here. Although various
isolates contained multiple mutations, the E6 open reading frame
(ORF) of all EV isolates contained a Ser residue at position 21,
while the prototype of 5E6 (subtype al) contained a Leu residue at
that position. We chose to determine the pattern of interaction of
DYRKI1A with selected number of E6 variant proteins (Vt P5-1, Vt
P5-2, and subtype 5b) (Fig. 3). Although GenBank contains only a
limited number of HPV8 E6 variant sequences, two of the 8E6
variants found in the data bank also contained multiple mutations
in the N-terminal region (Fig. 3A). We also chose to determine the
pattern of interaction of DYRK1A with the prototype 8E6 and one
of the variants found in a genital carcinoma in situ (34) (desig-
nated here as Vt 1). The interaction of selected E6 variants with
endogenous DYRK1A (Fig. 3B) or transfected GFP-DYRKIA
(Fig. 3C) was determined by immunoprecipitation and Western
blot analysis. Among the 5E6 variants examined, variant Vt P5-1
(L21S) interacted with endogenous DYRK1A (Fig. 3B) and GFP-
DYRKI1A (Fig. 3C) at reduced levels. Similarly, 8E6 Vt 1 was also
deficientin interaction with endogenous and GFP-DYRKIA com-
pared to the prototype 8E6. Similar patterns of DYRKIA interac-
tions with 5E6 and 8E6 and the variants were also observed with
the GST-E6 pulldown assays (data not shown). In addition to 8E6
Vt 1, adifferent mutant that was engineered to contain only one of
three substitutions (L46—F) also interacted with DYRKI1A at a
much reduced level in the coimmunoprecipitation studies (Fig.
3C, right). These results suggest that the E6 proteins of some of the
EV-associated variants of HPV5 and a cancer-associated variant of
8E6 are deficient in interaction with DYRKIA.

Immortalization of epithelial cells by 5E6. At present there
are no well-developed immortalization and cell transformation
assays for human beta-HPV E7 and E6 genes. During extensive
preliminary studies, we observed that a lentiviral vector that ex-
pressed codon-optimized E7 and E6 of HPV5 or HPV16 induced
cell proliferation and immortalization of primary baby rat kidney
(BRK) cells (Fig. 4), while the lentiviral vectors that expressed
nonoptimized E7 and E6 were unable to immortalize BRK cells
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FIG 2 Interaction of DYRK1/HAN11 complex with different beta-HPV E6 proteins. (A) Interaction with endogenous DYRKIA and HAN11. Flag-tagged
E6-GFP fusion proteins were expressed using the Tet-inducible vector and immunoprecipitated with the Flag Ab, and the Western blots were probed with Abs
specific to DYRK1A, HAN11, or the Flag epitope. (B) Interaction with GFP-DYRKIA. The different E6-GFP-Flag fusion constructs were cotransfected with a
GFP-DYRKIA construct and immunoprecipitated with the Flag Ab, and the Western blots were probed with the DYRK1A Ab or the Flag Ab. Bands correspond-
ing to GFP-DYRKIA and endogenous DYRK1A are indicated. (C) Interaction of DYRK1A with 8E6. The interactions of endogenous DYRK1A with Flag-tagged
8E6-GFP and 11E6-GFP fusion proteins are shown on the left. The interaction of endogenous DYRK1A with Flag-8E6 expressed from an HAdv5 vector in C33A
cells is shown on the right. Plasmid vectors that express 5E6-Flag-GFP, 14E6-Flag-GFP, and 20E6-Flag-GFP were described earlier (11). Plasmid vectors that
express 8E6, 11E6, and 16E6 as Flag-GFP fusion proteins were constructed by cloning synthetic oligonucleotides containing codon-optimized E6 ORFs in the
vector pTet-Flag-GFP. The HAdv5-8E6 recombinant virus was constructed using the transfer vector pLend and the HAdv5 genomic vector pPBHGE3 as described
previously (38). (D) GST pulldown assay. Bacterially expressed GST, GST-5E6 wt, GST-8E6 wt, and GST-21E6 wt proteins were incubated with the whole-cell
lysate from HeLa cells transfected with GFP-DYRK1A and processed as described earlier (14) and analyzed by Western blotting using the DYRK1A Ab. The
Western blots of input samples were probed with the GST Ab.

Lysate

(results not shown). Also lentiviral vectors that expressed codon-  HAdv5/2 E1A interacts with DYRKI (11, 35) and its cofactor
optimized 21E7 and 21E6 or 8E7 and 8E6 were unable to immor- HAN11 (11). Sequence comparison between the E1A CR4 region
talize BRK cells (results not shown). We used the BRK immortal-  that is required for DYRK1 interaction and the E6 proteins of
ization assay to determine the effect of DYRK1 interaction with HPV21/14 and targeted mutagenesis of HPV21 E6 resulted in our
HPV5 E6. While BRK cells transduced with the control vector identification of a bipartite sequence element that mediates
became senescent and did not survive after the first splitting, cells DYRK1 interaction. In an earlier report, we showed that the E6
transduced with 5E7-5E6 wt, 5E7-5E6L21S, or 16E7-16E6 prolif-  proteins of benign HPV21/14 contain a unique N-terminal Ser/
erated for an additional passage at comparable levels. However, Thr-rich motif (FHA-interacting motif) similar to HAdv5 E1A
the proliferation of cells expressing 5E6 wt or 5E6L21S differed and interact with the transcription factors FOXK1/K2 (11). The
significantly thereafter. In three of five independent experiments, ~FHA-interacting motif is absent in the E6 proteins of other beta-
cells transduced with 5E7-5E6 induced cell proliferation, and cells  HPV E6 proteins. Like the E6 proteins of HPV21/14, only the E1A
were passaged beyond 12 to 15 passages. All cells that went beyond  proteins of group C HAdvs (nontumorigenic) contain the FHA-
passages 12 to 15 were considered immortalized, and they contin-  interacting motif. In contrast, the E1A CR4 region involved in
ued to grow beyond these passages. BRK cells transduced with  DYRK1/HAN11 complex is conserved among the E1A proteins of
5E7-5E6L21S induced more efficient cell proliferation in all five  all primate Advs (30). Similarly, our present results indicate that at
independent experiments and resulted in continuously growing least five beta-HPV (HPVS5, -8, -14, -20, and -21) E6 proteins
immortalized cell lines (Fig. 4). Interestingly, vectors that ex- interact with the DYRK1/HAN11 complex. Thus, the N-terminal
pressed codon-optimized 16E7 and 16E6 also induced enhanced  regions of the E6 proteins of beta-HPVs appear to be functionally
cell proliferation and immortalized cell lines in all five indepen-  similar to the C-terminal region of E1A. It is unclear why a recent
dent experiments. These results suggest that interaction of unbiased proteomic study (28) and two hybrid interaction studies
DYRK1/HANI11 with 5E6 may retard cell proliferation. Thisresult ~ (27) did not identify DYRK1/HANI11 interaction with the beta-
is reminiscent of HAdv5 E1A mutants that are defective in inter- HPV E6 proteins. A major difference might that we used transient
action with DYRK1/HANI1 that also induced cell hyperprolifera-  overexpression of different E6 proteins. Further, potential amino

tion and cell transformation (11). acid sequence variations in the N-terminal region of 5E6 and 8E6
Here we have demonstrated that the E6 proteins of several used by different groups may also contribute to the difference.
beta-HPVs interact with the cellular protein complex DYRK1/ An important outcome of our study is that naturally arising

HANII. Previously, we and others showed that the CR4 region of ~ polymorphic variants of 5E6 and 8E6 differed in their ability to
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FIG 3 Interaction of DYRK1A with 5E6 and 8E6 variants. (A) N-terminal amino acid sequences of 5E6 and 8E6 variants. The amino acids that are different from
the prototype E6 proteins are highlighted in black. The bipartite motif implicated in DYRK1/HAN11 interaction of 21E6 and the homologous sequences in 5E6
and 8E6 are indicated by grey shading. (B) Interaction of endogenous DYRKIA. The interaction of endogenous DYRKI1A with Flag-tagged E6-GFP fusion
proteins of 5E6 and 8E6 was determined as for Fig. 1. The variants deficient in DYRK1A interaction are circled. (C) Interaction of GFP-DYRKIA with E6 variants.
The interaction of E6 variants with exogenously introduced GFP-DYRKIA was determined as for Fig. 2.

interact with the DYRK1/HAN11 complex. While the E6 protein
of the prototype strain of HPV5 (strain 5al) contains a Leu21
residue, the E6 proteins of several EV-associated strains contain a
Ser residue at that position. The Ser21 substitution in the E6 pro-
tein of 5al reduced the level of DYRKI1A interaction. Interestingly,
the L21S mutation in 5E6 also enhanced the immortalization ac-
tivity of the 5E7-E6 lentiviral construct. Although the E6 proteins
of other variants, such as P5-2 and strain 5b, contain the L21S
substitution, they contain additional mutations in the vicinity
(Fig. 3A). These E6 proteins interacted with DYRK1A better than
the L21S-alone variant (e.g., Vt P5-1), suggesting that other se-
quences within the N-terminal region of 5E6 influence the level of
DYRKIA interaction. In general, 8E6 interacted with DYRK1A
more efficiently than other E6 proteins. An 8E6 variant found in a
human neoplasm contained three mutations at the N-terminal
region (Fig. 3A) and was strongly defective in interaction with
DYRKI1A (see below).

Among the lentiviral vectors that expressed the E7 and E6 pro-
teins of HPV5, HPV8, HPV21, and HPV16, only vectors that ex-
pressed HPV5 or HPV16 proteins were able to extend the life of
primary BRK cells, leading to immortalization. The expression of
5E7 and 5E6L21S resulted in efficient proliferation (comparable
to that of 16E7-E6) of BRK cells, resulting in immortalization.
These results are consistent with the results showing that E1A
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mutants defective in interaction with DYRK1/HAN11 are hyper-
transforming (11). Our results raise the possibility that naturally
arising variants of 5E6 may contribute to their potential oncogenic
activities in humans. Interestingly, variants of HPV16 E6 have
been found to be prevalent in invasive cervical carcinomas (36,
37). Analyses of the 5E6 sequences found in the GenBank indicate
that most of the mutations in 5E6 EV-associated variants are clus-
tered in the N-terminal region. The mutations in the 8E6 variants
were also clustered in the N-terminal region. One of the cancer-
associated variants (8E6 Vt 1) that we have analyzed was strongly
defective in interaction with the DYRK1/HAN11 complex. Al-
though we were unable to determine the transforming activity of
8E7-E6, the observation that a cancer-associated variant is defec-
tive in DYRK1 interaction suggests that potential oncogenic vari-
ants of 5E6 (e.g., L21S) and 8E6 (e.g., Vt 1) may be deficient in
interaction with the DYRK1/HAN11 complex. As the EV lesions
progress to cancer, there appears to be a selective enhancement of
HPV5 and HPV8 among different HPVs. It is possible that at least
some of the naturally arising variants of E6 (such as 5E6P5-1 and
8E6 Vt 1) may contribute to oncogenic progression of EV lesions.

In summary, our study has discovered a second functional sim-
ilarity between the C-terminal region of adenovirus E1A and the
N-terminal region of the E6 proteins of cutaneous HPVs. By anal-
ogy to E1A, the functions encoded by the N-terminal regions of
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FIG 4 Immortalization of BRK cells by HPV E7 and E6. Lentiviral constructs that express HA-tagged E7 and Flag-tagged E6 (with an intervening internal
ribosome entry site [IRES] sequence for E6 translation) were generated using the vector pPCDH-MCS-EF1-Puro (System Biosciences). Lentiviral particles were
generated by transfection of 293 T cells with the pPCDH-HPV plasmids pVSVG and pCMVA8.2AVPR (39) using the Lipofectamine reagent. The BRK cells were
infected with the virus for 2 to 4 h in the presence of Polybrene (8 wg/ml), and the cells were subjected to puromycin selection (0.25 pg/ml). When the cells
reached about 80% confluence, they were split to 1:2, serially. The number of passages was plotted against weeks of propagation. For each construct, columns 1
to 5 show results of five independent immortalization assays. The expression of Flag-E6 proteins in immortalized BRK cell lines that express SE6 wt or SE6L21S
is shown in the inset. The Flag-E6 proteins were immunoprecipitated with the Flag Ab, and the Western blots were probed with the same Ab.

the E6 proteins may have evolved to facilitate viral replication by
promoting the level of epithelial differentiation by subverting the
functions of cellular protein complexes such as FOXK1/K2 and
DYRK1/HANI11. As the cutaneous EV lesions progress to squa-
mous cell carcinoma in sun-exposed areas (22), naturally arising
E6 mutants of HPV species such as HPV5 and HPV8 may lose
their ability to promote epithelial-cell differentiation in favor of
oncogenic transformation. Our results that both E1A and E6 pro-
teins target the DYRK1/HAN11 protein complex may facilitate
elucidation of the mechanism by which the viral proteins may
alter the functions of DYRK1/HAN11 complex.
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