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The minor capsid protein L2 of human papillomaviruses (HPVs) has multiple functions during the viral life cycle. Although L2 is
required for effective invasion and morphogenesis, only a few cellular interaction partners are known so far. Using yeast two-
hybrid screening, we identified the transcription factor TBX2 as a novel interaction partner of HPV type 16 (HPV16) L2. Coim-
munoprecipitations and immunofluorescence analyses confirmed the L2-TBX2 interaction and revealed that L2 also interacts
with TBX3, another member of the T-box family. Transcription of the early genes during HPV infection is under the control of
an upstream enhancer and early promoter region, the long control region (LCR). In promoter-reporter gene assays, we observed
that TBX2 and TBX3 repress transcription from the LCR and that this effect is enhanced by L2. Repression of the HPV LCR by
TBX2/3 seems to be a conserved mechanism, as it was also observed with the LCRs of different HPV types. Finally, interaction of
TBX2 with the LCR was detected by chromatin immunoprecipitation, and we found a strong colocalization of L2 and TBX2 in
HPV16-positive cervical intraepithelial neoplasia (CIN) I-II tissue sections. These results suggest that TBX2/3 might play a role
in the regulation of HPV gene expression during the viral life cycle.

Human papillomaviruses (HPVs) are small, nonenveloped vi-
ruses that infect stratified squamous epithelia of the skin or

mucous membranes, inducing a variety of hyperproliferative le-
sions (1). The mucosotropic HPVs are classified as either low-risk
or high-risk types. Lesions resulting from high-risk HPV infec-
tions (e.g., HPV type 16 [HPV16], HPV18, and HPV31) can prog-
ress to cervical and other cancers (2, 3). The icosahedral capsid of
HPVs consists of 360 copies of the major capsid protein L1 (4, 5)
and up to 72 copies of the minor capsid protein L2 (6). During
HPV infection, L2 is required for the egress of the viral genome
from endosomes (7) and for the dynein-mediated transport of the
viral genome along microtubules to the nucleus (8–10). In the
final steps of viral entry, L2 chaperones the viral genome to nu-
clear domain 10 (ND10), where initial transcription of the viral
genes takes place (11). Transcription of the early viral proteins E6
and E7, representing the transforming oncogenes in high-risk
HPVs, is controlled by an upstream enhancer sequence, the long
control region (LCR) (also called the upstream regulatory region
[URR]), which comprises the early promoter. A complex array of
cellular and viral factors binds to the LCR and regulates expression
of the early viral genes (12–21). The composition of the factors
binding and regulating the LCR is dependent on differentiation of
the host keratinocytes (22, 23). In the granular cell layers, the
activation of the late promoter drives the expression of the capsid
proteins L1 and L2 (24–26). Besides its importance in viral entry,
L2 plays a major role during virus morphogenesis. L2 reorganizes
ND10 protein composition and recruits L1 into these subnuclear
structures, promoting assembly of papillomaviruses (27, 28). In
addition, L2 might be required for efficient DNA packaging into
HPV virions (29–31).

T-box proteins are transcription factors with a highly con-
served DNA-binding domain, the T box, which recognizes a pal-

indromic DNA sequence or the corresponding half-site (32, 33).
The family of T-box genes contains 16 members in humans, which
are classified into five subgroups, T, TBR1, TBX1, TBX2, and
TBX6 (34). T-box proteins play important roles in metazoan de-
velopment (35). TBX2 and TBX3 are members of the TBX2 sub-
family and act as transcriptional repressors (36, 37). Both were
first reported to be involved in embryonic development. TBX2
especially influences the development of the heart, limbs, and
mammary glands (38–40). Haploinsufficiency of TBX3 results in
ulnar-mammary syndrome (41). Recent studies suggest that
TBX2 and TBX3 are also associated with cancer development.
Overexpression of TBX2 and TBX3 has been found in various
cancers, including breast, pancreas, melanoma, ovarian, liver,
lung, and cervix cancers (reviewed in reference 42). TBX2 and
TBX3 can both function as immortalizing genes, enabling cells to
circumvent senescence (43, 44) by repressing p14ARF/p19ARF (44,
45) and p21CIP1 (46). Other genes repressed by TBX2/3 are the
TRP-1, Connexin 43, NDRG1, and E-cadherin genes (36, 47–49).
A recent study identified further potential targets regulated by
TBX2 and showed that interaction of TBX2 with the retinoblas-
toma protein Rb1 enhances TBX2 DNA binding and transcrip-
tional repression (50).

In this study, we identified the transcription factors TBX2 and
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TBX3 as novel cellular interaction partners of the HPV16 capsid
protein L2. In addition, promoter-reporter gene assays showed
that TBX2 and TBX3 repress the LCRs of different HPV types and
that this effect is enhanced by L2. The results suggest that TBX2
and/or TBX3 is involved in the control of HPV transcription.

MATERIALS AND METHODS
Plasmids. The pT-REx-DEST30/TBX2-3�FLAG and pT-REx-DEST30/
TBX3-3�FLAG expression vectors were constructed by A. Legler (un-
published data). FLAG-tagged expression vectors for the murine Tbx2
wild type (wt) and the DNA-deficient binding mutant Tbx2 R122/123E
(49) were provided by Colin R. Goding, Oxford, United Kingdom. To
construct a yellow fluorescent protein (YFP)-L2 expression vector, L2 was
amplified from codon-optimized HPV16 L2 (51) using the forward
primer 5=-AAAGGATTCACCATGAGGCACAAGAGG-3= and the re-
verse primer 5=-AAAGGATTCGGCGGCCAGGCTCAC-3=. The DNA
fragment was inserted into the BamHI site of pEYFP-C1 (Clontech). L21-380

was amplified with the forward primer 5=-AAAGAATTCATGGACCCCG
ACTTCCTGGAC-3= and the reverse primer 5=-TTTCTCGAGTCAGGT
GGTGCTGGTGTCGG-3= and inserted into the EcoRI-XhoI site of
pcDNA3.1(�) (Invitrogen). pdEYFP-C1amp/TBX2 was obtained from
imaGenes. The promoter reporter plasmids pGL3-P97 (19), pGL3 HPV16
LCR (12), pGL4.20 HPV11 LCR (Addgene plasmid 22858), and pGL4.20
HPV18 LCR (Addgene plasmid 22859) (52) were provided by Iwao Ku-
kimoto, Tokyo, Japan; Lucia Pirisi, Columbia; and Peter M. Howley, Bos-
ton, MA. pGL4.20 HPV16 LCR was cloned by isolating the HPV16 LCR
(12) with HindIII, blunting it with Klenow, and ligating it into the
pGL4.20 SacI-BglII site (Klenow blunted). To monitor transfection effi-
ciencies, the pSV-�-galactosidase control vector (Promega) was used.
Cloning details and primer sequences for generation of the LCR deletion
mutant reporter vectors are available on request.

Antibodies. LexA-L2 280 to 473 bait expressed in yeast strain L40 was
detected with monoclonal anti-LexA antibody (sc-7544; Santa Cruz Bio-
technology) and hemagglutinin (HA)-tagged TBX2 prey with monoclo-
nal anti-HA antibody (16B12; Covance). For detection of YFP and YFP
fusion proteins after Western blotting, the monoclonal antibody Jl-8
(Clontech) was used. FLAG-tagged proteins were stained with polyclonal
anti-FLAG antibody (Rockland) in immunofluorescence assays and with
monoclonal anti-FLAG (M2; Sigma-Aldrich) in immunoblots. L2 was
stained with mouse monoclonal L2-1 antibody (53), and detection of
�-actin as an input control in Western blots was done with monoclonal
anti-�-actin antibody (AC-15; Sigma-Aldrich). Promyelocytic leukemia
protein (PML) bodies were detected with monoclonal mouse anti-PML
(PG-M3; Santa Cruz). Immunofluorescence staining of TBX2 in tissue
sections was done with polyclonal rabbit anti-TBX2 antibody
(HPA008586; Sigma-Aldrich), and L1 was detected with a polyclonal an-
ti-L1 antiserum (K75) (54). HPV18 E6 Western blots on polyvinylidene
difluoride (PVDF) were probed with a monoclonal mouse anti-HPV18 E6
antibody (sc-365089; Santa Cruz Biotechnology) and Western blots of
endogenous TBX2 with a polyclonal goat anti-TBX2 antibody (sc-17880).
Highly cross-absorbed Alexa Fluor-conjugated secondary antibodies for
immunofluorescence staining were purchased from Invitrogen.

Yeast two-hybrid screening. Yeast two-hybrid screening with L2
(amino acids 280 to 473) as bait and with a cDNA library (pJG4-5) derived
from human serum-starved WI-38 fibroblasts (55) was performed with
the Hybrid Hunter two-hybrid system (Invitrogen) and has been de-
scribed previously (10).

Cell culture and transfections. The human cervical carcinoma cell
line HeLa was purchased from the German Resource Centre for Biological
Material (DSMZ). HaCaT cells (human non-virus-transformed keratino-
cytes) were obtained from Cell Lines Services (CLS), Eppelheim, Ger-
many. The human cervical carcinoma cell lines SiHa and CaSki were
kindly provided by W. Zwerschke, Institute for Biomedical Aging Re-
search, Innsbruck, Austria, and the human melanoma cell line WM266-4
was provided by M. Eisenhut, German Cancer Research Center (DKFZ),

Heidelberg, Germany. The cells were grown at 37°C in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 1% Glutamax I (Invitrogen), 1% modified Eagle’s medium, non-
essential amino acids, and antibiotics. Normal human epidermal kerati-
nocytes (NHEK) were purchased from PromoCell and cultivated accord-
ing to the manufacturer’s instructions. JetPEI DNA Transfection Reagent
(Polyplus Transfection) was used for transfections according to the man-
ufacturer’s instructions.

Immunofluorescence microscopy. Cells were grown and transfected
on coverslips; 24 h after transfection, the cells were washed and fixed with
methanol (�20°C; 10 min). The fixed cells were washed three times with
phosphate-buffered saline (PBS) and blocked for 30 min with PBS, 1%
bovine serum albumin (BSA). The coverslips were incubated for 1 h at
37°C with the indicated primary antibodies. After washing with PBS, the
coverslips were again blocked for 10 min with PBS-BSA and subsequently
incubated at 37°C with Alexa-conjugated species-specific secondary anti-
bodies (Invitrogen) for 45 min. The DNA was stained with Hoechst 33342
(Sigma) and is shown in blue. The coverslips were washed with PBS-BSA
and PBS and mounted onto slides using Fluoprep mounting medium
(bioMérieux). Images were acquired using a Zeiss Axiovert 200 M micro-
scope equipped with a Plan-Apochromat 1006 (1.4 numerical aperture
[NA]) and a Zeiss Axiocam digital camera. Axiovision software 4.7 was
used for merging images. Images were deconvoluted using the software
supplied by Zeiss (Axiovision 4.7). Tiffs were assembled into figures using
Photoshop CS (Adobe).

Immunostaining of tissue slices. HPV16-positive paraffin-embed-
ded cervix tissue slices were deparaffinized with Xylol two times for 20
min each time and rehydrated in decreasing concentrations of ethanol
(90, 70, and 50%) for 10 min each. The slices were rinsed with water and
boiled 3 times for 30 s in 10 mM citric buffer (pH 6.0). After that, the slices
were washed with PBS for 15 min and blocked with PBS-BSA (1%) for 1 h.
The staining was performed as described above, except that the first anti-
body was incubated overnight at 4°C. Images were acquired using a Zeiss
Axiovert 200 M microscope equipped with a Plan-Apochromat 1006 (1.4
NA) and a Zeiss Axiocam digital camera. Axiovision software 4.7 was used
for merging pictures. Colocalization of L2 and TBX2 was analyzed with
the LSM 710 (Carl Zeiss, Jena, Germany) and the LSM software ZEN 2008.

Coimmunoprecipitation assays. HeLa cells (9 � 105 cells) were
seeded on 60-mm dishes and transfected for 24 h with the indicated ex-
pression vectors. Immunoprecipitations of YFP and YFP-L2 were per-
formed with a �MACS anti-green fluorescent protein (GFP)-tagged Pro-
tein Isolation Kit (MACS molecular) according to the manufacturer’s
instructions. For immunoprecipitation of FLAG-tagged proteins, trans-
fected cells were washed with PBS and lysed in interaction buffer contain-
ing 150 mM NaCl, 1% Triton X-100, 50 mM Tris-HCl (pH 8.0), 1 mM
dithiothreitol (DTT), and protease inhibitor mixture (Halt protease in-
hibitor cocktail; EDTA free; Thermo Scientific). Lysates were treated 3
time for 20 s each time with an ultrasonifier (30% duty cycle; output
control, 30%; Branson Sonifier 250) and incubated for 30 min at 4°C on a
rotating wheel. Lysates were centrifuged for 10 min at 10,000 � g and 4°C.
The lysates were precleared with 50 �l protein A/G agarose (Santa Cruz
Biotechnology) and then incubated with 1 �l mouse monoclonal anti-
FLAG antibody (Sigma) for 1 h at 4°C on a rotating wheel and for another
hour after addition of 50 �l protein A/G agarose. The agarose was washed
with wash buffer containing 500 mM NaCl, 1% Igepal CA-630 (Sigma),
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl (pH 8.0), and
protease inhibitor mixture. The precipitates were boiled in 2.5� SDS
sample buffer and processed for Western blotting.

Luciferase reporter assays. Cells were seeded on 12-well plates and
transfected with a total of 1.7 �g of plasmid DNA/well, consisting of 0.5
�g luciferase reporter vector together with one of the following combina-
tions: 1 �g of control vector pT-REx-DEST30, 0.5 �g TBX2/3 plus 0.5 �g
pT-REx-DEST30, or 0.5 �g TBX2/3 plus 0.5 �g L2. In serial-dilution
assays, decreasing amounts of expression vector were replaced with con-
trol vector. To monitor transfection efficiency, 0.2 �g pSV-�-Gal (Pro-
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mega) or pcDNA3/�-Gal was added to each assay mixture. After 24 h, the
cells were lysed with Cell Culture Lysis Reagent (Promega), and the rela-
tive luciferase activity was measured with a luciferase assay system (Promega)
according to the manufacturer’s instructions using the luminometer Lumat
LB 9507 (Berthold Technologies). Lysates were additionally used to de-
termine �-galactosidase activity with �-Gal-Juice Plus (pjk) as a measure
of transfection efficiency. Luciferase activity values were normalized to the
�-galactosidase activity for HaCaT cells and NHEK. pSV-�-Gal and
pcDNA3/�-Gal were strongly regulated by TBX2/3 in HeLa cells; there-
fore, luciferase activity was not normalized to �-galactosidase activity in
HeLa cells. However, as normalization did not affect the values in HaCaT
cells and NHEK and HeLa transfections were done in parallel with HaCaT
cells and NHEK, using the same transfection master mixes, we conclude
that the values in HeLa cells are valid. Each experiment was done at least in
triplicate and repeated at least three times. Statistical significances (P �
0.05) were calculated with the t test (two-tailed; paired).

ChIP. For chromatin immunoprecipitation (ChIP), HeLa cells were
seeded on 15-cm dishes (1.6 � 106 cells/dish) and transfected for 48 h with
pT-REx-DEST30 or pT-REx-DEST30/TBX2-3�FLAG. Chromatin prep-
aration and immunoprecipitation were performed with the SimpleChIP
Enzymatic Chromatin IP Kit (Cell Signaling) according to the manufac-
turer’s instructions. Lysates were precleared with protein G magnetic
beads (preadsorbed with salmon sperm DNA [Clontech]) for 1 h at 4°C.
Part (3%) of the precleared lysates was stored as an input control, and the
rest was processed by overnight incubation at 4°C with anti-FLAG (M2;
Sigma-Aldrich) or control mouse IgG. Protein G magnetic beads (pread-
sorbed with salmon sperm DNA) were added, and incubation was con-
tinued for 2 h at 4°C. After washing, elution, cross-link reversal, and
proteinase K digestion, the precipitated DNA fragments were purified and
used as templates for PCR amplification to detect coprecipitation of the
HPV18 LCR with TBX2. The forward primer 5=-CTTGTACAACTACTT
TCATGTCC-3= and reverse primer 5=-GCGCCATAGTATTGTGGTGT
G-3= were used to amplify the 246-bp 3=-terminal fragment from nucleo-
tide (nt) 7735 to nt 124 of the HPV18 genome. PCR products were
separated by 2% agarose gel electrophoresis. Immunoprecipitation of the
HPV16 LCR with endogenous TBX2 was done with SiHa cells in a manner
similar to that described for HeLa cells. Endogenous TBX2 of SiHa cells
was precipitated with goat anti-TBX2 antibody (Santa Cruz Biotechnol-
ogy), and the coprecipitated HPV16 LCR was amplified with forward
(5=-CCTGTTTTCCTGACCTGCAC-3=) and reverse (5=-GTGACATTTA
GTTGGCCTTAGAAG-3=) primers, giving rise to a 220-bp DNA frag-
ment (HPV16 LCR nt 7561 to 7781).

Fluorescence-assisted cell sorting. HeLa cells were transfected for 48
h with YFP or YFP-TBX2, trypsinized, and resuspended in PBS-0.1%
FCS-1 mM EDTA. Sorting of transfected cells was done with a BD

FACSVantage SE at the FACS and Array Core Facility (FacsLab) of the
University Medical Center Mainz. Sorted cells were counted, and equal
amounts of cells were processed by Western blotting.

RESULTS
TBX2 binds to HPV16 L2 in a yeast two-hybrid screen. To iden-
tify new cellular interaction partners of HPV16 L2, yeast two-
hybrid screening was performed. As the full-length L2 exposed
transactivating activity and induced expression of the reporter
genes in the yeast two-hybrid system (data not shown), we used a
C-terminal fragment of L2 (amino acids 280 to 473) fused to the
LexA-binding domain as bait. For screening of interaction part-
ners, bait-expressing yeast cells were transformed with a prey
cDNA library. Transformants with high expression of the reporter
genes were selected, prey plasmids were isolated, and prey cDNAs
were identified by sequencing. One of the isolated plasmids con-
tained the full-length cDNA of the transcription factor TBX2. In-
teraction of L2 and TBX2 in yeast was reproduced by retransform-
ing the corresponding bait and prey vectors into the L40 yeast
strain and monitoring expression of reporter genes (Fig. 1A).
Yeast cells expressing the L2 bait together with the TBX2 prey were
able to grow on histidine-deficient selection agar and expressed
�-galactosidase, confirming the L2-TBX2 interaction. Combina-
tions of L2 bait with negative-control prey or TBX2 prey with
negative-control bait showed neither growth on selection agar nor
expression of �-galactosidase. Expression of the L2 bait (Fig. 1B)
and of the TBX2 prey (Fig. 1C) in L40 yeast was controlled by
Western blotting.

L2 interacts with TBX2 and TBX3 in vitro. Given the high
similarity of TBX2 and TBX3, both belonging to the TBX2 sub-
group of the T-box family, the subsequent analyses were per-
formed for TBX2 and TBX3. To confirm the interaction of HPV16
L2 with TBX2 and to analyze whether L2 interacts with TBX3,
coimmunoprecipitation studies were done. FLAG-tagged TBX2
and TBX3 were coexpressed with YFP-L2 or YFP (control) in
HeLa cells. Cell lysates were prepared, and YFP, as well as YFP-L2,
was immunoprecipitated. Precipitates and a minor fraction of the
cell lysates, as a control for protein expression, were processed by
Western blotting with GFP- and FLAG-specific antibodies
(Fig. 2A and B). FLAG-specific immunoblotting showed that
TBX2 and TBX3 were specifically coprecipitated with YFP-L2

FIG 1 Identification of TBX2 as an HPV16 L2-interacting protein. (A) Yeast strain L40 expressing a negative control (LexA-lamin), a positive control
(LexA-Fos2), or the bait LexA-L2 280 to 473 was transformed with the prey construct B42-HA-TBX2 (� TBX2) or with empty prey vector pJG4-5 (right column).
The plates were incubated for 4 days at 30°C. Transformants were tested for the prototrophic marker histidine (� His) and �-galactosidase activity indicating
bait-prey interaction. (B) Expression of the bait LexA-L2 280 to 473 (lane 2) in the yeast strain L40 was shown by Western blotting using monoclonal anti-LexA
antibody. As a control, lysate of untransformed L40 yeast cells was used in lane 1. (C) Expression of the B42-HA-TBX2 prey fusion protein in L40 yeast cells was
shown by Western blotting (lane 2) using anti-HA antibody. Untransformed yeast cells served as a control (lane 1).
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(Fig. 2A and B, lanes 4), but not with the YFP control precipitation
(Fig. 2A and B, lanes 3). For the inverse coimmunoprecipitation
assay, L2 was coexpressed with FLAG-tagged TBX2 or TBX3 or
with an empty control vector in HeLa cells (Fig. 2C, left). TBX2
and TBX3 were precipitated with a FLAG-specific antibody (Fig.
2C, right). Precipitates and expression controls were processed by
Western blotting with L2- and FLAG-specific antibodies. L2 was
specifically coprecipitated with TBX2 and TBX3 (Fig. 2C, right).

L2 colocalizes with TBX2 and TBX3 in the cell nucleus. To
verify the interaction of HPV16 L2 with TBX2/3 in mammalian
cells, the distribution of the proteins was analyzed by immunofluo-
rescence deconvolution microscopy in HeLa cells. As HeLa cells
do not express endogenous TBX2/3 (36) (see Fig. 4A), we tran-
siently transfected FLAG-tagged TBX2 and TBX3, alone or to-
gether with L2, and stained the proteins with FLAG- and L2-spe-
cific antibodies (Fig. 3A). Overexpressed TBX2 and TBX3 were
predominantly localized in the nucleus independently of L2.
Overexpressed L2 that accumulated in ND10 (Fig. 3B), as de-
scribed previously (11, 27, 28), colocalized only poorly or not at all
with TBX2 or TBX3 (Fig. 3A, rows 2 and 4). However, in about
30% of double-transfected cells, L2 was not confined to ND10 but
showed extensive colocalization with TBX2 or TBX3 (Fig. 3A,
rows 1 and 3). To corroborate the TBX2/L2 colocalization, we
analyzed the cellular distribution of L2 in cell lines expressing

TBX2 endogenously. It has been shown previously that the human
melanoma cell line WM266-4 expresses TBX2 (56) (Fig. 4A and
B). We detected in Western blots that TBX2 is also expressed in the
human cervical carcinoma cell line SiHa, but to a lesser degree
than in WM266-4 cells (Fig. 4A and B). In both cell lines, SiHa and
WM266-4, we observed colocalization of ectopically expressed L2
with endogenous TBX2 by immunofluorescence microscopy
(Fig. 4B).

To further validate the finding that HPV16 L2 is able to colo-
calize with TBX2, even in the context of a natural infection, we
analyzed the in vivo expression patterns of L2 and TBX2 by laser
scanning microscopy (LSM) in HPV16-infected cervix tissue. The
expression of the early and late genes in HPV-infected tissue is
tightly regulated during epithelial cell differentiation (22). In early
neoplasia stages, the L1 and L2 late genes are expressed in the
granular epidermis. Therefore, we typed cervical intraepithelial
neoplasia (CIN) I-II tissue slices for HPV16 infection by PCR
(data not shown) and for expression of late viral genes by staining
with L1- and L2-specific antibodies (Fig. 4D). HPV16-positive
slices were costained for TBX2 and L2 and analyzed by laser scan-
ning microscopy (Fig. 4C). TBX2 was easily detectable in cell nu-
clei of the upper cell layers (Fig. 4C, left). In cells of the upper
layers coexpressing TBX2 and L2 (Fig. 4D, right), strong colocal-
ization of L2 and TBX2 in nuclei was observed, and L2 staining

FIG 2 L2 interacts with TBX2 and TBX3 in HeLa cells. Lysates were prepared from HeLa cells transiently cotransfected with YFP or YFP-L2 and TBX2-3�FLAG
(A), YFP or YFP-L2 and TBX3-3�FLAG (B), or pT-Rex-Dest30 and L2 or TBX2/3-3�FLAG and L2 (C), as indicated. Protein expression was verified by Western
blotting of the lysates with the specified antibodies (A, B, and C, left). The lysates were subjected to immunoprecipitation (IP) with antibodies specific for GFP
or FLAG, as indicated. The precipitated proteins were detected by Western blotting using anti-L2, anti-GFP, and anti-FLAG antibodies (A, B, and C, right).

Schneider et al.

4464 jvi.asm.org Journal of Virology

http://jvi.asm.org


showed no PML-like distribution, as previously described (57,
58). These data suggest that HPV16 L2 and TBX2/3 also interact in
vivo in the context of a naturally occurring HPV16 infection.

TBX2 and TBX3 repress the long control region of HPV16.
Since TBX2 and TBX3 are transcription factors, we were inter-
ested to see whether the two proteins regulate HPV gene expres-
sion. Expression of the HPV early genes E6 and E7 is under the
control of the noncoding LCR, which comprises the early pro-
moter. To monitor possible effects of TBX2/3 on HPV early-gene
expression, we performed promoter-reporter gene assays with
pGL3-P97 (19), a reporter vector with luciferase under the control
of the HPV16 LCR. The vector was cotransfected with either a
control plasmid or a TBX2 or TBX3 expression plasmid into HeLa
and HaCaT cells and primary NHEK. Twenty-four hours post-
transfection, the cells were lysed, and the relative luciferase quan-
tity was assessed. TBX2 and TBX3 significantly repressed the LCR
activity to 18 to 44% or 35 to 66% compared to controls, depend-
ing on the cell type (Fig. 5). Interestingly, inhibition of LCR was
even more pronounced when TBX2 or TBX3 was coexpressed
with L2, while expression of L2 alone had divergent effects on the

LCR depending on the cell type. In HeLa cells, the LCR was
strongly activated by L2, while it was weakly repressed in HaCaT
cells and NHEK. Expression of TBX2, TBX3, and L2 was con-
trolled by immunoblotting (Fig. 5). These results were reproduced
with a second reporter vector, pGL3 HPV16 LCR (59), and also
with the cell lines MCF-7, COS-7, and 293TT (data not shown). In
concentration series of TBX2 or TBX3 cotransfected with pGL3-
P97, we observed that small amounts of TBX2 repressed the LCR
significantly in HeLa and HaCaT cells while larger amounts of
TBX3 were required for a similarly efficient repression of LCR
activity (Fig. 6). It must be mentioned that all LCR activity assays
were directly normalized by a �-Gal transfection control vector,
except for the assays in HeLa cells. Indeed, we observed a strong
regulation of transfection control vectors by TBX2/3 in HeLa cells.
While expression under the control of a simian virus 40 (SV40)
promoter (pSV-�-Gal) was repressed by TBX2/3, expression from
a cytomegalovirus (CMV)-driven vector (pcDNA3/�-Gal) was
strongly enhanced by TBX2/3 in HeLa cells (up to 14-fold) (data
not shown). TBX2/3 might act in cis on the viral promoters of
control vectors, but it is also conceivable that it acts in trans. As we
show below (see Fig. 10), expression of the early genes of the in-
tegrated HPV18 genome in HeLa is highly regulated by TBX2. It
has been previously observed that some viral promoters, among
them the SV40 promoter, are regulated by HPV E6 (60). Hence,
regulation of HPV18 early genes in HeLa cells by TBX2 might
successively affect the promoter activity of control vectors. The
mechanism underlying the regulation of SV40 and CMV promot-
ers by TBX2 in HeLa cells is beyond the scope of this study. In
order to control/normalize the transfection efficiencies of LCR
assays in HeLa cells, transfections were done in parallel in HaCaT
and HeLa cells from the same transfection master mixes, and LCR
activity in HeLa cells was monitored by transfection efficiencies in
HaCaT cells.

The L2 C terminus binds to TBX2 and enhances LCR repres-
sion. Using a deletion mutant of L2, we were able to confine the
L2-TBX2 interaction domain to the C terminus of L2. HeLa cells
were cotransfected with TBX2-3�FLAG and L2 or L21-380 and
subsequently processed by FLAG-specific immunoprecipitations.
In contrast to full-length L2, the C-terminal deletion mutant L21-

380 was not coprecipitated by TBX2 (Fig. 7A, right). This suggests
that the domain required for binding to TBX2 is located within the
stretch of 93 amino acids at the 3= end of L2. This is also consistent
with our findings in the yeast two-hybrid assay, where TBX2
bound to an L2 bait comprising amino acids 280 to 473 of L2
(Fig. 1A). As we had already observed that L2 enhanced the repres-
sive activity of TBX2 on the LCR (Fig. 5), we analyzed whether this
effect is abolished with L21-380, which did not interact with TBX2.
The pGL3-P97 vector was cotransfected with TBX2, L2, or L21-380,
alone or in combination, into HaCaT cells, and luciferase was
measured 24 h after transfection (Fig. 7A and C, left). Both L2 and
L21-380 exercised a moderate but significant repressive effect on
the LCR. The strong repression of LCR by TBX2 was even signif-
icantly enhanced by L2, but not by L21-380. This suggests that the
cumulative repression of the LCR mediated by the coexpression of
TBX2 and L2 is dependent on the TBX2-L2 interaction, as it is not
observed with the TBX2 binding-deficient mutant L21-380.

A DNA-binding-deficient murine Tbx2 is impaired in re-
pressing the LCR. The arginines in positions 122 and 123 of TBX2
are essential for DNA binding (61, 62). We analyzed the effects of
murine wt Tbx2 and DNA-binding-deficient Tbx2 R122/123E

FIG 3 L2 colocalizes with TBX2 and TBX3 in the cell nucleus, but not in
ND10. (A) TBX2-3�FLAG and TBX3-3�FLAG were either expressed alone
(�L2) or coexpressed with HPV16 L2 (�L2) in HeLa cells for 24 h. The cells
were fixed and permeabilized with methanol. Transiently expressed TBX2 or
TBX3 was detected with rabbit polyclonal anti-FLAG antibody (green), and L2
was stained with mouse monoclonal anti-L2 antibody (red). DNA was stained
with Hoechst and is shown in blue. (B) YFP-L2 was coexpressed with TBX2-
3�FLAG in HeLa cells. TBX2 was stained with rabbit polyclonal anti-FLAG
antibody (red) and endogenous PML with a specific mouse monoclonal anti-
body (blue).
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(49) on the transcriptional activity of the LCR in promoter-re-
porter gene assays (Fig. 7B, left, and C, right). The pGL3-P97 vec-
tor was cotransfected with a control or different TBX2 constructs,
alone or in combination with L2, into HaCaT cells, and luciferase
was measured 24 h after transfection. Similar to human TBX2, the

murine Tbx2 repressed LCR activity significantly (Fig. 7B, left),
and again, this repression was enhanced by coexpression of L2. In
contrast, the DNA-binding-deficient Tbx2 R122/123E did not re-
press LCR activity on its own. However, coexpression of Tbx2
R122/123E with L2 led to a repression significantly stronger than

FIG 4 Colocalization of HPV16 L2 with endogenous TBX2. (A) Expression of TBX2 in different cell lines was controlled by Western blotting. Cells were lysed
in SDS sample buffer and subsequently processed by SDS-PAGE and immunoblotted with a goat anti-TBX2 antibody and a mouse anti-�-actin antibody. (B)
SiHa and WM266-4 cells were transfected with L2 for 24 h and processed by immunofluorescence staining. L2 was detected with a monoclonal mouse anti-L2
antibody (red), and endogenous TBX2 was detected with a polyclonal rabbit anti-TBX2 antibody (green). The DNA of nuclei was stained with Hoechst 33342
(blue). (C) HPV16-positive, paraffin-embedded cervical intraepithelial neoplasia tissue was deparaffinized, rehydrated, and stained with rabbit polyclonal
anti-TBX2 antibody (green) and with mouse monoclonal anti-L2 antibody (L2-1) (red). DNA was stained with TO-PRO-3 (blue). (D) As in panel C, L1 was
stained with rabbit polyclonal anti-L1 antibody (K75) (red) and L2 was detected with mouse monoclonal anti-L2 antibody (L2-1) (green). DNA was stained with
Hoechst (blue). The boxed areas are shown enlarged on the right.
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that by L2 alone. This suggests that Tbx2 represses the HPV16
LCR by direct interaction but is also able to enhance the L2-me-
diated LCR repression, probably through recruitment of Tbx2 to
the LCR by L2.

Using immunofluorescence microscopy, we analyzed the cel-
lular distribution of the murine Tbx2 constructs with regard to
HPV16 L2 (Fig. 7D). Both Tbx2 wt and Tbx2 R122/123E showed
the same nuclear localization patterns as human TBX2 when ex-
pressed alone (Fig. 7D, left). Wild-type Tbx2 also behaved like

human TBX2 when coexpressed with L2, and only a small amount
of colocalization of Tbx2 with L2 in ND10 was observed; however,
increased colocalization took place when L2 did not accumulate in
ND10 (Fig. 7D, rows 1 and 2). In contrast, DNA-binding-deficient
Tbx2 R122/123E also nearly completely colocalized with L2 in
ND10 (Fig. 7D, row 3), suggesting that Tbx2 incapable of direct
DNA binding is recruited into ND10 by L2. Interaction of L2 with
the Tbx2 R122/123E mutant was also observed in coimmunopre-
cipitations (Fig. 7B, right).

FIG 5 TBX2 and TBX3 repress the long control region of HPV16. HeLa and HaCaT cells and NHEK were transiently transfected for 24 h with 0.5 �g luciferase
reporter vector containing the HPV16 long control region as a promoter (pGL3-P97), together with 1 �g control vector or a combination of 0.5 �g TBX2/3 vector
with 0.5 �g control vector, with 0.5 �g L2 vector, or, finally, with 0.5 �g L2 combined with 0.5 �g control vector. �-Galactosidase reporter plasmid (0.2 �g) was
cotransfected to control transfection efficiency. Cells were lysed, and luciferase activity and �-galactosidase activity were determined. The relative luciferase
quantity with control vector pT-Rex-DEST30 was set to 100%. Four individual experiments are represented as means and standard deviations (SD). *, P � 0.05
compared to the control; $, P � 0.05 compared to TBX2 or TBX3 without L2. Lysates of luciferase reporter assays were processed by Western blotting.
FLAG-tagged TBX2 and TBX3 were detected with monoclonal anti-FLAG antibody and L2 with a monoclonal anti-L2 antibody (L2-1).
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The major element required for repression by TBX2 is lo-
cated between nt 7450 and 7760 of the HPV16 LCR. In order to
confine the LCR regulated by TBX2, a series of 5= deletion se-
quences of the HPV16 LCR were generated and ligated into the
pGL3 reporter gene vector upstream of luciferase. The activity of
the LCR deletion mutants with or without TBX2 was analyzed in
HaCaT cells (normalized by �-Gal) (Fig. 8). The data indicate that
the LCR sequence between nt 7564 and 7756 comprises the ele-
ment required for repression by TBX2. A DNA fragment (LCR
7450 to 7760) encompassing the repression-relevant region 7564
to 7756 but lacking the HPV16 LCR promoter fortuitously exhib-
ited intrinsic promoter activity in the context of pGL3-basic and
was repressed by TBX2 to an extent similar to that of the other
constructs containing this region (data not shown). This con-
firmed the presence of a TBX2-responsive element in the 7450-to-
7760 interval.

TBX2 and TBX3 also repress the LCRs of other HPV types. In
order to check whether repression of the HPV16 LCR by TBX2
and TBX3 might be a conserved mechanism, we analyzed the ef-
fects of TBX2 and TBX3 on the LCRs of other HPV types. Pro-
moter-reporter gene vectors containing the LCR of HPV type 11,
16, or 18 were cotransfected with a control, TBX2, or TBX3 vector
into different cell types, and luciferase was measured after 24 h as
a readout of LCR activity. In all three cell lines, HeLa, HaCaT, and
NHEK, TBX2 and TBX3 significantly inhibited the LCRs of all
three HPV types (Fig. 9). Inhibition of the three LCRs was stron-
ger with TBX2 than with TBX3. Repression of the HPV LCR by
TBX2/3 seems to be a general mechanism, as TBX2 and TBX3

significantly inhibited the LCRs of high-risk (22, 63) and low-risk
(14) HPV types.

TBX2 represses the integrated HPV18 LCR of HeLa cells. Af-
ter showing that TBX2 represses the LCRs of different HPV types,
we analyzed whether TBX2 might also affect the LCR activity and
early gene expression of integrated HPV genomes. HeLa cells are
transformed by the stable integration of HPV18 genomes and the
constitutive expression of the HPV18 early genes E6 and E7. To
check the effect of TBX2 on the integrated HPV18 LCR, HeLa cells
were transfected for 48 h with TBX2, and the expression of HPV18
E6 was monitored by Western blotting (Fig. 10A). Expression of
TBX2 alone and, to a greater extent, coexpression of TBX2 with L2
significantly reduced E6 levels in HeLa cells compared to control
transfections. In contrast, L2 expression alone did not signifi-
cantly affect E6 expression levels. To account for transfection ef-
ficiencies, the effect of TBX2 on E6 levels was analyzed in 100%
transfected HeLa cells by means of a fluorescence-activated cell
sorting (FACS) approach. HeLa cells were transfected with YFP as
a control or with YFP-TBX2 for 48 h, positive cells were isolated by
FACS, and subsequently, an equal number of sorted cells were
subjected to E6 Western blotting (Fig. 10B). E6 was strongly re-
duced in HeLa cells expressing YFP-TBX2 compared to YFP-
transfected cells, most probably resulting from LCR inhibition by
TBX2.

TBX2 interacts with the LCR. To investigate whether TBX2
interacts with the LCR, we performed ChIP assays in HeLa cells
that had stably integrated the HPV18 genome (with the corre-
sponding LCR) (64). HeLa cells were transfected with FLAG-

FIG 6 TBX2 and TBX3 dose-dependent regulation of LCR. HeLa and HaCaT cells were transiently transfected for 24 h with 0.5 �g luciferase reporter vector
containing the HPV16 LCR. The cells were cotransfected with increasing amounts of TBX2 or TBX3. The cells were lysed to quantify luciferase activity and to
monitor TBX2 and TBX3 expression by immunoblotting. �-Actin was detected as a loading control. The relative luciferase activity of pGL3-P97 with control
vector pT-REx-DEST30 was set to 100%. Three individual experiments are represented as means and SD. *, P � 0.05.
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FIG 7 The L2 C terminus is required for TBX2 interaction and cumulative LCR repression. DNA-binding-deficient Tbx2 R122/123E does not repress the LCR
but still interacts and colocalizes with L2. (A) (Left) HaCaT cells were transiently transfected for 24 h with the LCR-luciferase vector pGL3-P97, together with the
indicated control and/or expression vectors encoding L2, L21-380, or TBX2. The cells were lysed, and the luciferase activity was measured. The relative luciferase
quantity with control vector pT-Rex-DEST30 was set to 100%. Three individual experiments are represented as means and SD. *, P � 0.05 compared to the
control. $, P � 0.05 compared to TBX2 alone. (Right) Lysates for immunoprecipitation were prepared from HeLa cells transiently cotransfected as indicated.
Protein expression was verified by Western blotting of the lysates with the specified antibodies. The lysates were subjected to immunoprecipitation with
anti-FLAG antibody. The precipitated proteins were detected by Western blotting using anti-L2 and anti-FLAG antibodies. (B) (Left) As in panel A, left, with the
indicated control and/or expression vectors encoding Tbx2, Tbx2 R122/123E, or L2. *, P � 0.05 compared to the control. $, P � 0.05 compared to L2 alone.
(Right) As in panel A, right, with indicated antibodies. (C) For immunofluorescence analyses, HeLa cells were either transiently transfected with expression
vectors for FLAG-tagged murine Tbx2 and Tbx2 R122/123E alone (column 1) or together with HPV16 L2 (columns 2 to 4). After 24 h, the cells were fixed and
permeabilized with methanol. Transiently expressed murine Tbx2 or the mutant Tbx2 R122/123E was detected with rabbit polyclonal anti-FLAG antibody
(green), and L2 was stained with mouse monoclonal anti-L2 antibody (red). DNA was stained with Hoechst and is shown in blue.
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tagged TBX2 or a control vector. Forty-eight hours later, the cells
were cross-linked with formaldehyde and lysed. Immunoprecipi-
tations of DNA-protein complexes were done using either mouse
anti-FLAG antibody or control mouse IgG. In the precipitates, a
DNA fragment covering nucleotides 7735 to 124 of the HPV18
genome (a 247-bp 3= segment of the HPV18 LCR) was amplified
by PCR and analyzed by agarose gel electrophoresis (Fig. 11A). In
cells transfected with TBX2, the DNA fragment was detectable in

the precipitate with specific FLAG antibody (Fig. 11A, lane 5), but
not with control IgG (lane 4). In precipitates with specific FLAG
antibody in control-transfected cells, the DNA fragment was also
not detectable (Fig. 11A, lane 2). This indicates that TBX2 specif-
ically interacts with the HPV18 LCR. To analyze whether L2 im-
pacts the ability of TBX2 to bind to the LCR, HeLa cells were
transfected with FLAG-tagged TBX2 alone or in combination with
L2 and subsequently subjected to ChIP with anti-FLAG antibody.
Coexpression of L2 strongly enhanced the interaction of TBX2
with the LCR (Fig. 11B). This suggests that L2 enhances or stabi-
lizes the interaction of TBX2 with the LCR, resulting in the in-
creased inhibition of transcription from the LCR that we observed
previously. In addition to ectopically expressed TBX2 in HeLa
cells, we performed ChIP in SiHa cells with endogenously ex-
pressed TBX2 and an integrated HPV16 LCR. As shown in
Fig. 11C, the HPV16 LCR from SiHa cells was specifically immu-
noprecipitated with endogenous TBX2. Coprecipitation of
HPV16 LCR by TBX2 was again more efficient in the presence
of L2.

DISCUSSION

The minor capsid protein L2 of HPVs is functionally required
during viral invasion and early steps of infection (7, 10, 11) and
also plays a major role in virus morphogenesis at the end of viral
replication (27). L2 is probably even involved in regulation of viral
gene expression, as it inhibits the transcriptional activation func-
tion of E2 (65, 66) and is able to promote viral gene expression
(67). Hence, screening for interaction partners of L2 constitutes
an obvious strategy to identify new cellular proteins involved in
the viral life cycle. In this study, using the yeast two-hybrid system,

FIG 8 Mapping of the TBX2-responsive element within the HPV16 LCR. (A) The empty pGL3 reporter vector (pGL3-basic) or vector containing different
sequences of the HPV16 LCR (B) was cotransfected with the control vector pT-Rex-DEST30 or with TBX2 and pSV-�-Gal into HaCaT cells. Twenty-four hours
posttransfection, cells were lysed, and luciferase activity was measured and normalized with �-Gal. The relative luciferase activity of transfections with the control
vector was set to 100% (thick line). The bars represent the relative luciferase activities of the corresponding transfections with TBX2. The results of three
individual experiments are represented as means and SD. *, P � 0.05 compared to the control.

FIG 9 TBX2 and TBX3 also repress the LCRs of other HPV types. HeLa and
HaCaT cells and NHEK were transiently transfected with pGL4.20 vector con-
taining either the HPV11, -16, or -18 LCR in combination with control vector
or TBX2 or TBX3 expression plasmid. The pSV-�-Gal control plasmid was
cotransfected to monitor transfection efficiencies. Cells were lysed, and lucif-
erase and �-galactosidase activities were determined. The relative luciferase
quantity of the HPV16, HPV18, or HPV11 LCR constructs with control vector
pT-REx-DEST30 was set to 100%. Three individual experiments are repre-
sented as means and SD. *, P � 0.05.
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we found the transcription factor TBX2 to be a novel interaction
partner of HPV16 L2. The interaction was confirmed in coimmu-
noprecipitation assays, and we observed that L2 also binds TBX3,
a highly TBX2-related member of the TBX2 subfamily of T-box
genes. Several other interaction partners of L2 have been de-
scribed. The transcription factor Daxx binds to L2, as well as the
chaperone protein Hsc70 and the dynein light chains DYNLT1/3
(10, 28, 68). A previous two-hybrid screen with HPV L2 (69) iden-
tified several interacting proteins, among them the transcription
factor PATZ (70). Although the functions of the L2 interaction
partners in the viral life cycle have not yet been defined for all
candidates, they all have in common the fact that in cell culture,
their interaction with L2 mainly takes place in ND10 of cellular
nuclei. In contrast, we found colocalization of ectopically ex-
pressed L2 and TBX2/3 in the nuclei of HeLa cells only when L2

was not accumulated in ND10. This is in concordance with a pre-
vious study that did not detect localization of TBX2 in ND10
bodies (71) and with the nuclear distribution of L2 in HPV-in-
fected cervix tissue. Indeed, in previous analyses of naturally
HPV-infected cells of CIN lesions, L2 showed a punctate distribu-
tion and colocalization with Sp100 in only a few cells of the inter-
mediate layers, where L2 was weakly expressed (28). In the strati-
fied cells of the upper layers, L2 distribution in nuclei was diffuse
(28) and no longer ND10-like (58). In the tissue stainings of the
present study, it was in these cells that we detected TBX2 colocal-
ized with L2. On the other hand, in SiHa cells, an HPV16-trans-
formed cell line expressing endogenous TBX2, we detected colo-
calization of TBX2 with ectopic L2 also in defined nuclear
speckles, probably ND10. This would support a more recent study
that has shown that TBX2 is able to interact with PML (72). In
addition, a DNA-binding-deficient mutant of Tbx2, Tbx2 R122/
123E, was found to colocalize nearly completely with L2 in ND10
of several tested cell lines, in contrast to wild-type Tbx2, which
behaved like ectopic human TBX2. It seems that wild-type Tbx2

FIG 10 Repression of HeLa-integrated HPV18 LCR by TBX2. (A) HeLa cells
were transfected with control, TBX2, TBX2�L2, or L2 vector for 48 h and
processed by Western blotting. Expression of TBX2 and L2 was monitored
with a mouse monoclonal anti-FLAG or anti-L2 antibody, respectively. �-Ac-
tin served as a loading control and was probed with a mouse monoclonal
anti-�-actin antibody. HPV18 E6 was detected with a mouse monoclonal anti-
HPV18 E6 antibody, and relative band intensities were quantified densito-
metrically. The E6 expression level of control transfection was set to 100%.
Data from two individual experiments are represented as means � SD. *, P �
0.05 compared to the control; **, P � 0.05 compared to TBX2 without L2. (B)
HeLa cells were transfected with YFP-TBX2 or YFP, as a control, for 48 h. YFP-
or YFP-TBX2-positive cells were isolated by FACS and processed by Western
blotting. YFP and YFP-TBX2 expression was shown by means of a mouse
monoclonal anti-GFP antibody, and �-actin was probed as a loading control.
HPV18 E6 was detected and quantified densitometrically as a measure of LCR
activity. The E6 level of YFP (control) transfection was set to 100%. Shown are
mean values � SD of two individual experiments.

FIG 11 TBX2 interacts with the HPV18 and HPV16 LCRs. (A) For chromatin
immunoprecipitation, HeLa cells were transfected for 48 h with control plas-
mid or TBX2-3�FLAG expression vector. Cells were lysed, and the chromatin
was prepared. Chromatin-TBX2 complexes were precipitated with anti-FLAG
antibody or normal mouse IgG as a control. Control ChIP with anti-FLAG
antibody was also performed with the lysate of control transfected cells. DNA
was purified from precipitates as a template for PCR amplification of an nt
7735 to nt 124 LCR fragment. Part of the total chromatin for ChIP was used as
input. (B) Effect of L2 on LCR precipitation by TBX2. HeLa cells were trans-
fected with TBX2-3�FLAG together with a control vector or an L2 vector for
48 h and processed by ChIP. Precipitates were quantified densitometrically,
and ChIP of TBX2 with the control vector was set to 100%. Shown are mean
values � SD from 3 individual assays. (C) For HPV16 LCR ChIP, SiHa cells
were transfected for 48 h with control plasmid or L2 expression vector. Cells
were lysed, and the chromatin was prepared. Chromatin-TBX2 com-
plexes were precipitated with anti-TBX2 antibody or normal goat IgG as a
control. DNA was purified from precipitates as a template for PCR amplifica-
tion. Part of the total chromatin for ChIP was used as input.
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and TBX2 are not recruited into ND10 by L2 when they are
strongly engaged with chromatin. It is conceivable that the local-
ization of the L2-TBX2 interaction, either in ND10 or not, is de-
pendent on the cellular background or is tightly regulated during
cell cycle progression. Further investigations are required to un-
ravel the conditions and factors influencing the L2-TBX2 localiza-
tion and the possible functional consequences.

The minor capsid protein L2 is associated with the viral ge-
nome at different stages during the HPV life cycle and regulates
viral transcription by binding E2, as stated above. As TBX2 and
TBX3 are transcription factors, we were interested in whether they
might also have a regulatory effect on the level of HPV gene ex-
pression, especially in conjunction with L2. To address this ques-
tion, we performed luciferase reporter assays with the LCR of
HPV16 in the presence and absence of TBX2/3. Expression from
the HPV16 LCR was significantly repressed by TBX2 and TBX3 in
HeLa and HaCaT cells and NHEK (and other cell lines) (data not
shown). LCR transcription repression was significantly enhanced
when TBX2 or TBX3 was coexpressed with HPV16 L2, indicating
that the TBX2/3-L2 interaction has functional relevance. This was
confirmed with the C-terminally truncated, TBX2-binding-defi-
cient L21-380, which, in contrast to L2, did not enhance LCR re-
pression by TBX2. The T-box protein activity and specificity are
regulated by protein-protein interactions (42). For example, the
interaction of TBX2 with pRb affects TBX2 DNA binding and
transcriptional repression (50). Similarly, we observed in ChIP
assays that the specific interaction of TBX2 with the HPV LCR is
enhanced or stabilized by L2, probably contributing to the in-
creased repression of the LCR by TBX2-L2. All members of the
T-box family identified to date have been shown to bind to the
core sequence A/GGTGTGA, referred to as the T element (34).
The HPV16 LCR does not contain a canonical T element; how-
ever, TBX2 and TBX3 were shown to also bind to diverged vari-
ants of this motif (61). The DNA-binding-deficient Tbx2 R122/
123E mutant, in contrast to the wild-type Tbx2, did not repress the
HPV16 LCR. This suggests that TBX2/3 represses the LCR by
binding to a noncanonical sequence. In addition, the moderate
repression of the LCR by L2 in HaCaT cells was significantly en-
hanced by the DNA-binding-deficient Tbx2 R122/123E mutant.
As L2 interacts with HPV DNA (29, 73), it is conceivable that Tbx2
R122/123E was recruited to the LCR by L2 and exerted a repressive
effect on the LCR. This again supports our hypothesis of the func-
tional relevance of the TBX2-L2 interaction. Using deletion mu-
tants in reporter assays, we were able to confine the TBX2-respon-
sive element to a 196-nt sequence within the HPV16 LCR.
Repression of the LCR by TBX2/3 might be the result of binding
competition with other transcription factors of the LCR. Further
studies, for instance, electrophoretic shift assays, are required to
determine the LCR core sequence interacting with TBX2.

Repression of the HPV LCR by TBX2/3 seems to be a conserved
mechanism, as we were able to reproduce it with the LCRs of three
different HPV types, HPV11, -16, and -18. In addition, ectopically
expressed TBX2 inhibited the LCR of the integrated HPV18 ge-
nome in HeLa cells, as we observed reduced expression levels of
the viral E6 protein in TBX2-transfected HeLa cells. A number of
studies have explored different approaches (peptide aptamers,
RNA interference [RNAi], and E2 expression) to inhibit E6 and E7
function in HPV-transformed cell lines, with different outcomes
ranging from growth inhibition through senescence to apoptosis
(63, 74–80). Interestingly, inhibition of E6, and probably also E7,

expression by TBX2 in HeLa cells did not lead to a significant
increase in apoptosis, as tested by propidium iodide and annexin
V staining in flow cytometry (data not shown); this might result
from compensation by TBX2, which is able to disrupt apoptosis
and circumvent senescence. Also, TBX2 might directly replace E6
and E7 functions, as, for instance, both TBX2 and E7 repress p21
(46, 81).

Altogether, our studies revealed two new cellular interaction
partners of HPV16 L2. Both have the capacity to influence L2
localization in the cellular nucleus. Further, they repress expres-
sion from the HPV LCR, and this effect is enhanced in the pres-
ence of L2, indicating a functional relevance of the interaction. In
the upper cell layers of infected tissues, TBX2 might constitute a
crucial factor to inhibit transcription of viral genes and to initiate
a transition to viral morphogenesis/assembly during productive
infection. Consistent with this, it has been reported that in pro-
ductive papillomavirus infection, and also in low-grade squamous
intraepithelial lesions, the presence of E7 and of surrogate markers
of E7 is absent or diminished in the upper cell layers compared to
the basal and suprabasal layers (22, 82–84), probably resulting
from reduced P97 activity. In line with this, it has been shown that
in differentiated SiHa cells, mimicking the upper tissue cell layers
where we detected TBX2 and L2, P97 activity is inhibited (85).
This could be the result of an increase in TBX2 levels during dif-
ferentiation of SiHa cells, similar to our observation that TBX2 is
accumulated in the differentiated upper cell layers. Whether TBX2
is supported by L2 in repressing the LCR, as our data suggest,
remains to be clarified, as a previous study in raft cultures sug-
gested that the amount of virus production is independent of L2
(86). Future studies in the organotypic raft culture system should
therefore shed light on the role of TBX2 alone or in combination
with L2 in the viral life cycle. Additionally, a combined regulatory
effect of TBX2 and L1 on virus production is conceivable and
should be analyzed, as we recently observed that TBX2 and L1
colocalize in cellular nuclei. Furthermore, whether TBX2 or TBX3
also affects viral genome replication and whether other members
of the T-box family regulate viral genome transcription/replica-
tion must be analyzed.
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