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This work demonstrates a central role for the retinoblastoma (Rb) family in driving the transcriptional
program of induced and replicative senescence. HeLa cervical carcinoma cells rapidly undergo senescence
when the human papillomavirus (HPV) type 18 E7 gene in these cells is repressed by the bovine papillomavirus
(BPV) E2 protein. This senescence response requires the endogenous Rb pathway but not the p53 pathway.
Microarray analysis 6 days after BPV E2 introduction into HeLa cells identified 224 cellular genes induced by
E7 repression and 354 repressed genes. Many repressed genes were involved in cell cycle progression, and
numerous induced genes encoded lysosomal proteins. These gene expression changes were blocked by consti-
tutive expression of the wild-type HPV16 E7 or adenovirus E1A gene, but not by E7 or E1A mutants defective
for Rb binding. Short hairpin RNAs targeting the Rb family also inhibited these gene expression changes and
blocked senescence. Therefore, surprisingly, the transcriptional response to BPV E2 expression was entirely
dependent on E7 repression and activation of the Rb family, and the BPV E2 protein did not directly affect the
expression of cellular genes. Activation of the Rb family repressed E2F-responsive genes and stimulated
transcriptional activators, thereby mobilizing multiple signals, such as repression of B-MYB and DEK, that
were independently sufficient to induce senescence. There was extensive overlap between the transcriptional
profiles of senescent, late-passage primary human fibroblasts and senescent cervical carcinoma cells, suggest-
ing that this Rb family-mediated transcriptional cascade also plays a central role in replicative senescence.

Replicative senescence, an irreversible growth-arrested state
attained by primary somatic cells after extensive passage in
culture, reflects an important tumor suppressor mechanism in
vivo and is a model for various aspects of cellular and organ-
ismal aging (10, 13, 16, 76). Senescence is characterized by a
constellation of features including irreversible growth arrest,
elevated senescence-associated B-galactosidase (SAB-gal) ac-
tivity, and increased autofluorescence, cell size, and cellular
granularity. Although the p53 and retinoblastoma (Rb) tumor
suppressor pathways appear to be important mediators of rep-
licative senescence (37, 77), it has been difficult to characterize
the genetic and biochemical basis of replicative senescence
because it is a heterogeneous process that occurs after months
in cell culture. Senescence-like states can also be acutely in-
duced by oxidative stress, introduction of an activated ras on-
cogene Or tumor suppressor genes, or various other treatments
(reviewed in reference 78). The rapid induction of senescence
by these diverse stimuli implies that senescence is a genetically
programmed cellular process analogous to cell cycle progres-
sion or apoptosis.

We and others have described a model of induced senes-
cence in cervical cancer cells (36, 57, 88). Cervical carcinogen-
esis is initiated by persistent infection of cervical keratinocytes

* Corresponding author. Mailing address: Department of Genetics,
Yale University School of Medicine, New Haven, CT 06510. Phone:
(203) 785-2684. Fax: (203) 785-6765. E-mail: daniel.dimaio@yale.edu.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 20 December 2006.

2102

with a high-risk human papillomavirus (HPV), such as HPV16
or HPV18. Cervical carcinoma cells continuously express the
HPV E6 and E7 oncogenes, resulting in sustained inactivation
of the p53 and Rb pathways, respectively (54, 58). Repression
of the E6 and E7 genes in cervical carcinoma cell lines such as
HeLa cells by expression of the bovine papillomavirus (BPV)
E2 transcriptional repressor reactivates the endogenous p53
and Rb pathways and induces a robust senescence response
that proceeds rapidly and synchronously and becomes irrevers-
ible by 5 days after E2 expression (20, 24, 36, 41, 42, 45, 57, 88).
Constitutive expression of the HPV16 E6 and E7 genes in
HeLa cells can prevent BPV E2-induced senescence, demon-
strating that HPV repression is required for this response (18,
27, 33, 34, 36, 45, 63, 64, 68). In contrast, high-level expression
of HPV E2 proteins can result in cellular effects independently
of E6/E7 repression (9, 19, 28, 66, 84).

To initiate a genetic dissection of the pathways leading to
senescence in response to HPV repression, we engineered
HeLa cells to constitutively express an exogenous HPV16 E6
gene (18). Repression of the endogenous HPV18 E7 gene in
these cells by E2 expression activates the Rb but not the p53
pathway, which remains dormant because of enforced expres-
sion of HPV16 E6. Nevertheless, E7 repression efficiently in-
duces senescence in these cells, demonstrating that p53 induc-
tion is not required for senescence (18). Genetic studies
strongly suggest that this induced senescence response requires
activation of the Rb family (63, 70, 88). In addition, inactiva-
tion of the Rb pathway in primary keratinocytes is required to
bypass replicative senescence (22, 48) and Rb-dependent het-
erochromatic foci are a hallmark of cells undergoing replica-
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tive senescence (60). These findings indicate that the Rb family
also plays a major role in regulating replicative senescence.

The best characterized E7 targets are p105%°, p107, and
p130, which comprise the Rb family. Rb family members reg-
ulate transcription primarily by modulating the activity of the
E2F family of transcription factors (30). Complexes composed
of E2F and Rb family members actively repress transcription
of numerous genes required for cellular DNA replication and
cell cycle progression by recruitment of chromatin-modifying
enzymes, including histone deactylases, to the promoters of
these genes (11). Expression of the E7 protein disrupts Rb/E2F
complexes and stimulates degradation of the Rb family, reliev-
ing repression and converting E2F family members into tran-
scriptional activators, resulting in cell cycle progression (58).
Rb family members can also interact with a number of tran-
scriptional activators, including c-jun and chromatin remodel-
ing proteins (e.g., see references 26, 62, 65, 80, and 94).

The E7 protein binds numerous other proteins in addition to
members of the Rb family (58), but the functional conse-
quences of these interactions are poorly characterized. There-
fore, in order to understand the mechanistic basis of induced
senescence in cervical cancer cells, it is important to determine
which of the transcriptional consequences of HPV E7 repres-
sion are caused by activation of the Rb pathway and which do
not require Rb activation, and to explore the molecular basis
for the transcriptional response to Rb activation. In addition as
noted above, in some situations, papillomavirus E2 proteins
can exert effects independently of HPV repression (9, 19-21,
28, 66, 84), presumably by binding and influencing the activity
of cellular genes or proteins (e.g., see references 56 and 72).
Therefore, although BPV E2-induced senescence requires E7
repression, it is also important to determine whether changes
in gene expression that occur following E2 expression are
solely due to repression of the endogenous HPV oncogenes or
also require other effects of the E2 protein.

To address these issues, we conducted RNA microarray
analysis on senescing HeLa cells in the absence of p53 activa-
tion. Our results revealed that few, if any, cellular genes are
directly regulated by the BPV E2 protein or by responses to E7
repression independent of Rb family activation. Rather, the
entire transcriptional response to the BPV E2 protein is me-
diated by E7 repression and activation of the Rb pathway. Our
studies also provided insight into the mechanistic basis for the
resulting transcriptional profile and senescent phenotype and
revealed substantial overlap between Rb family-induced senes-
cence and replicative senescence, suggesting that common
transcriptional events may underlie both processes.

MATERIALS AND METHODS

Cell culture and viruses. The HeLa/16E6-LXSN-1, HeLa/16E6-16E7-21, and
HeLa/16E6-16E7 4,,_,4-28 stable cell lines referred to here as the E6, EOE7, and
E6E7A21-24 cells, respectively, were previously described (70). HeLa cells con-
stitutively expressing the HPV16 E6 gene and either the wild-type adenovirus 5
13S E1A gene (E6/E1A cells) or E1A with a point mutation (C124G) in the
Rb-binding domain (E6/E1A-C124G cells) were generated by infecting HeLa/
16E6-5K cells (single-cell cloned from HeLa/16E6-5 cells) (18) with retroviral
stocks generated from pBabe-13S E1A or pBabe-13S E1A-C124G. Cells were
pooled after 2 days of selection in 0.4 pg/ml puromycin. To generate HeLa cells
constitutively expressing the HPV16 E6 gene and DEK (E6/DEK) or B-MYB
(E6/BM), full-length DEK ¢DNA (Invitrogen Mammalian Gene Collection
[IMGC], clone 5122743) was cloned into the pLPCX retroviral vector and full-
length B-MYB (IMGC, clone 3162656) was cloned into the pBabe-Puro retro-
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viral vector. Concentrated retrovirus was used to infect HeLa/16E6-5K cells.
Cells were plated at low density and selected for 5 to 6 days in medium contain-
ing 0.4 pwg/ml puromycin. After further incubation in the absence of selection,
individual colonies were expanded to generate clonal cell lines. Lines maintain-
ing a high level of expression of each transcription factor mRNA after expression
of the E2 protein, as assessed by quantitative real-time PCR (qRT-PCR), were
selected for further analysis. To generate HeLLa/E6 cells constitutively expressing
the TAM67 dominant-negative deletion mutant of c-jun, the TAM67 c-jun gene
was released from pLRT-TAMG67 (46) with BamHI and cloned into the pBabe-
Puro retroviral vector to generate pBabe-Puro-TAM67. Concentrated control
Babe-Puro or Babe-Puro-TAMG67 retrovirus was used to infect HeLa/16E6-5K
cells, and cells were pooled after 2 days of selection in puromycin (0.4 pg/ml) to
generate the E6/pBabe and E6/TAMG67 cells, respectively. Primary human fore-
skin fibroblasts were harvested at passage 8 or serially passaged 1:4 until passage
26, at which time they had reached senescence. All cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum, 10 mM HEPES (pH 7.3), penicillin, and streptomycin.

Retroviruses were generated by cotransfecting 293T cells with the retroviral
plasmids of interest, pVSVg (Clontech) and pCL-ECO (61). Retroviral super-
natants were harvested in OptiMEM every 24 h for 3 to 4 days, pooled, and
concentrated with Centricon Ultracel PL-30 columns (Microcon). Cells were
infected at a multiplicity of infection of 2 to 3 and selected in puromycin. The
wild-type BPV E2 protein or E2 with a point mutation in the DNA-binding
domain (E2C340R) was expressed by infection at a multiplicity of infection of 20
with high-titer recombinant simian virus 40 (SV40) viruses (E2 virus or E2
mutant virus), amplified and with the titer determined as previously described
(35, 59).

Microarray analysis. A total of 1 X 10° E6, E6E7, or E6E7A21-24 cells were
plated per 150-mm-diameter dish and mock infected or infected with the mutant
or wild-type E2 virus the following day. Two days later, inhibition of DNA
synthesis by expression of the wild-type E2 protein was confirmed by measuring
bromodeoxyuridine incorporation using a cell proliferation enzyme-linked im-
munosorbent assay bromodeoxyuridine kit (Roche), and repression of the en-
dogenous HPV18 E7 gene was confirmed by qRT-PCR. Three days after mock
infection or infection with a virus expressing the wild-type or mutant E2 protein,
cells were trypsinized and 1 X 10° cells were replated per 150-mm dish. Because
expression of the E2 protein from the nonreplicating vector is diluted over time
in proliferating cells, the E6E7 cells were reinfected with the E2 or E2 mutant
virus at 4 days after the initial infection. Six days after the initial infection, total
RNA was prepared using Qiashredder columns, the RNeasy Midi kit, and the
RNase-free DNase set (QIAGEN). Three biological replicates of each cell sam-
ple were analyzed, one of which was hybridized twice. Labeled cDNA probes
were prepared and microarrays were hybridized using protocols provided by the
Keck Microarray Resource (KMR) at Yale University. Briefly, 50 pg of RNA
concentrated using Microcon YM-30 columns (Millipore) was primed with ran-
dom hexamers and oligo(dT) and reverse transcribed at 42°C for 2 h using
Superscript II reverse transcriptase (Invitrogen) in the presence of 500 uM each
dATP, dCTP, and dGTP and 200 pM each dTTP and amino-allyl dUTP. Reac-
tion mixtures were treated with sodium hydroxide at 65°C for 20 min to remove
the RNA template, neutralized, and purified using the CyScribe GFX purifica-
tion kit (Amersham Biosciences) according to manufacturer’s instructions, ex-
cept columns were washed with 80% ethanol and samples were eluted with 0.1
M sodium bicarbonate, pH 9.0. Samples were labeled with Cy3 or Cy5 monore-
active dye (Amersham Biosciences) for 90 min in the dark. Reactions were
quenched with ethanolamine, and the labeled cDNA probes were purified using
the CyScribe GFX purification kit (Amersham Biosciences). Three micrograms
each of differentially labeled E2-infected or control samples were mixed for each
hybridization reaction, with the dyes used to label the E2-infected and control
samples swapped in half of the replicates. Microarray slides were prepared by the
KMR and contained approximately 28,000 unique oligonucleotide probes de-
rived from the Human Genome Oligo set V2.0 and V3.0 (Operon) representing
approximately 24,000 genes. Slides were covered with 22- by 60-mm LifterSlips
(Erie Scientific), prehybridized at 55°C for 1 h, hybridized at 55°C overnight in
Gene Machines hybridization chambers, washed, and scanned in an Axon
GenePix 4000A scanner. Using the GenePix Pro3 software (Axon), spots were
automatically detected and then the position and quality of each spot were
manually confirmed. The Cy3 and Cy5 fluorescent intensities of each spot
were quantified. Data for spots of good quality in which the fluorescence inten-
sity was =3X above background in at least one channel were uploaded to the
GeneSpring program (Silicone Genetics), and those genes which satisfied these
criteria in at least half of the replicates were defined as expressed. A lowess
normalization was applied, and the ratio of fluorescent intensities in the E2-
infected samples and control samples was determined for each gene. Significant
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expression changes in HeLa cells were defined as a twofold or greater change in
expression with a ¢ test P value of =0.001. The gene ontology feature of Gene-
Spring and the online Database for Annotation, Visualization and Integrated
Discovery 2006 (DAVID 2006) were used to classify genes according to function
and subcellular location.

RNA for the microarray analysis of replicative senescence was harvested from
the same strain of primary human foreskin fibroblasts at passage 8 and passage
26. Preparation of RNA, labeling of cDNA probes, hybridization of differentially
labeled probes from senescent and proliferating cell samples to microarray
slides, and data analysis were performed as described above for HeLa cells,
except significant expression changes were defined as a twofold or greater change
in expression with a ¢ test P value of =0.01.

qRT-PCR. RNA for qRT-PCR was prepared 6 days after mock infection or
wild-type E2 infection as described above for the microarrays. RNA was con-
verted to cDNA using the iScript cDNA synthesis kit (Bio-Rad), and qRT-PCR
was performed with Hot-Start iTaqg DNA polymerase using 40 ng of cDNA and
the iQ SYBR green supermix (Bio-Rad) in a single-color i-Cycler (Bio-Rad).
Gene-specific primers were designed using the Universal ProbeLibrary Probe-
Finder software (Roche). Results were normalized to expression of glyceralde-
hyde 3-phosphate dehydrogenase, which did not change in response to the E2
protein.

Western blots. A total of 1 X 10° cells were lysed in 2X sample buffer (4%
sodium dodecyl sulfate, 200 mM dithiothreitol, 300 mM Tris-HCI, pH 6.8, 20%
glycerol, 5% B-mercaptoethanol, 0.04% bromophenol blue). Lysates were
cleared by centrifugation, and Western blot analysis was performed as previously
described (70) using c-jun (D) primary antibody (Santa Cruz Biotechnology,
Inc.) and horseradish peroxidase-conjugated donkey anti-rabbit secondary anti-
body (Jackson ImmunoResearch).

Gene knockdown. Short hairpin RNAs (shRNAs) specifically targeting the Rb
family members (p105R®, p107, and p130), DEK, and B-MYB were designed
using the BLOCK-IiT RNA interference designer (Invitrogen). The following
shRNAs were used for each gene: p105 sh#3, 5'-GGAAAGGACATGTGAAC
TTATCGAAATAAGTTCACATGTCCTTTCC-3'; pl107 sh#1, 5'-GCACCAA
GTGACCAACTTATACGAATATAAGTTGGTCACTTGGTGC-3"; p130
sh#1, 5'-GCATAGCTTGAGTCGTCTTCACGAATGAAGACGACTCAAGC
TATGC-3'; DEK sh#1, 5'-GGAAGGCTAAGCGAACCAAATCGAAATTTG
GTTCGCTTAGCCTTCC-3'; DEK sh#2, 5'-GCCTCGAAAGTGTCATCAAT
TCGAAAATTGATGACACTTTCGAGGC-3'; DEK sh#3, 5'-GCTTTCAGA
GTTTGGTTAATCCGAAGATTAACCAAACTCTGAAAGC-3'; MYB sh#1,
5'-GAACTTCCAGTCCTGCTGTCCACGAATGGACAGCAGGACTGGAA
G-3'; and MYB sh#2, 5'-GAAGTTCAGAAACTGGGAGGGCCGAAGCCCT
CCCAGTTTCTGAAC-3". These shRNAs were cloned into the pSIREN-
RetroQ retroviral vector (BD Biosciences), in which expression of the shRNA
was driven by the human U6 promoter. The negative control vector expresses a
scrambled sequence that does not form a hairpin. To generate E6/shRbFam
cells, serial infections with concentrated retrovirus were used to express p105
sh#3, p107 sh#1, and p130 sh#1 in HeLa/16E6-5K cells. After each infection,
cells were selected for 2 to 3 days in medium containing 0.4 pg/ml puromycin,
expanded, and screened by Western blotting or qRT-PCR for Rb family member
knockdown. To inhibit expression of DEK and B-MYB in primary fibroblasts,
concentrated retrovirus was used to infect proliferating primary human foreskin
fibroblasts at passage 16. Cells were selected in 0.6 wg/ml puromycin for 4 to 5
days and stained 6 days later for SAB-gal activity at pH 6.0, as previously
described (23).

RESULTS

Microarray analysis of induced senescence. To characterize
induced senescence, transcriptional profiling was carried out in
the HeLa/16E6 cell line (E6 cells) (18). In addition to the
endogenous HPV18 E6 and E7 genes, these cells express the
HPV16 E6 protein from a promoter that does not respond to
the BPV E2 protein. Expression of the BPV E2 protein in E6
cells represses the HPV18 genes, but HPV16 E6 expression is
maintained. E7 repression activates the Rb pathway and in-
duces the cells to undergo Rb-dependent senescence, but the
p53 pathway remains dormant because of constitutive expres-
sion of the HPV16 E6 protein. The BPV E2 gene was delivered
by infection with a replication-defective SV40-based virus that
infects essentially every cell in the population, so the senes-

J. VIROL.

cence response unfolds uniformly throughout the entire pop-
ulation (36).

RNA was isolated in three independent experiments from
E6 cells 6 days after mock infection or infection with the BPV
E2 virus. This time point was chosen because preliminary stud-
ies showed that the vast majority of gene expression changes
increased progressively following BPV E2 expression, and this
time point allowed us to capture these changes with high sta-
tistical confidence. The RNA was reverse transcribed into
c¢DNA and fluorescently labeled, and differentially labeled
cDNAs from control cells and cells expressing the E2 protein
were mixed and hybridized to arrays representing approxi-
mately 24,000 genes, 13,635 of which were expressed in E6
cells. The transcriptional response of these genes to E2 expres-
sion is shown in Fig. 1A, in which the relative expression of
each gene is represented by a symbol. Using a P value cutoff of
=0.001 applied to genes regulated twofold or more by E2
expression, 224 genes were induced and 352 genes were re-
pressed. Thus, approximately 4% of the expressed genes were
regulated twofold or more by the introduction of the BPV E2
gene into E6 cells.

We conducted experiments to determine whether this pat-
tern of cellular gene expression was due entirely to expression
of a DNA binding-competent BPV E2 protein or whether the
viral vector used to introduce the E2 gene directly affected
transcription. In previous microarray analysis of E2-induced
senescence, cells infected with an adenovirus vector expressing
a full-length or chimeric E2 protein were compared to cells
infected with the vector lacking E2 expression (82, 87). This
design would fail to reveal changes caused by the vector itself,
which might nonetheless contribute to senescence. We com-
pared mock infection and infection with a virus expressing a
BPV E2 DNA-binding mutant (E2C340R) as control samples.
Any genes whose expression is directly affected by virus infec-
tion would show differential expression when wild-type E2-
infected cells are compared to mock-infected cells but not to
cells infected with the E2 mutant virus.

In fact, the wild-type BPV E2 protein generated essentially
the same transcriptional profile when either control sample
was used. Figure 1B shows genes repressed twofold or more in
E6 cells by the wild-type E2 protein, and Fig. 1C shows genes
induced twofold or more. Similar levels of repression and in-
duction of all of these genes occurred when either infection
with the E2 mutant (green symbols) or mock infection (blue
symbols) was used as a control sample. The repression of two
poorly expressed genes (bottom 7th percentile of expressed
genes) appeared partially blocked when the E2 mutant was
used as a control, but qRT-PCR analysis demonstrated that
both genes were repressed to similar extents in comparison to
either control. Therefore, although it is possible that direct
effects of virus infection occur at very early time points, virus
infection per se does not affect the expression of any cellular
genes at 6 days after infection. Furthermore, the DNA binding
activity of the BPV E2 protein is required for its transcriptional
effects.

Confirmation of regulated gene expression during senes-
cence. To confirm the induction and repression of selected
genes, independent RNA samples isolated from E6 cells at 6
days after infection with the wild-type or mutant E2 virus were
analyzed by Northern blotting. This analysis confirmed that the
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FIG. 1. E2 expression induces many changes in cellular gene ex-
pression in E6 cells. Each symbol represents a different gene, and
genes are ordered along the x axis by change in expression in E6 cells
in response to the E2 protein compared to mock-infected cells. Change
in expression at 6 days after E2 expression is graphed on the y axis on
a logarithmic scale. Blue symbols represent change after E2 expression
in E6 cells when mock infection is used as a control. Green symbols
represent change after E2 expression in E6 cells when infection with
the E2 mutant is used as a control. (A) All 13,635 genes expressed in
E6 cells. (B) A total of 352 genes repressed =2X in E6 cells in
comparison to mock infection (P = 0.001). (C) A total of 224 genes
induced =2X in E6 cells in comparison to mock infection (P = 0.001).

HPV18 oncogenes and a major repressed cellular gene
(FOXM1) were highly expressed in mutant-infected cells and
displayed a substantial repression in response to the wild-type
E2 protein and that a major induced gene (PSCA) was ex-
pressed at a low level in cells infected with the virus expressing
the E2 mutant and underwent a substantial induction in re-
sponse to the wild-type E2 protein (data not shown).
qRT-PCR analysis was used to examine the expression of a
larger number of genes in a quantitative fashion. This analysis
revealed excellent agreement with the microarray data, al-
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though in most cases the amplitude of the change was greater
according to qRT-PCR. The NADH dehydrogenase (ubiqui-
none) 1B gene (NDUFBI0), a gene that did not change in
expression by microarray analysis, similarly showed no change
when expression was assessed by qRT-PCR (Fig. 2A). In con-
trast, all 20 genes examined that were repressed by microarray
analysis were also repressed when assessed by qRT-PCR (Fig.
2A) (data not shown). Similarly, we confirmed the induction of
38 out of 39 (>97%) of the induced genes (Fig. 2B) (data not
shown). Therefore, the microarray results are an accurate re-
flection of gene expression changes in response to the E2
protein.

To confirm that the p53 pathway was not activated during
senescence in this system, we examined the expression of genes
known to be direct targets of p53 (85, 92). Seventy-two p53-
responsive genes were expressed in E6 cells. Only three of
these genes (4%) were induced twofold or more after expres-
sion of the E2 protein, and another three were repressed two-
fold or more (Fig. 3, bottom panel). Notably, expression of the
vast majority of p53-dependent genes was not regulated to a
significant extent by the E2 protein in these cells, and there was
little if any enrichment of p53-regulated genes in the genes that
were induced or repressed by the E2 protein (compare top and
bottom panels of Fig. 3). These results confirmed that the BPV
E2 protein did not activate the p53 pathway in E6 cells and that
regulated expression of p53-responsive genes is not required
for induced senescence in these cells.

Global transcriptional response to BPV E2 expression re-
quires E7 repression. Because there are many consensus E2
DNA binding sites in the cellular genome, it is possible that the
E2 protein directly regulates the expression of some cellular
genes. In addition, as well as binding Rb family members, the
high-risk HPV E7 protein binds to several other proteins,
including transcription factors. Therefore, it is important to
determine the role of E7 repression and activation of the Rb
family in the transcriptional response to E2 expression during
induced senescence. For this purpose, we analyzed two addi-
tional cell lines. The HeLa/16E6-16E7 cell line (E6E7 cells)
constitutively expresses both HPV16 E6 and HPV16 E7 from
retrovirus vectors (18). Expression of the E2 protein in these
cells represses the endogenous HPV18 oncogenes, but the cells
continue to proliferate because expression of HPV16 E6 and
E7 persists. In these cells, enforced expression of the HPV16
E7 protein prevents changes in cellular gene expression due
to repression of the HPV18 E7 protein. The HeLa/16E6-
16E7A21-24 cell line (E6E7A21-24 cells) constitutively ex-
presses the HPV16 E6 gene and an HPV16 E7 mutant that is
defective for binding and degrading Rb family members (70).
This mutant does not block E2-induced senescence (70), but
retains other E7 activities (3, 39, 40, 52). Therefore, any E2-
induced changes in gene expression that are blocked by ex-
pression of the mutant E7 gene in E6E7A21-24 cells are likely
Rb family-independent responses to E7 repression, whereas
expression changes dependent on the Rb family should not be
blocked by this mutant. As predicted, transient assays with an
E2F-responsive reporter gene demonstrated that HPV18 E7
repression activated the Rb/E2F repressor pathway in E6 cells
and that activation of the Rb pathway was blocked by consti-
tutive expression of the wild-type HPV16 E7 protein in the
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E6E7 cells but not the E7 mutant in the E6E7A21-24 cells
(data not shown).

Microarray analysis was used to examine the global effect of
the BPV E2 protein in the face of constitutive expression of the
HPV16 E7 protein (Fig. 4). The repression and induction of
essentially all of the genes significantly affected by the wild-
type E2 protein in E6 cells (green symbols) were substantially
inhibited by the wild-type HPV16 E7 protein (purple symbols).
The five symbols representing genes significantly repressed by
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FIG. 3. p53 pathway is not activated during induced senescence in
E6 cells. Genes expressed in E6 cells were divided into six bins accord-
ing to the magnitude of expression changes at 6 days after expression
of the E2 protein compared to mock infection. The total number of
genes in each bin is graphed for all 13,635 expressed genes (top panel)
and the 72 p53-responsive genes expressed in E6 cells (bottom panel).
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FIG. 4. Comparison between the transcriptional profiles of E6 cells
(green), E6E7 cells (purple), and E6E7A21-24 cells (black) after ex-
pression of the E2 protein. Change in expression at 6 days after E2
infection is graphed for the genes repressed (top panel) or induced
(bottom panel) twofold or more (P < 0.001) in E6 cells compared to
infection with the E2 mutant. Because the magnitude of gene expres-
sion changes was, in general, slightly decreased when infection with the
E2 mutant virus rather than mock infection was used as a control,
according to these criteria, the E2 protein induced 175 genes and
repressed 294 genes. Each symbol indicates a different gene, ordered
along the x axis by change in expression in E6 cells. Circled symbols
correspond to integrated HPV DNA.
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FIG. 5. Effect of adenovirus E1A on gene induction and repression by the E2 protein. Expression of selected repressed (A) and induced
(B) genes was examined by qRT-PCR at 6 days after repeated E2 infection of E6/E1A cells (black) or E6/E1A-C124G cells (gray), compared to
mock infection, and normalized for glyceraldehyde-3-phosphate dehydrogenase expression.

the E2 protein in E6E7 cells corresponded to the endogenous
HPV18 DNA (circled symbols in Fig. 4, top panel). One gene
appeared repressed by the E2 protein to a far greater extent in
E6E7 cells, but because of the quality of the data for this gene,
repression was not statistically significant (P = 0.2). Thus, gene
induction and repression by the E2 protein were blocked by
constitutive expression of the wild-type E7 protein in the E6E7
cells, indicating that transcriptional effects of the BPV E2
protein 6 days after E2 introduction require E7 repression.

Microarray analysis was also used to examine gene expres-
sion 18 h after infection of E6 cells with the E2 virus. At this
early time point, induction of the SV40 capsid genes (ex-
pressed from the viral vector) and repression of the endoge-
nous HPV18 E7 gene were the only significant expression
changes observed in response to the E2 protein (data not
shown). Thus, repression of the endogenous E7 oncogene pre-
ceded any sustained changes in cellular transcription. Because
direct targets of the E2 protein would presumably show changes
in gene expression early after E2 expression, these results
supported the surprising conclusion that the BPV E2 protein
does not directly bind to and regulate the expression of any
cellular genes at 6 days after infection.

Global transcriptional response to BPV E2 expression re-
quires Rb family activation. To determine whether there was a
component of the transcriptional response to E7 repression
that was independent of Rb family activation, we examined
E2-mediated gene expression changes in E6E7A21-24 cells. As
shown in Fig. 4, the transcriptional responses to BPV E2 ex-
pression were essentially identical in the E6 cells (green sym-
bols) and the E6E7A21-24 cells (black symbols), but clearly
divergent from the pattern in E6E7 cells (purple symbols). In
fact, the vast majority (~98%) of genes were induced or re-
pressed to similar extents in E6 cells and E6E7A21-24 cells.
The expression of the handful of genes that appeared divergent
in these two cell lines was assayed by qRT-PCR analysis of
independent RNA samples. This analysis revealed that four of
these induced genes did in fact display Rb family-dependent
regulation and that the expression of the other outliers was
either undetectable or was not regulated by E2 expression in
E6 cells (data not shown). Thus, we did not identify a single
gene that was regulated in an Rb family-independent manner.
The inability of the HPV16 E7 mutant to block the transcrip-
tional response to HPV18 E7 repression strongly suggests that

the major expression changes during senescence induced by E7
repression were dependent on activation of the Rb family.

As an independent assessment of the role of the Rb family
in generating the transcriptional profile after E7 repression, we
analyzed EG6 cells expressing either a wild-type adenovirus type
5 13S E1A protein, which binds and inactivates Rb family
members, or 13S E1A-C124G, which contains a mutation in
the LXCXE motif that prevents binding to p105%" and p130,
but retains a reduced ability to bind p107 (17). Other than the
sequences required for the binding and degradation of the Rb
family, the sequences of E7 and E1A are largely unrelated
(69). The wild-type and mutant E1A proteins were expressed
at similar levels, and the wild-type but not the mutant E1A
protein prevented E2-mediated senescence (data not shown).
RNA was isolated from these cells 6 days after mock infection
or infection with the E2 virus and analyzed by qRT-PCR.
Genes identified as being repressed or induced by microarray
analysis of E6 cells were also repressed or induced in cells
expressing the E1A mutant deficient for binding Rb family
members, but regulation of these genes was markedly inhibited
by expression of wild-type E1A, despite effective repression of
the endogenous E7 gene in these cells (Fig. 5A and B). These
results provide independent evidence that induction and re-
pression of the vast majority of genes during induced senes-
cence are dependent on activation of the Rb family.

As a final test of the role of the Rb family in senescence in
E6 cells, short hairpin interfering RNAs (shRNAs) were de-
signed to specifically target p105%°, p107, and p130. Rb family
shRNAs were expressed individually or in combination in E6
cells by infection with high-titer retroviruses, and knockdown
of p105®”°, p107, and p130 was confirmed by qRT-PCR and/or
Western blotting (data not shown). E6 cells expressing each Rb
family shRNA individually still senesced in response to expres-
sion of the BPV E2 protein (data not shown), suggesting that
no specific Rb family member was required to initiate a senes-
cence response in E6 cells. However, reduction in expression
of individual Rb family members caused compensatory in-
creases in other family members (data not shown). Therefore,
we used serial infection with concentrated shRNA retroviral
stocks to generate E6/shRbFam cells in which the expression
of all three Rb family members was repressed as assessed by
qRT-PCR (data not shown). As shown in Fig. 6A, 10 days after
repeated infection with the E2 virus, parental E6 cells acquired
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FIG. 6. Short hairpin RNAs targeting the Rb family block E2-induced senescence and gene induction. (A) E6 cells or E6/shRbFam cells were
stained for senescence-associated B-galactosidase activity 10 days after mock infection or repeated E2 infection. (B) Expression of selected induced
genes was examined by qRT-PCR analysis of RNA harvested 6 days after repeated E2 infection of E6 cells (gray) or E6/shRbFam cells (black),
compared to mock infection, and normalized to glyceraldehyde-3-phosphate dehydrogenase expression.

a senescent morphology and positive staining for SAB-gal ac-
tivity, but E2-infected E6/shRbFam cells continued to prolif-
erate and formed small colonies lacking SAB-gal activity, con-
firming that E2-mediated senescence in E6 cells requires
activation of the Rb family. Because E6/shRbFam cells grew
poorly in culture, microarray analysis of these cells was not
performed. Rather, qRT-PCR analysis was conducted on RNA
harvested from E6/shRbFam cells and parental E6 cells 6 days
after mock infection or E2 infection. Even though the E2
protein repressed the endogenous HPV18 E7 gene 38-fold in
E6/shRbFam cells (data not shown), E2-mediated induction
and repression of cellular genes were markedly inhibited by
expression of shRNAs targeting the Rb family (Fig. 6B) (data
not shown). These results provide additional direct evidence
that gene regulation during senescence triggered by E7 repres-
sion requires activation of the Rb family.

Functional classification of genes regulated during induced
senescence. The 20 genes showing the greatest induction and
repression during induced senescence are listed in Tables 1
and 2, respectively. For a complete list of regulated genes, see
Tables S1A and S1B in the supplemental material. Classes of
repressed genes include many histones and other cell cycle-
related genes. A total of 336 of the 352 genes repressed twofold
or more (P = 0.001) were present in the DAVID 2006 data-
base. Nineteen percent of these 336 genes were classified as
cell cycle-related genes, and the P value for this classification
(ameasure of overrepresentation of a functional category com-
pared to its representation in the Homo sapiens proteome) was
2.7E-29. Twenty-six genes involved in DNA repair and 33

genes involved in mitosis, some of which were also in the cell
cycle class, were repressed (P values of 3.6E-14 and 2.1E-27,
respectively).

To assess whether genes in particular functional classes were
preferentially induced or repressed relative to all 13,635 genes
expressed in these cells, each gene was placed in one of six bins
according to its change in expression in response to the E2
protein. Expression of the vast majority of genes did not
change and hence was not associated with significant P values.
Therefore, we did not apply a P value cutoff for these assign-
ments. For each functional class, the distribution of genes
within these bins was then compared to the distribution of all
expressed genes. A total of 493 Rb/E2F target genes, identified
by chromatin immunoprecipitation against E2F4 and Rb fam-
ily members followed by hybridization to human promoter
arrays (4, 12, 73, 86), were expressed in E6 cells. Although only
3.3% of all expressed genes were repressed twofold or more,
113 (23%) of the Rb/E2F target genes were repressed, repre-
senting a sevenfold enrichment (Fig. 7, upper panel). Indeed,
16 of the top 25 repressed cellular genes were known E2F
target genes (Table 2) (data not shown). These results dem-
onstrated that, as expected, mobilization of an Rb/E2F tran-
scriptional inhibitory response was a major consequence of E7
repression in E6 cells.

Even though gene induction was also dependent on Rb
family activation, induced genes included few known Rb/E2F
targets. Only eight (1.6%) of the known Rb/E2F target genes
were induced twofold or more, while 2.6% of the total genes were
induced to this extent. The major class of induced genes en-
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TABLE 1. Top 20 significantly induced genes in HeLa/16E6 cells

Fold Entrez gene

induction® o, Gene symbol Description
56.5 84460 ZMAT1 Zinc finger, matrin type 1
48.8 80183 Cl13orf18 Clone RP11-247M1 on chromosome 13
46.0 84725 PLEKHAS Pleckstrin homology domain containing, family A member 8
20.4 23387 KIAA0999 c¢DNA FLJ25293 fis, clone STM07384
11.2 90120 LOC90120 Homo sapiens cDNA FLJ11396 fis, clone HEMBA1000604
8.1 1675 DF D component of complement (adipsin)
79 22890 ZBTB1 Zinc finger and BTB domain containing 1
7.9 8334 HIST1H2AC Histone 1, H2ac
7.2 3906 LALBA Lactalbumin, alpha
6.1 3696 ITGB8 Integrin, beta 8
6.0 51406 NOL7 27-kDa nucleolar protein
5.6 8000 PSCA Prostate stem cell antigen
53 10512 SEMA3C Semaphorin 3C
5.2 9635 CLCA2 Chloride channel, calcium activated, family member 2
5.1 8349 HIST2H2BE H2B histone family, member Q
5.0 8714 ABCC3 ATP-binding cassette, subfamily C (CFTR/MRP), member 3
4.5 AF017104 Chromosome 7 common fragile site
4.4 440533 PSGS8 Pregnancy-specific beta-1-glycoprotein 8
4.3 AC009708 Chromosome 8, clone RP11-318G5
4.1 60598 KCNK15 Potassium channel, subfamily K, member 15 (TASK-5)

¢ Induction in E6 cells 6 days after expression of the E2 protein compared to mock infection.

coded proteins involved in lysosome function (Table 3). Six-
teen lysosomal genes were induced greater than twofold, rep-
resenting a five- to sixfold enrichment, another 29 lysosomal
genes were induced greater than 1.5-fold, and none were re-
pressed greater than 2-fold (Fig. 7, middle panel). The P value
for overrepresentation of lysosomal genes in the DAVID da-
tabase among genes induced twofold or more (P = 0.001) was
highly significant (P value of 8.7E-9). Additional functional
classes of induced genes that were significantly enriched (P =
0.01) were the plexin/semaphorin/integrin class, the electron
transport and oxidoreductase activity classes, the transporter
activity class, the endoplasmic reticulum class, the calcium

binding class, the protease class, and the complement pathway
class (see Table S2 in the supplemental material).

In addition to its effects on E2F function, p105%® can bind and
stimulate the transcriptional activity of c-jun, a component of the
AP1 transcriptional activator. Furthermore, qRT-PCR analysis
revealed a >10-fold Rb family-dependent induction of c-jun
mRNA itself following E7 repression, consistent with the known
autoregulatory activity of c-jun on its own promoter (1) (data not
shown). A total of 243 c-jun target genes were expressed in E6
cells (excluding genes also known to be Rb/E2F targets) (38).
Nineteen of these genes were induced twofold or more, repre-
senting a threefold enrichment (Fig. 7, bottom panel).

TABLE 2. Top 20 significantly repressed genes in HeLa/16EG6 cells

Fold repression Fold repression Entrez gene - Rb/E2F
in E6pcells” in ﬁbr(fblasts” no‘g Gene symbol Description tar/getf
12.8 4.5 259266 ASPM Abnormal spindle-like microcephaly-associated protein
12.6 3.3 9232 PTTG1 Pituitary tumor-transforming 1 X
10.9 4.2 983 CDC2 Cell division cycle 2, G, to S and G, to M X
10.7 3.5 7153 TOP2A Topoisomerase (DNA) II alpha (170 kDa) X
10.0 2.9 55872 PBK PDZ binding kinase X
9.4 2.9 54443 ANLN Anillin, actin binding protein X
9.2 4.8 259266 ASPM Abnormal spindle-like microcephaly-associated protein
8.6 3.4 51203 NUSAP1 Nucleolar and spindle-associated protein 1 X
8.6 2.8 195828 ZNF367 Zinc finger protein 367
8.6 4.0 10744 PTTG2 Pituitary tumor-transforming 2
8.6 3.7 6241 RRM2 Ribonucleotide reductase M2 polypeptide
7.7 3.8 26255 PTTG3 Pituitary tumor-transforming 3
7.1 35 890 CCNA2 Cyclin A2 X
6.9 2.9 29028 ATAD2 ATPase family, AAA domain containing 2
6.7 2.8 3070 HELLS Helicase, lymphoid specific
6.4 3.0 55635 DEPDC1 DEP domain containing 1 X
6.1 3.7 64151 HCAP-G Chromosome condensation protein G X
6.1 2.8 9133 CCNB2 Cyclin B2 X
6.1 3.1 6941 TCF19 Transcription factor 19 (SC1) X
6.0 29 79968 WDR76 WD repeat domain 76 X

“ Repression in E6 cells 6 days after expression of the E2 protein compared to mock infection.

b Repression in senescent fibroblasts compared to proliferating fibroblasts.
¢ Identified as described in references 4, 12, 73, and 86.
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FIG. 8. Expression of a dominant-negative c-jun mutant blocks E2-
mediated induction of a known c-jun target gene. (A) Western blot of the
c-jun TAM67 mutant. E6 cells transduced with an empty vector or E6/
TAMG67 cells are shown. An arrow indicates the TAM67 doublet at the
predicted molecular size of 29 kDa (30K marker on the left). (B) E6/
TAMO67 cells that were stained for senescence-associated -galactosidase
activity 10 days after repeated E2 infection. (C) RNA was isolated from
E6 cells containing an empty vector (gray) or E6/TAM67 cells (black) 6
days after mock infection or two rounds of E2 infection and analyzed by
qRT-PCR for expression of HPV18 E7 (18 E7), PTGES, or clusterin
(CLU). Data are plotted as described in the legend to Fig. 2.

To analyze the role of c-jun activation in Rb family-depen-
dent gene induction, we generated E6 cells expressing the
TAMG67 transactivation domain deletion mutant of c-jun,
which functions as a dominant negative (46) (E6/TAMG67
cells). Expression of the c-jun mutant in these cells was con-

TABLE 3. Induced lysosomal genes in HeLa/16EG6 cells

indllslzifon” Entr::lf).gene Gene symbol Description
3.8 427 ASAH1 N-Acylsphingosine amidohydrolase (acid ceramidase)
31 1509 CTSD Cathepsin D (lysosomal aspartyl protease)
3.1 54414 CSE-C Cytosolic sialic acid 9-O-acetylesterase homolog
2.6 4126 MANBA Mannosidase, beta A, lysosomal
2.6 1508 CTSB Cathepsin B
2.4 6609 SMPD1 Sphingomyelin phosphodiesterase 1, acid lysosomal (acid sphingomyelinase)
2.4 414 ARSD Arylsulfatase D
2.3 1200 CLN2 Ceroid-lipofuscinosis, neuronal 2, late infantile (Jansky-Bielschowsky disease)
2.3 5660 PSAP Prosaposin
2.3 51449 PCYOX1 Prenylcysteine oxidase 1
2.1 537 ATP6S1 ATPase, H" transporting, lysosomal (vacuolar proton pump), subunit 1
2.0 57192 MCOLN1 Mucolipin 1
2.0 967 CD63 CD63 antigen (melanoma 1 antigen)

¢ Induction in E6 cells 6 days after expression of the E2 protein compared to mock infection.
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TABLE 4. Repressed transcription factors in HeLa/16EG6 cells

FOk.i " Entrez gene Gene symbol Description Rb/EZbI,:
repression’ no. target

12.6 9232 PTTG1 Pituitary tumor transforming 1 X
8.6 195828 ZNF367 Zinc finger protein 367
6.1 6941 TCF19 Transcription factor 19 (SC1) X
39 58500 ZNF250 Zinc finger protein 250
34 7913 DEK DEK oncogene X
33 2305 FOXM1 Forkhead box M1
3.1 4678 NASP Nuclear autoantigenic sperm protein (histone binding) X
3.0 4609 MYC v-myc myelocytomatosis viral oncogene homolog (avian) X
2.8 3181 HNRPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1 X
2.7 3148 HMGB2 High-mobility group box 2
2.7 4605 MYBL2 v-myb myeloblastosis viral oncogene homolog (avian)-like 2 X
2.5 10151 HNRPA3 Heterogeneous nuclear ribonucleoprotein A3
2.5 388275 HNRPA1 Heterogeneous nuclear ribonucleoprotein Al X
2.3 253782 LASS6 LAGTI longevity assurance homolog 6 (Saccharomyces cerevisiae)
23 3187 HNRPH1 Heterogeneous nuclear ribonucleoprotein H1 (H)
22 3189 HNRPH3 Heterogeneous nuclear ribonucleoprotein H3 (2H9)
22 3159 HMGAL1 High-mobility group AT-hook 1
2.1 5036 PA2G4 Proliferation-associated 2G4, 38 kDa
2.1 6628 SNRPB Small nuclear ribonucleoprotein polypeptides B and B1

“ Repression in E6 cells 6 days after expression of the E2 protein compared to mock infection.

" Identified as described in references 4, 12, 73, and 86.

firmed by Western blotting (Fig. 8A). E6/TAM67 cells effi-
ciently entered senescence in response to expression of the E2
protein (Fig. 8B) (data not shown), indicating that c-jun activ-
ity was not required for senescence in this system. qRT-PCR
was used to analyze RNA harvested from E6/TAMG67 cells and
control cells 6 days after mock infection or repeated E2 infec-
tion (Fig. 8C) (data not shown). All of the repressed genes
examined, including the endogenous HPV18 E7 gene, and
many of the induced genes, including the prostaglandin E
synthase (PTGES) gene, were regulated by the E2 protein to a
similar extent in the E6/TAM67 cells and in the control cells.
PTGES lacks a recognizable AP1 site and is not a known c-jun
target. However, expression of the dominant-negative c-jun
mutant blocked the E2-mediated induction of several genes,
most dramatically the gene coding for clusterin, a known target
of c-jun (38) that contains an exact AP1 consensus site in its
promoter. Inhibition of clusterin induction by TAM67 in three
independent experiments was significant (P = 0.007). There-
fore the activation of c-jun transcriptional activity appears to
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be in part responsible for Rb family-dependent gene induction
in response to E7 repression.

Mobilization of multiple signals that can induce senescence.
Activation of the Rb family repressed 19 transcriptional regu-
lators twofold or more during induced senescence in E6 cells,
8 of which are known E2F targets, including DEK and B-MYB
(designated MYBL2) (Table 4) (14, 50). Published studies
indicate that DEK and B-MYB may play a role in cell growth
control (55, 89, 90). To determine if repression of DEK and
B-MYB was sufficient to induce senescence in the absence of
HPV oncogenes, concentrated retrovirus stocks were used to
introduce DEK and B-MYB shRNAs into mid-passage pri-
mary human fibroblasts. Knockdown of the expression of DEK
(up to 100-fold) and B-MYB (up to 12-fold) was confirmed by
qRT-PCR (data not shown). Inhibition of the expression of
either DEK or B-MYB in fibroblasts induced senescence, as
assessed by growth arrest, cell morphology, increased autofluo-
rescence, and SAB-gal activity (Fig. 9) (data not shown). The
same result was obtained with multiple shRNAs for each gene.

B-MYB shRNA

B

FIG. 9. Inhibition of expression of DEK and B-MYB induces senescence in primary fibroblasts. Short hairpin interfering RNAs (shRNAs)
specifically targeting DEK or B-MYB (DEK sh#2 or MYB sh#2) or a control vector was expressed in mid-passage primary human foreskin
fibroblasts, and cells were stained in situ 10 days later for senescence-associated B-galactosidase activity.
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Cells infected at the same passage number with a control
retrovirus containing a scrambled insert did not senesce.
Therefore, the repression of either DEK or B-MYB is suffi-
cient to induce senescence. Previous studies reported that B-
MYB or DEK repression can inhibit cell growth or survival,
but did not explicitly demonstrate the acquisition of senes-
cence markers (2, 31, 71, 75, 89).

We also determined whether repression of DEK or B-MYB
was required for senescence in E6 cells. Retrovirus infection
was used to constitutively express these genes in E6 cells, and
clonal lines maintaining a high level of expression of each
transcription factor after E2 expression were identified by
qRT-PCR analysis. Wise-Draper and colleagues reported that
overexpression of DEK using an adenovirus expression vector
provides partial protection against senescence induced by HPV
E6 and E7 repression in HeLa cells (90). In contrast, in our ex-
periments, E6 cells constitutively expressing DEK or B-MYB
efficiently senesced in response to the BPV E2 protein (data
not shown). Thus, although repression of DEK or B-MYB was
sufficient to induce senescence in primary cells, maintenance of
the expression of these genes did not block E2-induced senes-
cence in HelLa cells. Taken together, these results indicated
that E7 repression and activation of the Rb pathway mobilized
multiple signals that were independently capable of inducing
senescence. Even if some of these signals were blocked, the
remaining signals were sufficient to trigger the senescence re-
sponse.

Comparison between induced and replicative senescence.
To compare the transcriptional profile of induced senescence
to the most commonly studied system of replicative senes-
cence, we used microarray analysis to identify differences in
gene expression in late-passage primary human foreskin fibro-
blasts that had undergone replicative senescence compared to
the same strain of fibroblasts at early passage. Because the
amplitude of changes in gene expression was, in general, lower
in the fibroblasts than in the senescent HeLa cells and dis-
played more variability between the biological replicates, the
expression changes in the fibroblasts tended to display lower
statistical significance than the changes in the HeLa cells.
Therefore, a P value cutoff of 0.01 was used to identify 248
genes induced twofold or greater in fibroblasts during replica-
tive senescence and 284 repressed genes. For the complete list
of genes regulated during replicative senescence in primary
fibroblasts, see Tables S1C and S1D in the supplemental ma-
terial. In senescent fibroblasts, there was a 6.2-fold enrichment
for induction of p53-responsive genes and a 7.7-fold enrich-
ment for repression of Rb/E2F-responsive genes, indicating
that as expected both the p53 and Rb pathways were activated
during replicative senescence (data not shown). There was
substantial overlap between the results of these microarray
experiments and similar published studies of replicative senes-
cence in late-passage human fibroblasts (e.g., reference 93)
(data not shown).

A large number of genes were regulated in common in
senescing HeLa cells and fibroblasts. A total of 207 genes were
regulated twofold or more in both E6 cells (P = 0.001) and
primary fibroblasts (P = 0.01), representing 39% of the genes
regulated during replicative senescence. Twenty-seven of these
207 genes were induced in both cell types during senescence,
and 174 were repressed in both cell types, and the expression
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FIG. 10. Comparison between the transcriptional profiles of repli-
cative senescence and induced senescence. The 207 genes regulated
twofold or more during senescence in both fibroblasts (P = 0.01) and
E6 cells (P = 0.001, comparing E2 infected to mock infected) are
shown. Change in fibroblasts is graphed on the y axis, and change in E6
cells is graphed on the x axis.

of only 6 genes changed in different directions (Fig. 10 and see
Table S3 in the supplemental material). Therefore, 97% of the
genes regulated twofold or more in both systems of senescence
were regulated in the same direction, while only 3% showed
divergent regulation. The 27 genes induced in both senescent
HeLa cells and fibroblasts include c-jun targets and the lyso-
somal genes acid ceramidase (ASAH1) and prenylcysteine ox-
idase 1 (PCYOX1) (Table 5). Strikingly, all 20 of the top
repressed genes in senescent HeLa cells were also repressed in
fibroblasts and are primarily cell-cycle-related genes (Table 2).
Thus, there is considerable overlap in the transcriptional pro-
files of Rb family-mediated induced senescence in HeLa cells
and replicative senescence in fibroblasts. This similarity estab-
lishes the critical role for the Rb family in driving the tran-
scriptional profile of replicative senescence.

DISCUSSION

Repression of the HPV18 E7 gene in HeLa cervical carci-
noma cells by expression of the BPV E2 protein induces a
senescence response that requires activation of endogenous
Rb family members but not the p53 pathway. At 6 days after
introduction of the BPV E2 gene, we did not detect any tran-
scriptional effects due to virus infection per se or to DNA
binding-independent effects of the BPV E2 protein. Strikingly,
the BPV E2 transcription factor did not directly affect the
expression of any cellular genes in this system, but rather the
entire gene expression profile required E7 repression. At face
value, this finding conflicts with reports that E2 proteins can
exert biological effects independently of HPV repression.
However, HPV-independent effects of E2 were demonstrated
for the most part with high-risk HPV E2 proteins, which ap-
pear to have additional biological activities compared to the
BPV E2 protein or the low-risk HPV E2 proteins (6, 9, 19, 28,
66, 84). In addition, many of these other studies utilized ade-
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TABLE 5. Genes induced in both HeLa/16E6 cells and fibroblasts

F?rlldégilgltsl,? n fﬁ%ﬁﬁiﬁl&? Entriz.gene Gene symbol Description Class®
7.9 2.0 22890 ZBTBI1 Zinc finger and BTB domain containing 1
7.9 44 8334 HIST1H2AC Histone 1, H2ac
4.4 2.1 440533 PSGS8 Pregnancy-specific beta-1-glycoprotein 8
3.8 2.7 427 ASAH1 N-Acylsphingosine amidohydrolase (acid ceramidase) L
35 23 6840 SVIL Supervillin CB
32 23 2247 FGF2 Fibroblast growth factor 2 (basic) cl
3.1 2.1 26060 APPL Adaptor protein, pH and PTB domains, leucine zipper motif
3.0 23 84140 cDNA FLJ13305 fis, clone OVARC1001399
2.7 6.9 23766 GABARAPL3  GABA(A) receptors associated protein like 3
2.6 2.6 134145 Chromosome 5 clone CTD-219904
2.5 2.5 390 RND3 Rho family GTPase 3
2.5 3.8 440449 Hypothetical gene supported by AF086204
2.5 2.3 51706 CYB5R1 Cytochrome b5 reductase 1 ET, TA
2.5 3.8 718 C3 Complement component 3 CP
2.5 2.1 57088 PLSCR4 Phospholipid scramblase 4 TA, CB
2.3 2.1 26020 LRP10 Low-density lipoprotein receptor-related protein 10
2.3 2.5 51449 PCYOX1 Prenylcysteine oxidase 1 L,O
2.3 23 9052 RAI3 Retinoic acid-induced 3
2.2 35 7474 WNTSA Wingless-type mouse mammary tumor virus integration site

family, member 5A

2.2 2.5 81533 ITFG1 Integrin alpha FG-GAP repeat containing 1
22 22 64065 PERP TP53 apoptosis effector; p53-induced protein PIGPC1
2.1 7.2 23710 GABARAPL1  GABA(A) receptor-associated protein-like 1
2.1 2.3 5654 PRSS11 Protease, serine, 11 (IGF binding) P
2.1 2.2 2745 GLRX Glutaredoxin (thioltransferase) CJ, ET, TA
2.1 2.4 1601 DAB2 Disabled homolog 2, mitogen-responsive phosphoprotein
2.1 2.8 114294 LACTB Lactamase, beta
2.0 2.5 1026 CDKNI1A Cyclin-dependent kinase inhibitor 1A (p21, Cipl)

“ Induction in E6 cells 6 days after expression of the E2 protein compared to mock infection.

® Induction in senescent fibroblasts compared to proliferating fibroblasts.

¢ L, lysosomal; CB, calcium binding; CJ, c-jun target; ET, electron transport activity; TA, transporter activity; CP, complement pathway; O, oxidoreductase activity;

P, protease.

novirus infection, transfection, induction of E2 expression with
heavy metals, or fusion to reporter proteins, which may influ-
ence the cellular response to the E2 protein.

Even though consensus E2 binding sites occur thousands of
times in the human genome, our results indicate that the BPV
E2 protein acts remarkably specifically on the integrated
HPV18 genome. There are four conserved E2 binding sites in
the viral long control region, including two separated by only 4
bp immediately upstream of the E6/E7 promoter. This ar-
rangement may facilitate specific, cooperative binding and ac-
tion of the BPV E2 protein at the viral DNA. It is also possible
that cellular E2 sites are inaccessible to E2 binding because
they are methylated or in heterochromatin. Methylation of
CpG dinucleotides in the E2 binding sites blocks the ability of
the E2 protein to bind (81) and affect transcription (47). Fi-
nally, the consensus E2 DNA binding site was determined in in
vitro studies using naked DNA, but in vivo the E2 protein may
prefer its natural sites in chromatin and in the presence of
cellular proteins.

In addition to Rb family members, the E7 protein interacts
with numerous other binding partners, including cdk inhibitors
p21 and p27, several transcription factors, transcriptional co-
activators, and proteins involved in chromatin remodeling (58),
and Rb family-independent functions of E7 have been de-
scribed (5, 8, 25). Nevertheless, the gene expression changes in
EO6 cells 6 days after expression of the BPV E2 protein were
blocked by constitutive expression of wild-type 16 E7, but not
by expression of an E7 mutant defective for binding and deg-

radation of Rb family members. This E7 mutant is not globally
disrupted but retains several biological activities, including the
ability to bind the p600 Rb-associated protein, pCAF acetyl-
transferase, and the BRG1 component of SWI-SNF chromatin
remodeling complexes and the ability to abrogate p21-induced
cell cycle arrest (3, 39, 40, 52). In fact, interaction domains for
most cellular E7-binding proteins are within the carboxyl ter-
minus of E7, distal to the Rb binding motif (58). However,
interaction between E7 and some cellular proteins other than
Rb family members involves the Rb binding domain (7, 67),
and the E7A21-24 mutation can affect p21 binding in vitro (44).
Therefore, we used two additional approaches to indepen-
dently confirm the Rb family dependence of the transcriptional
response to E7 repression. Induction and repression of all the
genes examined were also inhibited by expression of sShRNAs
targeting all three Rb family members or by expression of the
wild-type adenovirus type 5 E1A protein, but not by an E1A
mutant defective for binding Rb family members. Overall, dif-
ferent patterns of gene expression were not detected when
various methods were used to ablate the Rb family pathway.
Similarly, because we were not able to repress Rb family mem-
bers individually and because the E1A mutant displayed only a
partial defect in p107 binding, our results did not permit us to
assign specific activities to different Rb family members. Taken
together, these results establish that the transcriptional re-
sponse to E7 repression in HeLa cells is dependent on activa-
tion of the Rb family and that interactions of the E7 protein
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with other binding partners are not sufficient to exert transcrip-
tional effects in the absence of activation of the Rb family.

In our experiments, approximately one-third of the re-
pressed genes were known targets of E2F4 or Rb family mem-
bers. Furthermore, almost one-quarter of E2F target genes
expressed in E6 cells were significantly repressed during in-
duced senescence, consistent with activation of the Rb/E2F
pathway. Typically, only a fraction of targets identified by
global chromatin immunoprecipitation studies demonstrate
regulated expression in complementary expression studies
(e.g., see reference 38). Therefore, repression of E2F target
genes, many of which are involved in cell cycle progression, is
likely a direct effect of complex formation between Rb family
members and repressor E2F family members and is undoubt-
edly responsible for cell cycle arrest. These results are consis-
tent with the results of Jackson et al., who detected recruitment
of Rb family members to promoters of cell cycle-related genes
in MCF-7 breast carcinoma cells induced to senesce by doxo-
rubicin treatment (43). Furthermore, stable repression of E2F-
responsive genes in senescent human fibroblasts has been
attributed to the Rb-dependent formation of senescence-asso-
ciated heterochromatic foci, involving the recruitment of
pl05%® to the promoters of these genes (60). Finally, our
earlier studies demonstrated that repression of cdc25A expres-
sion by E7 repression in HeLa cells required an E2F site in the
cdc25A promoter and was accompanied by the assembly of
p105R*/E2F4 complexes able to bind this site in vitro (91).

E7 repression and activation of the Rb family members also
induced more than 200 genes, notably including genes encod-
ing proteins involved in lysosome function. These results sug-
gest that there is a transcriptional basis for the increased lyso-
some content characteristic of senescent cells, which may
contribute to many features of the senescence phenotype, in-
cluding increased autofluorescence, cellular granularity, and
SAB-gal activity, the widely used marker of senescence, which
is due to increased activity of lysosomal B-galactosidase (23,
49, 51).

The ability of Rb family members to directly stimulate gene
expression by interacting with various positively acting tran-
scription factors and chromatin remodeling proteins may ac-
count for much of the gene induction observed. Direct support
for this model is provided by our finding that induction of an
AP1 target gene, coding for clusterin, was blocked by a dom-
inant-negative version of c-jun. Induction of jun-responsive
genes may involve not only direct activation of c-jun itself, but
also the consequent autostimulation of the c-jun promoter,
which contains an AP1 site. In addition, p105%® associates with
and activates the CBFA-1 transcription factor (83). Pituitary
tumor-transforming 1 interacting protein (PTTG1IP), coded
for by a gene induced in response to E7 repression, is a target
of CBFA-1 (79). Similarly, p105%" binds and activates GATA-1,
C/EBPa (53), and C/EBPB (15). Genes significantly induced
by E7 repression include targets of GATA-1, such as those
coding for cyclin-dependent kinase inhibitor 2B [pl5
(CDKN2B)] and cellular repressor of E1A-stimulated genes
(CREG) (74), as well as targets of C/EBPa and/or C/EBPB,
such as genes coding for complement component 3 (C3) and
S$100 calcium binding protein A10 (29, 32).

Transcription factors repressed in an Rb family-dependent
manner after E7 repression in E6 cells include the known
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Rb/E2F targets DEK and B-MYB. Some of the gene expres-
sion changes observed during induced senescence are likely to
be downstream effects of the regulated expression of these
transcription factors. In addition, inhibition of expression of
either DEK or B-MYB by RNA interference induced senes-
cence in primary cells. Thus, activation of the Rb family results
in the delivery of multiple signals, several of which are inde-
pendently sufficient to elicit senescence. The simultaneous de-
livery of reinforcing senescence-inducing signals may account
for the profound growth inhibition caused by E7 repression
and for our inability to block senescence by the expression of
DEK, B-MYB, or dominant-negative c-jun.

Two previous microarray-based studies examined transcrip-
tion in HeLa cells following E2-induced repression of both E6
and E7. Wells et al. described a transcriptional profile that
included the induction of p53-responsive genes and repression
of cell cycle-regulated genes (87). Two sets of regulated genes
highlighted by Wells et al., the RAB vesicular transport genes
and genes encoding the GAGE tumor-associated antigens, did
not significantly change expression in our study, in which only
E7 was repressed. Thierry et al. concluded that gene induction
by a chimeric green fluorescent protein-HPV18 E2 protein was
largely due to activation of the p53 pathway in response to E6
repression, while gene repression was attributed to the assem-
bly of active Rb/E2F complexes in response to E7 repression,
with mitotic genes representing a major repressed class (82).
Both of these studies expressed the E2 protein from adenovi-
rus vectors. Unlike these prior studies, we showed that the
gene expression changes observed were not due to HPV-inde-
pendent effects of E2 expression. We also eliminated effects of
E6 repression, including p53-dependent gene expression
changes, from the transcriptional profile of induced senes-
cence. Furthermore, we demonstrated directly that the ob-
served changes in gene expression were a consequence of HPV
E7 repression and activation of the Rb family, identified lyso-
somal genes as the major induced class, and revealed a role of
c-jun in mediating the transcriptional response.

In our experiments, the transcriptional profile of induced
senescence driven by the Rb family in cervical carcinoma cells
was compared to the profile of replicative senescence in pri-
mary fibroblasts triggered by telomere erosion. This analysis
revealed substantial overlap between the transcriptional pro-
grams of these two senescence systems, indicating that activa-
tion of the Rb family plays a prominent role in driving the
transcriptional events during replicative senescence. Further-
more, the common transcriptional response suggests that there
is extensive mechanistic and phenotypic overlap between se-
nescence in cancer cells and in primary cells. Therefore, this
model of induced senescence, which is rapid, synchronous, and
easily manipulated, can facilitate the genetic and biochemical
characterization of senescence.
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