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Abstract
Murine L1Md-A5 retrotransposon is a redox-inducible element regulated by Nrf-2/JunD and E2F/
Rb-binding sites within its promoter (5′-UTR). Because the human papillomavirus (HPV)
oncoprotein E7 interacts with retinoblastoma (pRb) and members of the AP1 family, studies were
conducted to examine functional interactions between HPV E7, pRb, and histone deacetylase 2
(HDAC2) in the regulation of L1Md-A5. Using a transient heterologous transcription system we
found that HPV E7 alone, or in combination with HDAC2, disrupted pRb-mediated L1MdA-5
transactivation. HPV E7 also ablated the transcriptional response of L1Md-A5 to genotoxic stress,
but did not interfere with basal activity. We conclude that HPV E7 associates with proteins
involved in the assembly of macromolecular complexes that regulate antioxidant and E2F/Rb sites
within L1MdA-5 to regulate biological activity
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1. Introduction
Long interspersed nuclear elements (LINE-1 or L1) are genetic mobile retrotransposons that
insert into the genome via a “copy-and-paste” mechanism using a self-encoded reverse
transcriptase and RNA intermediates [1]. The full-length consensus human L1 (L1h) is a 6–
7 kb DNA sequence [2, 3] that consists of a 903 bp 5′-untranslated region (5′-UTR) [4]
containing a bidirectional RNA polymerase II internal promoter, followed by two open
reading frames (ORF1 and ORF2), a 3′-UTR containing an AATAAA polyadenylation
signal and a poly A tail [1]. Translation of the L1 mRNA leads to expression of ORF1p, a 40
kDa protein [4], with nucleic acid and protein-protein-binding capabilities [5], and ORF2p, a
150 kDa protein [6] with endonuclease [7] and reverse transcriptase activities [8]. Murine
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L1 (L1Md) retroelements are similar in function to L1h. In contrast to humans where only
one active L1 family exists [9], structural differences within the 5′UTR region of murine L1
give rise to several lineages, namely, F, G, Tf, Gf and A [10]. The A-type 5′UTR is made of
tandemly arranged 208 bp-long monomeric DNA repeats that vary in number [11]. The
promoter strength is directly related to the monomer number within the 5′ UTR [11, 12].

Our laboratory has previously identified a novel retrotransposon, L1MdA5, as a target
retroelement in the genotoxic stress response to benzo-a-pyrene (BaP), an environmental
carcinogen [12]. Subsequent studies identified Nrf-2/JunD and E2F/Rb binding sites within
the promoter that participate in transcriptional regulation of the L1 promoter [12, 13], and
established a mathematical model of retrotransposon reactivation by BaP in heterologous
systems [14]. Given that many of the proteins involved in transcriptional control of L1
interact with human papillomavirus (HPV) E6 and HPV E7 oncoproteins [15–17], we
hypothesized that a functional link exists between stress and viral protein-regulated gene
expression. Here we show that transient heterologous overexpression of Rb and HDAC2 in
human cervical cancer cells (HeLa cells) as well as challenge with BaP transactivate the L1
promoter, and that forced overexpression of HPV E7 decreased the transcriptional response
of the luciferase reporter gene to both Rb and carcinogen challenge.

2. Materials and Methods
2.1 Cell Culture

Human cervical cancer-derived HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco BRL, Carlsbad, CA) supplemented with 10% FBS and 1%
penicillin-streptomycin antibiotics (Cellgro, Manassas, VA), and kept at 37 °C and 5% CO2.

2.2 Transient transcription assays
Hela Cells were plated at a density of 1.5×104 cells/well in 24-well plates. Transient
transfections with 500 ng of pBASIC-luciferase or pL1Md-A5 Wild Type-luciferase
reporter gene constructs [12] with or without 100 ng of HPV E7, and/or Rb or HDAC2
overexpression vectors, were performed using the Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA). Transient transfections were performed according to manufacturer’s
specifications. Briefly, cells were plated in 24-well plates the day before transfection and
maintained in growth medium without antibiotics. The growth medium was replaced with
serum-free Opti-MEM medium the following day. DNA-Lipofectamine complexes were
added to the cells and transfections allowed to continue for 6 hours. Next, the transfection
medium was aspirated and 0.5 mL of fresh medium without antibiotics added to each well.
Cells were allowed to recover for 18 hours before initiation of chemical treatments [18]. To
correct for randomness during transfection, 10 ng of the Renilla luciferase reporter gene
(pRL) was cotransfected in each assay. The total DNA load per transfection was kept
constant at 800 ng with pBlueScript. Cells were lysed 36 hours after transfection and the
luciferase activity measured using a Dual-Luciferase Reporter Assay System protocol
(Promega, Madison, WI). Measurements were performed on a 20/20 Luminometer (Turner
BioSystems, Sunnyvale, CA). Corrected Arbitrary Luciferase Units (ALU) were calculated
as the ratio of activity of the pBASIC or the pL1Md-A5 luciferase reporter gene and the
pRL activity. Each assay was performed in triplicate and at least two independent assays
were performed for each experiment. The data shown are from one of the representative
experiments and the error bars represent the standard deviation from triplicate assays.

2.3 Chemical treatments
24 hours after transfection, fresh medium containing 0.06% (V/V) dimethyl sulfoxide
(DMSO) vehicle or 3 μM BaP was added to the cells for 16 hours, as previously reported
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[18]. At the concentrations used in our experiments DMSO did not activate cellular redox
signaling. Cells were subsequently processed for luciferase activity quantification as
described above.

2.4 Statistical analyses
Analyses were done either by student’s t test or ANOVA (p<0.05) followed by post-hoc
tests.

3. Results
3.1 Rb protein and HPV E7 oncoprotein exert opposite effects on the mouse L1MdA5
retroelement promoter

We previously identified L1MdA5 as a redox-inducible element [12] containing two
functional electrophile response elements (EpRE)-like elements (Fig. 1A). We also have
reported that E2F/pRb complexes bind to, and regulate, mouse L1 elements through
mechanisms that involve HDAC proteins and epigenetic repression [13]. Since HPV E6 and
HPV E7 oncoproteins interact with pRb and inactivate its cell cycle-related repressor
function, we hypothesized that overexpression of HPV E7 oncoprotein alters L1 promoter
activity. Thus, the effects of forced Rb and HPV E7 overexpression on L1MdA5 5′ UTR in
vitro were investigated [12]. Transient transfections of HeLa cells with 500 ng of pBASIC-
luciferase control or pL1Md-A5 Wild Type-luciferase reporter gene constructs [12, 18] (Fig.
1B), in the presence or absence of 100 ng of Rb or HPV E7 expression vectors, were
performed. To correct for transfection artifacts, 30 ng of the Renilla luciferase reporter gene
(pRL) were cotransfected in each assay. Thirty six hours after transfection, cells were lysed
and luciferase activity measured. Transfection of the pBASIC vector alone, or in
combination with Rb, HPV E7, or both, yielded low levels of corrected ALU, showing that
the weak basal promoter activity of the parent vector was not affected by these proteins (Fig.
2A). In contrast, placement of the pL1Md-A5 5′ UTR sequence upstream of the luciferase
reporter gene showed strong promoter activity, as evidenced by increased corrected ALU for
the L1MdA5 promoter alone (0.012 vs. 1.4 ALU for pBASIC versus pL1Md-A5,
respectively) (Fig. 2B). Expression of Rb increased pL1Md-A5 activity over the pBASIC
vector (Fig. 2A), and over wild type controls (Fig. 2B), and this response was inhibited by
HPV E7 viral oncoprotein (Fig. 2B). HPV E7 expression vector alone did not alter the
corrected luciferase reporter activity of pL1Md-A5 (Fig. 2B). To further investigate the role
of Rb in transactivation of L1MdA5, forced overexpression of HDAC2, a corepressor
protein was examined [13, 19]. HeLa cells were cotransfected with pBASIC or pL1Md-A5
luciferase reporter vectors in the presence of 100 ng of Rb, HDAC2 or HPV E7 expression
vectors, or their combination as indicated (Fig 3A). HDAC2 alone did not change corrected
luciferase reporter activity (Fig 3B). When coexpressed with Rb, HDAC2 did not disrupt
Rb-mediated transactivation of the L1Md promoter in vitro (Fig 3B). In contrast,
coexpression of Rb, HDAC2 and HPV E7 led to strong inhibition of L1MdA5
transactivation, indicating that HPV E7 in association with HDAC2 blocks pRb effects. In
all, these data suggest that inhibitory effects of HPV E7 are mediated through functional
interactions with both pRb and HDAC2.

3.2 HPV E7 ablates the response of the L1MdA5 reporter to genotoxic stress
Since pRb is a frequent target of viral oncoproteins including adenovirus oncoprotein early
region 1A (AdE1A) and HPV E7 [20, 21], and E2F/pRb complexes interact with human and
mice L1 5′UTR regions [13], we hypothesized that HPV E7 overexpression alters the
regulatory transactivation role for pRb on pL1Md-A5 under conditions of genotoxic stress.
To this aim, we transiently transfected HeLa cells with pBASIC or pL1Md-A5 luciferase
reporter vectors in the presence or absence of HPV E7 expression vector, followed by 3 μM
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BaP or control DMSO [18] (Fig 4A and 4B, respectively). Experiments conducted with
pBASIC luciferase reporter alone showed low levels of corrected luciferase ALU for both
DMSO and BaP treated cells (Fig. 4A). When cells were cotransfected with pBASIC and
HPV E7 expression vector a similar result was obtained indicating that DMSO, BaP or HPV
E7 did not influence the transcriptional activity of the control reporter vector. When cells
were transiently transfected with pL1Md-A5 vector alone followed by exposure to 3 μM
BaP, the corrected reporter gene ALU showed a robust response compared to control DMSO
(Fig 4B). Importantly, BaP treatment elicited significant changes in the reactivation of the
pL1Md-A5 reporter under all experimental conditions tested. DMSO alone increased
reporter activity, a finding consistent with the redox-modulating effects of this solvent [12].
Forced overexpression of HPV E7 oncoprotein ablated the response of pL1Md-A5 reporter
vector to genotoxic stress, but did not modify the response of the control pL1Md-A5 to
DMSO (Fig. 4B). These data indicate that viral oncoproteins interfere with the cellular
machinery responsible for L1 reactivation under conditions of genotoxic stress.

4. Discussion
HPV E6 and HPV E7 proteins target a diverse variety of host cellular proteins involved in
cytoplasmic and nuclear protein complex formation and regulation of cellular signaling (Fig
5). Evidence is presented here implicating viral oncoprotein E7 in heterologous
downregulation of mouse L1MdA5 promoter transactivation, and this effect is mediated
through interactions with Rb. This interpretation is consistent with the ability of viral
oncoproteins including, AdE1A, simian virus 40 large T antigen, and HPV E6 and HPV E7,
to compete with endogenous cellular proteins for binding to Rb proteins [15]. HPV E7
overexpression ablated the L1 transactivation exerted by both Rb and BaP, a response that
may involve interference with, and modulation of, macromolecular complex assembly on
the L1 promoter. pRb is known to interact with CNC-bZIP proteins, and that this interaction
leads to pRb-mediated transactivation of c-Jun target genes [16]. Transient transfection
assays in NIH3T3 cells have shown that coexpression of pRb and c-Jun transactivates AP-1
binding sites within the collagenase promoter [16]. Recent evidence also points to a dual
role for pRb as a repressor as well as coactivator in the cellular response to toxic injury [22,
23]. Interestingly, pRb activity in those models seems to directly regulate proteins involved
in L1 retroelement reactivation [22, 24, 25]. As such, the positive regulation of L1 seen upon
forced expression of Rb may be linked to modulation of ARE-binding proteins that regulate
L1 expression, and these interactions may be repressed by HPV E7. Viral oncoproteins also
block redox-regulated transcription, as demonstrated previously in studies showing that
AdE1A interferes with ARE signaling in both murine and human cells [26].

We reported previously that mouse cells lacking the retinoblastoma family of proteins pRb/
p105, p107, and pRb2/p130 show increased L1MdA5 transcription, a response that involved
impaired recruitment of HDACs to the L1 promoter and changes in epigenetic silencing
marks. Thus, the finding that forced Rb expression enhanced L1MdA5 transcription was
unexpected and likely indicative of the complexity of Rb interactions and functions within
the cell. In vivo Rb proteins not only interact with other DNA binding proteins but also play
key roles in heterochromatin formation and recruitment of DNA methyltransferases
(DNMTs) and HDACs that repress transcription of E2F-responsive promoters [27–29].
These complex interactions are governed by both DNA sequence and chromatin
microenvironment and therefore, not captured in transient transfection experiments. Such
relationships indicate that the cellular response observed in our studies likely reflect
elements of the cellular response governed by DNA-protein interactions. For instance,
transient transfection of the rat α-actin gene into L8 rat myoblasts is associated with fast and
active demethylation [30]. In fact, the lack of proper nucleosomal and chromatin
organization may render DNA methylation unresponsive as an epigenetic silencing mark
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[31]. Finally, DNA methylation is known to provide docking sites for methyl binding
proteins that enhance repression of repetitive elements.

In summary, evidence is presented here that HPV E7 alone, or in combination with HDAC2,
disrupt Rb-mediated transactivation of the L1 promoter. HPV E7 alone also ablated the
transcriptional response of L1Md-A5-luciferase reporter gene to genotoxic stress, but did
not interfere with basal activity. Thus, HPV E7 associates with proteins involved in the
assembly of macromolecular complexes that regulate antioxidant and E2F/Rb sites within
L1 5′UTR to regulate biological activity. The degree to which these interactions regulate L1
biology in vivo provides fertile ground for future investigations.
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Highlights

• HPV E7 viral oncoprotein ablates L1MdA5 reactivation following genotoxic
stress.

• HPV E7 disrupts retinoblastoma-mediated L1MdA5 promoter transactivation.

• The basal and carcinogen-induced activities of L1MdA5 promoter are
independent of Rb repressor function.

• HPV E7 disrupts assembly of protein complexes regulating L1MdA5.
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Fig. 1. The mouse L1MdA5 retroelement promoter contains several EpRE-containing monomers
(A) Schematic structure and monomer organization for the L1MdA5 retrotransposon. A full-
length L1MdA5 retroelement (top) is composed of a 5′ untranslated region (UTR) that
contains three full-length A-type monomers (A3, A2, and A1) preceded by a 2/3 A-type
monomer. Two open reading frames (ORF1 and ORF2), separated by a short intergenic
region (IGR), encode the cis-acting proteins ORF1p and ORF2p respectively. The 3′
terminal region is composed of a 3′UTR followed by a poly-A tail. The location and
orientation of putative EpRE and E2F DNA binding sites within the A-type monomer
promoter are shown (bottom). (B) Simplified map of the luciferase reporter vectors used in
the study. pGL3-BASIC (pBASIC) firefly luciferase (top) is a promoterless reporter vector
used as the control in the study. The HindIII (H) restriction site within the vector multiple
cloning site (MCS) was used to place the L1MdA5 promoter in front of the luciferase
reporter gene (bottom). The vector also contains the simian virus 40 (SV 40) late poly
adenylation signal (poly-A).
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Fig. 2. Transactivation of L1 promoter activity by Rb is ablated by HPV E7 viral oncoprotein
Transient transcription assays in HeLa cells with 500 ng of either the pBASIC-luciferase or
the pL1Md-A5-luciferase reporter vectors and the forced overexpression of HPV E7 or pRb
alone or in combination are shown. As an internal control for normalization, 10 ng of a
second reporter vector, Renilla luciferase (pRL), were cotransfected within each experiment.
(A) pBASIC-luciferase reporter activity corrected for pRL after cotransfection with 100 ng
of empty vector control, HPV E7, Rb or HPV E7 and Rb together. (B) pL1Md-A5-luciferase
reporter activity corrected for pRL after cotransfection with 100 ng of empty vector control,
HPV E7, Rb or HPV E7 and Rb together. Cells were transfected for 6 hours, allowed to
recover for 30 hours prior to luciferase activity measurements. Results are expressed as
arbitrary luciferase units (ALU) and represent the mean ± S.D. of triplicate experiments after
normalization to pRL. Statistic analyses were done using ANOVA (*, **, and *** indicate
statistically significant differences, p<0.05, p<0.005 and p<0.0005 respectively). Each
experiment was repeated at least 2 times.
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Fig. 3. Transactivation of L1 promoter activity by Rb and HDAC2 is ablated by HPV E7 viral
oncoprotein
Transient transcription assays in HeLa cells with the pBASIC-luciferase or the pL1Md-A5-
luciferase reporter vectors and the forced overexpression of HPV E7, pRb, or HDAC2
proteins alone or in combination are shown. As an internal control for normalization, 10 ng
of pRL were cotransfected within each experiment. (A) pBASIC-luciferase reporter activity
corrected for pRL after cotransfection with 100 ng of empty vector control, or expression
vectors indicated in the figure label. (B) pL1Md-A5-luciferase reporter activity corrected for
pRL after cotransfection with 100 ng of empty vector control, or expression vectors
indicated in the figure label. Data were normalized as indicated in the Y axis. Cells were
transfected for 6 hours, allowed to recover for 30 hours prior to luciferase activity
measurements. Results are expressed as arbitrary luciferase units (ALU) and represent the
mean ± S.D. of triplicate experiments after normalization to pRL. Statistic analyses were
done using ANOVA (*, **, and *** indicate statistically significant differences, p<0.05,
p<0.005 and p<0.0005 respectively). Each experiment was repeated at least 2 times.
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Fig. 4. BaP induction of L1 promoter activity is ablated by HPV E7 viral oncoprotein
Transient transcription assays in HeLa cells with the pBASIC-luciferase (A), or the pL1Md-
A5-luciferase (B), reporter vectors showing the effects of 0.06% DMSO or 3 μM BaP with
or without HPV E7 oncoprotein forced overexpression. Cells were transfected for 6 hours,
allowed to recover for 18 hours and chemically treated for 16 hours. Results are expressed
as arbitrary luciferase units (ALU) and represent the mean ± S.D. of triplicate experiments
after normalization to pRL. Statistic analyses were done using ANOVA (*, **, and ***
indicate statistically significant differences, p<0.05, p<0.005 and p<0.0005 respectively).
Each experiment was repeated at least 2 times.
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Fig. 5. Hypothetical mechanisms for the role of HPV E7 in control of the cellular response to
redox-mediated injury and redox-dependent L1 reactivation
Redox stress alters both cell signaling and transcription programs. Injury might lead either
directly or indirectly to pRb/HDAC-dependent repression of factors required for LINE-1
silencing thus allowing for its reactivation. Cells expressing HPV E7 viral oncoprotein
inactivate the Rb/HDAC effect, likely through direct interaction with Rb, thus eliminating
the redox-mediated retroelement reactivation.
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