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HPV16 E7 Protein and hTERT Proteins Defective for
Telomere Maintenance Cooperate to Immortalize Human

Keratinocytes
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Abstract

Previous studies have shown that wild-type human telomerase reverse transcriptase (hTERT) protein can functionally
replace the human papillomavirus type 16 (HPV-16) E6 protein, which cooperates with the viral E7 protein in the
immortalization of primary keratinocytes. In the current study, we made the surprising finding that catalytically inactive
hTERT (hTERT-D868A), elongation-defective hTERT (hTERT-HA), and telomere recruitment-defective hTERT (hTERT N+T) also
cooperate with E7 in mediating bypass of the senescence blockade and effecting cell immortalization. This suggests that
hTERT has activities independent of its telomere maintenance functions that mediate transit across this restriction point.
Since hTERT has been shown to have a role in gene activation, we performed microarray studies and discovered that E6,
hTERT and mutant hTERT proteins altered the expression of highly overlapping sets of cellular genes. Most important, the
E6 and hTERT proteins induced mRNA and protein levels of Bmi1, the core subunit of the Polycomb Group (PcG) complex 1.
We show further that Bmi1 substitutes for E6 or hTERT in cell immortalization. Finally, tissue array studies demonstrated that
expression of Bmi1 increased with the severity of cervical dysplasia, suggesting a potential role in the progression of cervical
cancer. Together, these data demonstrate that hTERT has extra-telomeric activities that facilitate cell immortalization and
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that its induction of Bmi1 is one potential mechanism for mediating this activity.
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Introduction

Cell immortality is a hallmark of cancer cells [1] and the high-
risk oncogenic HPVs encode two major transforming genes, E6
and E7, which are required for the immortalization of human
primary genital keratinocytes [2,3]. These two oncogenes are
uniformly retained and expressed in cervical cancers and their
continued expression is required for the cells to retain the
tumorigenic phenotype [4,5,6,7,8]. The E6 and E7 proteins were
initially identified as targeting the p53 and Rb tumor suppressor
pathways in host cells, thereby disrupting cell cycle controls
[5,6,7,8]. E7 stimulates the cell cycle via its ability to bind and
mactivate the cellular Rb protein while E6 binds to p53, leading to
its degradation via the proteosomal pathway [5,6,7,8].

In addition to p53 degradation, E6 induces telomerase activity
in epithelial cells [6,9,10]. Telomerase is a specialized reverse
transcriptase that synthesizes the telomeric repeat DNA sequences
at the ends of chromosomes [11]. The absence of telomerase
activity in most normal human cells results in the progressive
shortening of telomeres with each cell division [12,13], ultimately
leading to chromosomal instability and cellular replicative
senescence [12,14]. For this reason, telomere shortening is thought
to represent the “mitotic clock” that determines cellular lifespan.
In contrast to most human somatic cells, approximately 90% of
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mmmortalized and cancer cells express telomerase activity and
consequently maintain minimal, stable telomeres and indefinite
proliferative potential [15]. Therefore, telomerase activation is
considered a critical event in the process of cell immortalization.
Recent studies indicate that telomerase may assist in bypassing two
separate events which block the continuous replication of primary
human cells: mortality stage 1 (M1, replicative senescence)
followed by mortality stage 2 (M2, crisis) [16]. In some cells,
especially those with decreased function of the p16/Rb pathway,
telomerase activity is sufficient to bypass both M1 and M2
blockades and to stabilize and elongate telomeres [17,18,19,20].

Studies have demonstrated that activation of telomerase by E6
1s critical for cell immortalization by HPV [17,21]. E6 executes
this increase in telomerase activity by multiple mechanisms
[8,22,23,24,25,26]. While increased hTERT is required for
viral-mediated cell immortalization [8,17,21], our previous studies
demonstrated that telomeres erode in HPV-expressing keratino-
cytes similar to normal keratinocytes [10], suggesting that the role
of hTERT overexpression in cell immortalization might involve
functions additional to those in telomere elongation.

Evidence is accumulating that h'TERT has important non-
canonical functions. For example, mTERT has been ascribed
roles in altering apoptotic responses [27,28], tumor formation in
mice [29,30], stem cell migration and renewal [30] and chromatin
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Author Summary

The human papillomaviruses (HPVs) are critical elements in
the etiology of cervical cancer, as well as several other
human cancers. The E6 protein, in combination with the E7
protein of these viruses, immortalizes epithelial cells and
increases the expression of the hTERT protein. In the
current study we show that the enzymatic activity of
hTERT is not required for cooperating in cell immortaliza-
tion. We further demonstrate that hTERT proteins increase
the expression of the Bmi1 protein, which is also capable
of cooperating in cell immortalization. We anticipate that
these findings will stimulate new studies of telomerase in
HPV biology, cancer etiology, and stem cell reprogram-
ming.

remodeling [31]. The Artandi laboratory has shown that mTERT
can not only augment breast cancer development in mice, but also
can regulate the transcription of genes responsive to the Wnt/ -
catenin pathway [30]. Smith ¢ @/ demonstrated that in human
mammary epithelial cells (hMECs) telomerase modulates expres-
sion of growth-controlling genes, including epidermal growth
factor receptor (EGFR) [32]. Vascular endothelial growth factor
(VEGYF) and fibroblast growth factor (FGF) also appear to be
induced by hTERT in fibroblasts, along with many other targets
[33,34]. Interestingly, the majority of these data have been
recapitulated with an hTERT mutant that is catalytically-inactive,
suggesting that these non-canonical roles of h"'TERT are indepen-
dent of the reverse transcriptase function.

Although h'TERT has been shown to be a key player in cellular
immortalization, in many cases it does not immortalize alone [17].
Interestingly, the Bmil protein has been shown to cooperate with
hTERT in immortalization and to induce hTERT mRNA
[35,36]. Bmil is the central protein in polycomb repressive
complex 1 (PRC1). The Polycomb group (PcG) complex of
proteins act through remodeling chromatin to silence hundreds of
genes and have been implicated in controlling cell fate,
development, and cancer [37,38].

In the current study, we used quantitative assays to measure
telomerase activity and telomere length following transduction of
foreskin keratinocytes by E6/E7, hTERT/E7 and mutant
hTERT/E7. These activities were correlated with the ability of
the various hTERT mutant proteins to immortalize cells. Our
studies indicate that a telomerase-independent activity of hTERT
collaborates with E7 in the immortalization of primary human
cells. To elucidate the underlying mechanism, whole genome
expression profiling was performed in keratinocytes expressing E6,
hTERT, or a catalytically inactive hTERT mutant (hTERT-
D868A). Increased expression of Bmil mRNA was observed in
this screening and follow-up experiments indicate that Bmil
appears to be a functional component of hTERT- or E6-mediated
cell immortalization and that its expression further increases
during cancer progression.

Results

HPV-immortalized and HPV cancer cells have equivalent
high telomerase activity but short telomeres
Immortalized cells generally do not display the phenotypic
properties of cancer cells (e.g. growth in soft agar or tumor
formation in nude mice) without further gain of genetic changes or
transduction of additional genes [5,8,39]. To determine if changes
in telomerase activity might contribute to the differences between
immortalized and tumorigenic cervical cells, we compared the
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levels of telomerase activity for cells immortalized by the HPV-16
E6/E7 genes to those found in 3 cervical cancer cell lines (SiHa,
HPV16 positive; HelLa, HPV-18 positive; C33A, HPV negative).
The E6/E7 immortalized cell lines (HFK E6/E7 at population
doubling (PD) 90 and HEC E6/E7 at PD 98) exhibited similar
levels of telomerase activity as the three cervical cancer lines,
indicating that further increases in telomerase are not required for
progression to malignancy (Figure 1A).

While an early hypothesis for HPV-mediated cell immortaliza-
tion suggested that telomerase induction by E6 maintained
telomere length [8,9,17], our previous studies showed that E6/
E7 expressing cells continued to shorten telomeres even in the
presence of induced telomerase activity [10]. To quantify these
changes in telomere length, we used a PCR-based assay to screen
E6/E7 immortalized cells and cervical cancer cell lines. At PD 2,
HFKs had long average telomere lengths with a T/S ratio of 1.0
(Figure 1B). Since the approximate length of telomeres in early
passage HFKs is 10 kb, the T/S ratio can be converted into
telomere length (where 1.0 T/S ratio equals 10 kb telomere
length). At PD 18, HFKs had a T/S ratio of 0.6 or 6 kb size.
Immortalized, PD 96 HFK E6/E7 cells, which have bypassed
crisis, had amongst the shortest telomeres (Figure 1B; T/S ratio
of 0.2, or 2 kb length). These short telomeres were also seen in all
three cervical cancer cell lines, including the HPV-negative cancer
cell line, C33A. Our data suggest that E6/E7-immortalized cells
continue to degrade their telomeres until they reach a length of
2 kb, at which point they become stabilized and equivalent in
length to telomeres in cervical cancer cell lines.

The kinetics of passage-dependent shortening or degradation of
telomeres during cell immortalization by E6/E7 were also studied
(Figure 1C). By PD 74, HFK cells expressing E6/E7 achieved their
shortest telomere length, after which telomere length became stable.

A telomere association-defective hTERT protein, hTERT-
HA, cooperates with E7 to immortalize human
keratinocytes

An hTERT protein that was epitope-tagged at its C-terminus
(h'TERT-HA) retained telomerase activity, but alone was unable
to elongate telomeres or immortalize HFFs or SV40 transformed
epithelial cells [40,41,42]. To test the functions of wild-type
hTERT and hTERT-HA in human keratinocytes, HFKs were co-
transduced with vectors expressing E7 and the hTERT proteins.
As expected, wild-type hTERT cooperated with E7 to immortalize
HFKs, while h"TERT or E7 alone were unable to immortalize
HFKSs. Surprisingly, hTERT-HA also immortalized HFKs in
collaboration with E7 [26], indicating that telomere maintenance
is not critical for hTERT/E7 immortalization. The functionality
of E7 was verified by demonstrating that the Rb protein level was
significantly decreased in all E7 expressing cells (Figure S1).

To verify that the hTERT-HA mutant generated telomerase
activity in HFKs, Telomeric Repeat Amplification Protocol
(TRAP) assays were performed. HFKs transduced with hTERT
or hTERT-HA alone, or in combination with E7, exhibited
similar levels of telomerase activity (Figure 2A). HFKs with E7
alone did not exhibit significant telomerase activity. Consistent
with our earlier results, Figure 2B illustrates that telomeres
lengthened during immortalization of the hTERT/E7 cells, but
shortened in the h"TERT-HA/E7 cells (Figure 2B).

hTERT proteins mutated in the catalytic and telomere

recruitment domains retain immortalizing activity
The preceding experiments indicate that cell immortalization is
independent of telomere lengthening and raise the possibility that
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Figure 1. Telomerase activity does not correlate with telomere
length during immortalization of human genital keratinocytes
by the HPV E6 and E7 oncoproteins. Primary human foreskin
keratinocytes (HFKs) and human ectocervical keratinocytes (HECs) were
transduced with pLXSN-based retroviruses containing HPV E6, E7, E6/
E7, or empty vector and selected as previously described. Cultures were
passed continuously in vitro as described in the text and the number of
cell doublings calculated and plotted versus time in culture. Cultures
that did not proliferate and expand in 20 days were considered
senescent and were terminated. This experiment was repeated more
than five times with similar results. (A) Immortalized cells exhibit similar
levels of telomerase activity as in cervical cancer cells. Quantitative
TRAP assays as described in the Materials and Methods were used to
measure telomerase activity in E6/E7 immortalized HFKs, E6/E7
immortalized HECs, and SiHa (HPV-16 positive), HeLa (HPV-18 positive),
and C33A (HPV negative) cervical cancer cell lines. (B) Telomere length
stabilizes in E6/E7 immortalized cells and cervical cancer cell lines.
Cellular DNAs were isolated from HFKs at indicated passages and
cervical cancer cells, and relative telomere length (T/S ratio =telomere/
single copy gene) was measured using real-time PCR, as described in
the Material and Methods. Immortalized cells and cancer cells have
relatively shorter telomeres. (C) Telomere length shortens over cell
passages during immortalization. Cellular DNAs were isolated and
subjected to real-time PCR-based telomere length measurement.
doi:10.1371/journal.ppat.1003284.9001

other telomere-related functions of hTERT were involved in this
process. To evaluate this possibility, we therefore examined the
immortalizing activity of additional h"TERT mutants that were
known to be catalytically inactive (h'TERT-D868A) [43] or had
impaired recruitment to telomeres (W TERT N+T) [42,44]. Similar
to hTERT-HA, both the hTERT-D868A and hTERT N+T
mutants were able to immortalize keratinocytes in conjunction
with E7 (Figure 3A). Cells immortalized by the hTERT N+T
mutant exhibited similar levels of telomerase activity as cells
immortalized by E6/E7, so decreased telomerase activity could be
ruled out as a potential mechanism (Figure 3B). The results with
hTERT-D868A were even more significant. Cells immortalized
by this defective mutant were as efficient at cell immortalization as
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Figure 2. A telomere elongation-defective hTERT mutant
cooperates with HPV E7 for immortalizing human keratino-
cytes (HFKs). Primary HFKs were transduced with pBABE-puro-based
retroviruses containing hTERT or hTERT-HA and pLXSN-based retrovi-
ruses with HPV E7 or empty vector and selected with puromycin and
G418 as previously described. Cultures were passed continuously in
vitro, and growth curves were plotted. Cultures that did not proliferate
and expand in 20 days were considered senescent and were
terminated. This experiment was repeated more than three times with
similar results. (A) Telomerase activity. Quantitative TRAP assays were
done as described in the Materials and Methods. Similar levels of
telomerase activity were observed among cells expressing an hTERT
construct. (B) Telomere length. Telomeres lengthened in hTERT/E7 cells,
but shortened in hTERT-HA/E7 cells. Both wild-type hTERT and hTERT-
HA immortalize HFKs in combination with HPV E7.
doi:10.1371/journal.ppat.1003284.9002

wild-type hTERT (Figure 3A), despite the complete lack of
telomerase activity in early passage keratinocytes (Figure 3B).
Immunofluorescence studies demonstrated that h'TERT-D868A
exhibited a similar expression level and localization as wild-type
hTERT (Figure S2). Thus, the catalytic activity of hTERT and
its ability to elongate telomeres is dispensable for the immortal-
ization of keratinocytes with E7.

Another unexpected finding was that cells immortalized by the
telomerase-defective hTERT-D868A mutant exhibited high telo-
merase activity at late passages (Figure 3C) in contrast to the lack
of telomerase at early passages (Figure 3B). This led us to ask
whether h'TERT proteins, including hTERT-D868A activate the
endogenous h'TERT promoter. To test this, we transfected wild
type or mutant hTERT proteins along with an hTERT core
promoter construct into HFK. The data from luciferase reporter
assays demonstrated that neither wild type hTERT nor mutant
hTERT-D868A activated the hTERT promoter (Figure 4A).
This 1s consistent with the lack of endogenous telomerase activity
in early-passage cells transduced with the h"TERT-D868A mutant
(Figure 3B). HPV E6 was used as positive control in this
experiment (Figure 4A). We also confirmed that both wild type
and mutant h'TERT proteins were biologically active in this assay
and able to activate the cyclin D promoter (Figure 4B) as
described previously [30]. Together, these findings suggest that
inactive hTERT proteins (in collaboration with E7) can mediate
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Figure 3. Catalytic-defective hTERT mutants cooperate with
HPV E7 to immortalize HFKs. (A) Growth curves. Primary HFKs were
transduced with the indicated pBABE-puro based retroviruses contain-
ing wild-type hTERT, hTERT N+T, or hTERT-D868A and pLXSN-based
retroviruses containing E7 or empty vector and then doubly selected
with puromycin and G418 as previously described. Cultures were
passed continuously in vitro and growth curves were plotted with
population doubling over time in culture. Cultures that did not
proliferate and expand in 20 days were considered senescent and were
terminated. This experiment was repeated more than three times with
similar results. Wild-type hTERT, hTERT-D868A, and hTERT N+T are all
able to immortalize HFKs in combination with E7. (B) Telomerase
activity in early passage of the transduced cells. CHAP lysates were
harvested from early (p5) and telomerase activity was measured by
quantitative real-time TRAP. (C) Telomerase activity in late passage of
the transduced cells. Telomerase activity in late passage of cells was
measured by quantitative real- time TRAP.
doi:10.1371/journal.ppat.1003284.g003

transit through crisis (the M2 phase of cell), but that continued cell
proliferation correlates with increased endogenous hTERT
expression, identical to what is observed in cells immortalized by
the E6 protein. The implications of these findings are considered
in the Discussion.

Wild-type and mutant hTERT alter gene expression
profiles similar to HPV E6

Since previous studies have defined extra-telomeric functions of

hTERT, we attempted to identify a potential telomere-indepen-
dent mechanism to explain the ability of the inactive hTERT to
immortalize cells, with a specific focus on cellular gene expression.
Given the conflicting reports of hTERT on gene expression in
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Figure 4. hTERT wt and hTERT-D868A do not activate the
hTERT promoter. Keratinocytes were transfected with either wt
hTERT core promoter or the cyclin D1 promoter and either HPV16ES6,
hTERT wt, or hTERT-D8686A. The pRL-CMV R. reniformis reporter
plasmid was also transfected into the cells to standardize for
transfection efficiency. Luciferase activity was measured 24 hours after
transfection using the Dual luciferase reporter assay system (Promega).
Relative fold activation reflects the normalized luciferase activity
induced by E6 and hTERT compared to the normalized activity of
vector control. The value of pGL3B-hTERT activity with empty was set to
1. Error bars show the standard deviation for at least three independent
experiments. Neither hTERT wt nor hTERT-D868A induce hTERT core
promoter (A), while they are able to activate cyclin D1 promoter (B).
HPV16 E6 was as a positive control for induction of hTERT promoter.
doi:10.1371/journal.ppat.1003284.g004

various model systems [32,33,34,45,46,47,48], it was important
that we examined hTERT effects in primary keratinocytes. We
therefore stably expressed E6, wild-type hTERT (WTERTwt), or
hTERT-D868A in primary HFKs and conducted array-based
whole genome expression analysis (Figure 83, and Dataset S1).
Because E6 is a known activator of the hTERT protein [8],
expression changes shared by h'TERT and E6 could represent
hTERT-dependent E6 targets. As expected, significant changes in
mRNA expression in E6 cells were also seen in cells with wt
hTERT (1379 of 6991, or 20% of E6 changes with fold change
>1.33 and p-value <0.01) (Figure 5A). More than half of the wt
hTERT changes (58%, 1379/2359) were also seen in E6 cells,
suggesting that changes seen in hTERT-expressing cells are also
altered by E6-expressing cells, possibly through an hTERT-
dependent pathway.

To pursue whether the mRNA expression changes seen in wt
hTERT cells were dependent on changes in telomere biology, we
also expressed the catalytically inactive mutant h'TERT-D868A in
primary HFKs. A total of 2359 mRNA probe sets were altered in
wt hTERT HFKs compared to 5467 changes in hTERT-D868A
HFKs (Figure 5B). Interestingly, 2077 of the 2359 (88%) of the
RNA probes altered by wt hTERT were also altered by hTERT-
D868A. Thus, the gene expression alterations seen following
hTERT expression are largely independent of reverse transcrip-
tase function.
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Figure 5. E6, hTERTwt, and hTERT-D868A alter the expression of overlapping gene sets, including chromatin remodeling genes
such as Bmi1. Primary HFKs were stably transduced with either E6, hTERTwt, hTERT-D868A or puro babe control vector. Samples were submitted for
whole genome expression array analysis (Figure S3). Expression profile changes shown by hTERTwt are compared to expression profile changes in
E6 (A) and hTERT-D868A mutant (B). As expected, a significant amount of the expression changes seen in E6 (6991 total changes) were also altered
by hTERT wt (1379, representing 20% of the E6 changes). Conversely, more than half of the hTERT changes (58%, 1379 of 2359 changes) were also
seen by E6. Interestingly, of the 2359 genes altered by hTERTwt, 2077 of them (88%) were also altered by the hTERT® mutant (fold change >1.33 and
p value <0.01). (C) 1258 changes were shared by E6, hTERTwt, and hTERT-D868A, including Bmi1. (D) Numerical fold change values are shown for all
arrays as they correspond to two probes, NM_005180 and L13689. These accession numbers represent Bmil mRNA sequences that are 99% identical.
Quantitative RT-PCR was performed on the E6 and hTERTwt or hTERT-D868A (E) with gene-specific primers for Bmil to validate the array results,
normalized to GAPDH. n=3. Bars represent mean * SD.

doi:10.1371/journal.ppat.1003284.9g005

the SP-PIR Keyword “Chromatin Regulator” (Dataset S2). Of

particular interest in the enriched chromatin regulation cluster was

Bmi1 increases with expression of wild type hTERT
1258 changes in mRINA expression were shared by wt hTERT,

hTERT-D868A, and E6 (Figure 5C, Dataset S1). Thus,
additional considerations were required to focus our study
(Figure 5C). The wt hTERT/hTERT-D868A overlapping gene
set was submitted for analysis using Database for Annotation,
Visualization and Integrated Discovery (DAVID) [49]. Hierarchi-
cal clustering of the 2077 catalytically-independent changes was
used to identify 408 gene clusters that were visualized as a
heatmap [50] (Figure S4). Based on enrichment scores, genes
associated with “Chromosome Organization”, “Chromatin Or-
ganization”, and “Chromatin Modification” were grouped with
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the gene Bmil, which exhibited significant increases in two
overlapping probe sets (Figure 5D, probe set IDs L.13689 and
NM_005180). We verified by RT-PCR that E6, wt hTERT and
hTERT-D868A expression led to 5-7 fold increases in Bmil
transcript levels (Figure 5E). More important, these three genes
also increased Bmil protein expression (Figure 6A, B).

To further validate the RT-independent ability of hTERT to
induce Bmil, we analyzed two additional mutated hTERT
constructs that lacked telomerase activity. Both of these telomerase
mutants increased Bmil transcript levels, similar to hTERT-D868A
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Figure 6. Bmi1 protein increases in cell lines. Bmi1l protein levels were quantified by Western blot for (A) empty vector and E6 expressing cells
and (B) hTERTwt or hTERT-D868A expressing cells. Bmi1+E7 lysate served as a positive control for Bmil protein. Lysates were separated by 4-20%
gradient SDS-PAGE. Antibodies were used to detect hTERT (1:1000, Origene) and Bmi1 (1:200, F6, Millipore), normalized to GAPDH (1:2000, FL-335,
Santa Cruz) or ACTIN (1:5000, Sigma). (C) Bmi1 protein levels were quantified by Western blot. Long-term serial passaging maintains increased levels
of Bmi1 protein, as shown by the P102 hTERT+E7 lysate. Lysates were separated by 4-20% gradient SDS-PAGE. Antibodies were used to detect hTERT
(1:1000, Origene), Bmi1 (1:200, F6, Millipore) and actin (1:5000, Sigma). (D) Cell pellets were formalin fixed and paraffin embedded. Bmi1 protein levels

were assayed by immunocytochemistry (1:200, F6, Millipore). The images were captured with the Evos LX microscope. Scale bar=100 pum.

doi:10.1371/journal.ppat.1003284.9g006

mutant (Figure 853), further substantiating the telomerase-inde-
pendent activity involved in Bmil induction.

Bmi1 remains increased in immortalized keratinocytes
Since Bmil expression is increased acutely by hTERT, we
investigated whether Bmil levels remained increased in late-
passage HFKs immortalized by hTERT/E7. We doubly trans-
duced HFKs with h'TERT and E7 and propagated the cells
beyond the time when they would normally enter crisis. Bmil
protein was shown to be increased in early passage (28 population
doublings, PD 28) hTERT/E7 immortalized HFKs and remained
high after serial passaging (PD 204) (Figure 6C). We also
confirmed increased Bmil protein expression in hTERT/E7
immortalized HFKs by immunohistochemistry (Figure 6D).
Compared to control HFKs, Bmil was significantly increased in
the nuclei of early passage (PD42) and late passage (PD220)
hTERT/E7 immortalized HFKs (Figure 6D). Together, these
data indicate that Bmil protein is not only increased acutely by
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hTERT in primary keratinocytes but that its increased expression
is maintained in late passage immortalized cells.

Bmi1 cooperates with HPV E7 and immortalizes primary
keratinocytes

Given the correlative data between hTERT and Bmil
expression and a previous study showing that Bmil immortalizes
mammary and oral epithelial cells [51], we speculated that Bmil
might substitute for hTERT and immortalize human keratino-
cytes. To test this, we transduced HFKs with Bmil and E7
together or separately, as well as with empty vector. Cells were
passaged to determine the growth rate and lifespan of these cell
populations (Figure 7A). As expected, the HFKs infected with
empty vector alone failed to reach 25 population doublings.
Introducing E7 or Bmil alone extended lifespan by approximately
15 population doublings, as previously described for E7 [8].
However, cell immortalization (>50 population doublings) was
observed only when Bmil and E7 were co-expressed (Figure 7B).
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It is noteworthy that the Bmil/E7 cells also exhibited shortened
telomere length, similar to E6/E7 cells. Thus, these data indicate
that Bmil, like h"TERT and E6, is able to cooperate with E7 in the
immortalization of HFKs.

Bmi1 protein is increased in immortalized cervical cell
lines and tumor cells

Although Bmil was increased in immortalized, non-tumorigenic
HFKs, we queried whether its expression might be altered in
cervical cells and during the progression to cervical cancer. We
therefore first examined Bmil expression in immortalized and
tumorgenic cervical cell lines. Consistent with our data in HFKSs,
expression of E6/E7 in primary human ectocervical cells (HECs)
leads to immortalization, enhances endogenous hTERT expression,
and increases in both Bmil mRNA and protein (Figure 8A,
Figure S$6). Bmil protein levels also showed increases in the tumor-
derived, telomerase-positive HeLa cancer cell line (Figure 8A, 1A).
These data indicated that Bmil is increased in HPV-immortalized
and tumorigenic cervical cells. Furthermore, immunohistochemical
(IHC) staining of cervical cancer tissue specimens demonstrated
increased Bmil levels in invasive lesions (Figure 8B).

Bmil expression is highest in CIN3 and invasive
carcinoma

Given the evidence demonstrating increased expression of Bmil
in immortalized cells and tumorigenic cervical cancer cells and the
observation that even invasive cervical tumors overexpress Bmil,
we examined whether Bmil expression correlated with the severity
of cervical cancer progression. Bmil levels were evaluated by IHC
in 21 cervical tissues identified by pathological review as either
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Figure 7. Bmi1 cooperates with E7 in cell immortalization. HFKs
were doubly infected with pX-Bmi1 and pLXSN-E7, pLXSN-E7 alone, or
empty vector. (A) Growth curve. Cells were passaged as described in the
Methods section to determine the growth rate and lifespan of the cell
populations. Bmi1, in cooperation with E7, induced cell immortalization
equivalent to E6 or hTERT and E7. (B) Telomere length. A quantitative
PCR-based technique (see Methods) was used to quantify the average
telomere length in the indicated cell cultures.
doi:10.1371/journal.ppat.1003284.9007
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normal, precancerous, or cancerous lesions. Bmil was observed in
modest amounts in the nucleus of cells in the basal and immediate
suprabasal epithelium in normal cervical tissue (Figure 8D ii),
CINT1, and CIN2 (Figure 8D iv, vi). However, a striking increase
in staining was observed in the epithelial layers of CIN3 and
invasive carcinoma (Figure 8D viii, x). For cases of invasive
cervical carcinoma, Bmil staining was specific to cancerous lesions
(Figure 8D x). To quantify Bmil expression, intensity and
positivity scores were determined (Figure 8C) with the mean and
standard deviation shown (Figure 8E). CIN3 and invasive
carcinoma show combined scores that are significantly higher
than both CIN1 and CIN2 (CIN3 vs. CIN1, p=0.0083; CIN3 vs.
CIN2, p=0.0372; invasive vs. CIN1, p=0.0012; invasive vs.
CIN2, p=0.0130; p values as calculated by student t-test). These
data indicate that Bmil expression does indeed correlate with the
degree of cervical dysplasia and with progression to cancer.

Discussion

Overall our findings demonstrate that a novel extra-telomeric
and non-catalytic function(s) of hTERT contributes to cell
immortalization by hTERT and E7 in human keratinocytes. These
findings not only define new properties of hKTERT that contribute to
cell immortalization, but they potentially modify our concept of the
mechanism by which E6 is mediating cell immortalization. Using
our current and published data, we have constructed a summary
table listing the properties of HFK expressing the various h'TERT
mutants and HPV oncogenes (Table S1).

While we have shown that E6 and E7 are required for the
efficient cell immortalization of primary cells, one study has shown
that E7 immortalizes human keratinocytes at a very low efficiency
when cultured in serum-free synthetic medium [8,52] and another
study has shown that wild type HPV16 E6 as well as an natural
mutant E6 are able to immortalize human keratinocytes [53].
However, it is important to note that when E6 and E7 are used
alone, an obvious “crisis” period or “flat” phase of cell growth is
observed, indicating that cell immortalization is infrequent and
arises from a small subpopulation of cells. Most likely additional
genetic or epigenetic changes are required for escape from “crisis”.
Although we have also noted that E7 is highly efficient for
immortalizing keratinocytes without a “crisis” period of time when
co-cultured with feeders or conditioned medium (Liu, X., et al.
unpublished data), this is best explained by the ability of feeder
cells or conditioned medium to induce telomerase [54].

A basic tenet of cell immortalization is that hTERT reverse
transcriptase activity is essential for maintaining or elongating
telomeres, thus allowing for continued cell replication [11].
However, our early studies showed that E6-induced telomerase
activity could be dissociated from telomere maintenance [10].
Supporting this hypothesis, the current study clearly indicates that
immortalized cells exhibit similar levels of telomerase activity, yet
telomeres shorten during cell passaging and stabilize at late
passages (Figure 1B, 1C). We have also demonstrated the same
pattern of telomere length in keratinocytes immortalized by a Rho
kinase (ROCK) inhibitor [55,56,57]. These data suggest that
extra-telomeric functions of telomerase or hTERT play a role
during cell immortalization independent of telomere maintenance.

Several reports indicate that hTERT-HA fails to elongate
telomeres and immortalize human fibroblasts [41,42] or HAL cells
[40] despite a high level of telomerase activity. Surprisingly, we
found that hTERT-HA reproducibly and efficiently immortalized
HFK cells in cooperation with HPV E7 [26]. Even more
mteresting, these immortalized HFK cells had short telomeres
(Figure 2B). We also observed the same results with the hTERT
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Figure 8. Bmi1 protein expression is increased in immortalized and tumorigenic cervical cell lines and positively correlates with
disease stage in cervical dysplasia and neoplasia in vivo. (A) Bmi1 protein levels were quantified by Western blot in primary HFKs and primary
human ectocervical cells (HECs) expressing E6 or immortalized by E6/E7 and the cervical cancer cell line Hela. Lysates were separated by 4-20%
gradient SDS-PAGE. Antibodies were used to detect hTERT (1:1000, Origene), Bmi1 (1:200, F6, Millipore) and GAPDH (1:2000, FL-335, Santa Cruz).
(B)Tissue from a case of invasive cervical cancer was acquired. Representative images are shown containing cancerous lesions and adjacent normal,
intact epithelium. Tissue staining with hematoxylin and eosin (i) and immunohistochemical stain with Bmi1 (1:200, F6, Millipore) (ii) are shown.
(C)Tissues of Cervical Intraepithelial Neoplasia Stage 1 (CIN1), CIN2, CIN3 or carcinoma in situ, and invasive cervical carcinoma were acquired. To
quantify Bmil expression, stained slides were subjected to a randomized, blinded review by a board-certified clinical pathologist. A subset of slides
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(D) Immunohistochemical staining with hematoxylin and eosin (i, iii, v, vii, ix) and for Bmi1 protein (1:100, F6, Millipore) (ii, iv, vi, viii, X) was
performed. Representative images are shown. Relevant controls are shown, staining with hematoxylin and eosin (i) and for Bmi1 protein (1:100, F6,
Millipore) (ii). Scale bar=50 um. (E) Mean and standard deviation of combined scores are shown.

doi:10.1371/journal.ppat.1003284.g008

N+T mutant, which is positive for telomerase activity, but negative roles in the final stabilization of telomeres in immortalized and

for telomere recruitment and elongation (Figure 3). Here, we
demonstrate in keratinocytes that telomerase activity is not
required, as the catalytically-defective hTERT-D868A retains its
ability to immortalize HFKs in cooperation with E7.

We have also shown that immortalization is independent of the
telomere lengthening function of hTERT. Telomere lengthening is
predominantly carried out by telomerase, but can also occur via the
alternative telomere lengthening (ALT) pathway [58]. However, the
exact mechanisms of telomere maintenance or elongation remain
elusive. Studies have suggested that many mechanisms, including
enzymatic activity, telomere-capping, and recombination, may play
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human cancer cells [42,58,59,60,61,62,63].

A number of non-canonical functions for hTERT have been
reported in literature, and the list is increasing rapidly
[27,28,29,30,31,33,34,47,48,64]. This led us to pursue whole
genome expression studies to probe altered signaling pathways in
primary cells expressing h'TERT. Surprisingly, our data have shown
that 88% of the genes altered by wild-type hTERT are also altered
in the same direction by hTERT-D868A (Figure 5B). Somewhat
surprisingly, K TERT-D868A regulates about twice as many genes
as wild-type h'TERT, suggesting that elimination of the catalytic
function of h"TERT actually augments non-canonical functions.
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It 1s critical to note that bypass of the Hayflick limit by
enzymatic-defective hTERT mutants is accompanied by the
global induction of many cellular genes, including endogenous
hTERT (Figure 3C). This induction of endogenous hTERT is
not due to the direct, acute transactivation of endogenous hTERT
by mutant h'TERT (Figure 3A and 4A). Rather the endogenous
hTERT activation is part of the larger number of gene sets that
are increased during transit through M1/M2 restriction points.

A very recent study [47] demonstrates the existence of a splice-
variant of hTERT (A4-13) containing an in-frame deletion of
exons 4 through 13 that encode the catalytic domain of
telomerase. This variant is expressed in telomerase negative
normal cells and tissues as well as in transformed telomerase
positive cell lines and in cells that employ an alternative method to
maintain telomere length. The overexpression of the A4-13
significantly elevated the proliferation rate of several cell types
without enhancing telomerase activity, while decreasing the
endogenous expression of this variant using siRNA technology
reduced cell proliferation. The expression of the A4-13 variant
stimulates Wnt signaling. This is the first report that a naturally
occurring h'TERT splice variant that lacks telomerase activity
exhibits an ability to stimulate cell proliferation, supporting our
conclusions that non-canonical hTERT functions contribute cell
immortalization.

We have also used real-time RT-PCR to validate more than 20
genes that were altered greater than two-fold as determined by
microarray analysis. The RT-PCR results were virtually identical
to the microarray data, and several of these genes are critical
regulators of keratinocyte growth, apoptosis, and differentiation.
Bmil was one such target of hTERT. Our microarray data also
demonstrated that E6 and h"TERT increased the expression of RB
and ROCKI1 mRNA in HFKs (Dataset S2) and this increased
expression was confirmed by real time RT-PCR. This induction of
RB is presumably counteracted by the activity of the E7 protein.
There are similar parallel events in the cooperation of the E6 and
E7 proteins in cell immortalization and transformation [6,7,8]. For
example, these two genes seem to have evolved both complemen-
tary and opposing functions that are necessary to prevent
senescence and/or apoptosis. For example, while E7 stabilizes
p33 protein, E6 degrades this tumor suppressor protein. Similarly,
while E6 stabilizes RB protein, E7 inactivates and destabilizes it.
The yin-yang regulation of E6/E7 functions and telomerase and
RB/16 pathways may be critical for fine tuning the growth and
differentiation of keratinocytes as well as for regulating the viral
replication cycle.

Bmil has been identified as a marker of cancer progression in a
number of carcinomas, including those derived from the
nasopharynx, breast, pancreas, and other sites [65,66,67]. Equally
important, hTERT has been identified a potential universal
cancer target, since it is up-regulated in most cancers [15,68].
Beyond identification of Bmil in our genetic screen, hTERT and
Bmil have been linked in several previous reports. PcG
components Bmil and SIRT1 have been shown to be altered in
to induce endogenous telomerase in human mammary epithelial
cells [35]. Besides Bmil, other chromatin remodeling complex
members have also been associated with the non-telomere effects
of hTERT, including transcriptional regulation of Wnt targets by
binding BRG1, a Trithorax group protein (TrxG) [30]. Our data
links h"TERT expression to changes in Bmil, suggesting that there
is an h'TERT-Bmil signaling pathway. In this study, we have
shown that Bmil overexpression occurs prior to full transforma-
tion since both hTERT-expressing HFKs and multiple types of
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telomerase-positive immortalized cells (Figure 5E, Figure 6, &
Figure 8A) overexpress Bmil.

The above Bmil findings may have clinical relevance. Our
vivo studies reveal a differential expression of Bmil in carcinoma
i sitw and invasive carcinomas compared to preneoplastic
lesions (Figure 8B-E). Indeed, Bmil mRNA expression is
increased in cervical cancer compared to corresponding
noncancerous tissues [69]. Additionally, Bmil overexpression
has been significantly correlated with tumor size, clinical stage,
and regional lymph node metastases in cancers of the cervix
[70]. Another PcG protein, EZH2, was also recently shown to
be up-regulated in high grade squamous cervical intraepithelial
lesions (HSILs) compared to normal cervical epithelium [71],
further implicating chromatin remodeling changes in tumor
initiation and progression.

While Bmil appears to be a significant contributor to cell
immortalization, it is also obvious that other genes detected in the
mRNA expression screen may also contribute to this process.
Indeed, the known anti-apoptotic activity of hTER'T might also be
expected to assist in the bypass of cellular senescence.

Materials and Methods

Plasmids and retroviruses

pLXSN vector and pLXSN-16E6, pLXSN-16E7, pLXSN-
16E6E7 were as described previously [10,21,22,72]. pPBABE-puro-
hTERT, pBABE-puro-hTERT-N+T [42], pPBABE-puro-hTERT-
D868A [43] were gifts from Dr. Elizabeth Blackburn, pBABE-
puro-hTERT-HA [40] from Dr. Robert Weinberg, and
pCLMSCV-puro-Bmil [36] from Dr. Tohru Kiyono. Other
hTERT mutants were made using the QuikChange XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). An N-
terminal double Flag epitope tag was added to hTERT using a
PCR insertion method. SD3443 retrovirus packaging cells were
transfected with pLXSN vectors or pBABE-puro vectors described
above using LipofectAmine 2000 (Invitrogen) as instructed.
Culture supernatants containing retrovirus were collected
48 hours after transfection.

Cell culture and generation of stable cell lines

Primary human foreskin keratinocytes (HFKs) and human
foreskin fibroblasts (HFFs) were isolated and cultured from
neonatal foreskins as described58. Primary human ectocervical
keratinocytes (HECs) were derived from fresh cervical tissue
similarly and obtained after hysterectomy for benign uterine
diseases. Standard trypsinization procedures were used to isolate
the keratinocytes, which were cultured in serum-free keratinocyte
medium supplemented with 50 pg/ml of bovine pituitary extract
and 25 ng/ml of recombinant epidermal growth factor (Invitro-
gen). The cells were cultured in serum-free keratinocyte growth
media (Invitrogen) supplemented with gentamycin (50 pg/ml).
Primary HFKs, HFFs, and HECs were transduced with ampho-
tropic pLXSN retroviruses expressing HPV-16E6, E7, or both E6
and E7 and/or pBABE-puro retroviruses expressing hTERT or its
mutants (see above). Retrovirus-transduced cells were selected in
G418 (100 pg/ml) for 5 days and/or puromycin (2 ug/ml) for 3
days. Resistant colonies were pooled and passaged every 3—4 days
(1:4 ratio for HFKs and HECs, 1:8 ratio for HFFs). HeLa, C33A,
SiHa cells were maintained in complete DMEM medium. All cells
were cultured on plastic tissue culture dishes or flasks.

Formalin fixation and paraffin embedding

To prepare cells for immunocytochemistry, cells were pelleted
and then fixed with 4% paraformaldehyde solution overnight and

April 2013 | Volume 9 | Issue 4 | 1003284



resuspended in HistoGel (Richard-Allan Scientific) at a ratio of 1:1
per volume. The gel matrix was processed through graduated
alcohols and Clear-Rite 3 (Richard-Allan Scientific) for paraffin
embedding using the Leica ASP300 system (Leica Microsystems,
Wetzlar, Germany). Paraffin sections were cut at 5 um and
mounted on Superfrost Plus slides (Fisher Scientific).

Tissue

Patient samples were acquired through the Histopathology and
Tissue Shared Resource at the Lombardi Comprehensive Cancer
Center (Washington, DC). Twenty one cervical tissues were
acquired which represented different pathological stages—one
normal tissue core and five tissue cores for each of the following
pathological stages: Cervical Intraepithelial Neoplasia Stage 1
(CIN1), CIN2, CIN3 or carcinoma i situ, and invasive cervical
carcinoma.

Real-time quantitative telomeric repeat amplification
protocol (Q-TRAP)

Human keratinocytes and fibroblasts were lysed and analyzed
by O-TRAP [72] with SYBR Green Supermixture (Bio-Rad). A
standard curve was produced for the real-time Q-TRAP assay
using serially diluted HeLa cell extracts. All samples were run in
triplicate.

Telomere length

Genomic DNA was extracted from cells using Qiagen DNeasy
Blood & Tissue Kit. Average telomere length was assessed by a
modified method of the real-time PCR-based telomere assay [73].
Briefly, the telomere repeat copy number to single gene copy
number (T/S) ratio was determined using the Bio-Rad IQ5
thermocycler in a 96-well format. Five nanograms of genomic
DNA was subjected to PCR reactions with Bio-Rad SYBR Green
Super mixture. The primers for telomere length and HBGI (a
single copy gene) were as below:

Tel-1 5" CGGTTTGTTTGGGTTTGGGTTTGGGTTTG
GGTTTGGGTT-3,

Tel-2 5-GGCTTGCCTTACCCTTACCCTTACCCTTAC
CCTTACCCT-3;

HBGI1 5'- TGTGCTGGCCCATCACTTTG,

HBG2 5'- ACCAGCCACCACTTTCTGATAGG-3'.

The reactions proceeded for 1 cycle at 95°C for 5 min, followed
by 41 cycles at 95°C for 15 s, 60°C for 45 s. All samples for both
the telomere and HBGI reactions were done in triplicate. In
addition to the samples, each 96-well plate contained a six-point
standard curve from 0.0, 0.2, 1.0, 5.0, 25.0, 125.0 ng using
genomic DNA (telomere length 10.4 kb) from Roche Telo-kit.
The T/S ratio (dCt) for each sample was calculated by
normalizing the average HBGI1 Ct value from the average
telomere Ct value.

Luciferase assay

1x10° telomerase-negative HFKs were seeded onto 24-well
plates and grown overnight. Transient transfections were per-
formed using LipofectAmine 2000 reagent (Invitrogen) according
to the protocol provided by the manufacturer. Cotransfections
were performed using 0.5 ug of a core hTERT or Cyclin D1
promoter reporter plasmids and 50 ng of each expression vector as
indicated (HPV16E6, hTERTwt or hTERT-D868A) or empty
vectors as control for basal promoter activity. Cells also were
cotransfected with 2 ng of the pRL-CMV plasmid (Promega),
which contains the Renilla reniformis luciferase gene as a
transfection control. Firefly and Renilla luciferase activities were
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measured 24 hr after transfection using the Dual luciferase
reporter assay system (Promega).

Microarray

hTERT, hTERT-D868A, HPV E6 or the pBP vector was stably
expressed in primary HFKs. Cells were grown on 100 mm tissue
culture dishes (BD Falcon) to confluency before harvesting RNA
with 1 mL TRIzol Reagent according to manufacturer’s protocol.
DNAse treatment was performed (Ambion, Austin, TX). RNA was
sent to MOGene, LC (St. Louis, MO) for microarray analysis. E6,
hTERT, and hTERT-D8686A were run separately against the pBP
on a two-color Agilent whole human genome slide with a 4 x 44K
format. A total of six comparative arrays were run- hTERT,
hTERT-D868A, or E6 vs. empty vector and run with a duplicate for
dye swap. RNA was amplified using the Agilent Low Input Linear
Amplification kit (Agilent Technologies, Santa Clara, CA), and then
labeled with either cyanine-5 or cyanine-3 using the ULS RNA
Fluorescent Labeling Kit (Kreatech Biotechnology, Amsterdam,
The Netherlands). 825 ng each of labeled c-DNA was hybridized
overnight at 65°C in an ozone-free room to protect the label. All
washes and hybridization conditions followed were consistent with
the Agilent processing manual (protocol version 4.0). Arrays were
scanned using an Agilent C scanner and extracted using the Agilent
Feature Extraction software 10.7.1 (Agilent Technologies, Santa
Clara, CA). Initial data analysis was performed by MOGene using
the Rosetta Luminator software (Agilent). Expression arrays were
submitted to DAVID Bioinformatics Resources 6.7 (NIAID, NIH)
for Functional Annotation Clustering [49]. Using the MultiExperi-
ment Viewer v4.8 (TM4 Microarray Software Suite, Rockville, MD)
and data from the four h"TER'T comparative arrays, a heat map was
constructed with the cluster of interest [50].

cDNA and Quantitative Real Time PCR

SuperScript III Reverse Transcriptase kit (Invitrogen) was used
to perform reverse transcription PCR (RT-PCR), as previously
described [72]. Reactions were annealed and analyzed using a
Bio-Rad iCycler and accompanying software (Bio-Rad Laborato-
ries). Primer sets used include the following:

Bmil-F: 5" TGCCCAGCAGCAATGACTGTS'

Bmil-R: 5" GTCCATCTCTCTGGTGACTGATCTTC3’

GAPDH-F: 5" TCTCCTCTGACTTCAACAGCS'

GAPDH-R: 5" GAAATGAGCTTGACAAAGTGS’

Western blots

Stable cell lines were lysed in 2X SDS gel electrophoresis
sample buffer. Proteins were separated on a 4-20% Tris-glycine
gradient gel (Invitrogen) and electrophoretically transferred to an
Immobilon-P PVDF membrane (Millipore). The membranes were
blocked in 5% dry milk-PBST and incubated with pRb antibody
(1:1000, Cell Signaling), hTERT (1:1000, Y182, Epitomics), Bmil
(1:200, F6, Millipore), P53 (1:1000, Pab 1801, Santa Cruz), and
HPV16-E7 (1:1000, ED17, Santa Cruz); and a secondary antibody
with HRP conjugation and detected by chemiluminescence (anti-
rabbit IgG or anti-mouse IgG; Santa Cruz Biotechnology). Equal
protein sample loading was monitored using an anti-B-actin
(1:5000, Sigma) or anti-GAPDH (1:2000, FL-335, Santa Cruz).
The membranes were visualized by using Western Blotting
Chemiluminescence Luminol Reagent (Santa Cruz).

Immunocytochemistry and immunohistochemistry
Immunocytochemistry of HFK' cell pellets and immunohisto-

chemistry of cervical tissue was performed for Bmil. Five micron

sections from formalin fixed, paraffin embedded tissues were
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de-paraffinized with xylenes and rehydrated through a graded
alcohol series. Heat induced epitope retrieval (HIER) was performed
by immersing the tissue sections at 98°C for 20 minutes in 10 mM
citrate buffer (pH 6.0) with 0.05% Tween. Immunohistochemical
staining was performed using the VectaStain Kit from Vector Labs
according to manufacturer’s instructions. Briefly, slides were treated
with 3% hydrogen peroxide for 10 minutes. Endogenous biotin was
blocked using an avidin/biotin blocking kit from Invitrogen. The
slides were then treated with 10% normal goat serum and exposed to
primary antibodies for Bmil (1:200, F6, Millipore) for 1 hour at
22°C. Slides were exposed to appropriate biotin-conjugated second-
ary antibodies (Vector Labs), Vectastain ABC reagent and DAB
chromagen (Dako). Slides were counterstained with Hematoxylin
(Fisher, Harris Modified Hematoxylin) at a 1:17 dilution for 2 minutes
at RT, blued in 1% ammonium hydroxide for 1 minute at 22°C,
dehydrated, and mounted with Acrymount. Consecutive sections with
the omitted primary antibody were used as negative controls.

Immunohistochemistry scoring

To quantity expression of immunohistochemical staining, slides
were subjected to a randomized, blinded scoring performed by a
board-certified clinical pathologist. Combined scores were calcu-
lated by adding the intensity score and positivity scores. Mean and
standard deviation of combined scores were calculated. A subset of
slides was scored multiple times to demonstrate reproducibility.
Each case received an intensity score from 0-3 (0= negative,
1 =weak, 2 =moderate, 3 = intense) and the percentage of positive
cells was recorded, which was converted to a tiered positivity score
(0 =less than 10%, 1=11-49%, 2=50-74%, 3=75-100%).

Immunofluorescence microscopy

HFKSs were transfected with either wild-type hTERT or an
hTERT mutant, and then grown on sterile glass cover slips, fixed
in 4% (wt/vol) paraformaldehyde, and labeled with the primary
and secondary antibodies. The following primary antibodies were
used: anti-hTERT (Rockland 1:500 dilution) and anti-hTERT
serum from rabbit immunized with KLH conjugated Ac-
CSRKLPGTTLTALEAAANPAL-amide (aal104-1123). The sec-
ondary antibodies, AlexaFluor 488 donkey anti-mouse IgG and
AlexaFluor 555 donkey anti-rabbit IgG (Invitrogen) were used at a
concentration of 5 pg/mlL. A Zeiss Axioskop microscope and a
HAMAMATSU ORCA-ER Digital Camera were used for
visualization and microphotography.

Ethics statement

The HFK cells were prepared from human neonatal foreskins at
Georgetown University Hospital, normally these tissues are de-
identified and discarded. The cervical tissue samples from the
Histopathology and Tissue Shared Resource at the Lombardi
Comprehensive Cancer Center were anonymized. These protocols
(2002-021 and 1992-048) have been approved by the Georgetown
University Institutional Review Board.

Gene list

BMI1 (NM_005180), BRGI1 (NM_003072), EGFR
(NM_005228), EZH2 (NM_004456), FGF2 (NM_002006),
HPV16 E6 (NP_041325), HPV16 E7 (NP_041326), hTERT
(NM_198253), P16 (NM_058195), RB (NM_000321), SIRT]I
(NM_012238), TP53 (NM_000546), VEGF (NM_003376).

Supporting Information

Dataset S1 E6, hTERTwt, and hTERT-D868A alter the
expression of overlapping gene sets. Consolidated microarray
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data showing significant changes from all six hybridizations, with
lists of overlapping gene sets, as described in Figure 6A-C.
(XLSX)

Dataset S2 hTERT alters chromatin remodeling genes,
including Bmil. Following identification of the 2077 hTERT
RT-independent gene changes (changes shared by hTERTwt and
hTERT-D868A as shown in Figure 6B), arrays were submitted for
functional annotation clustering. Of the clusters identified, one of
the top ten clusters formed based on enrichment scores was a cluster
of 91 probes related to chromatin remodeling, shown as a list.
(XLSX)

Figure S1 pRb levels validate the expression of a
functional E7 protein. Cell lysates were extracted with 2x
SDS buffer and subjected to SDS-PAGE gel and blotted with
anti-Rb antibody. B-actin was used as internal control. pRb level
decrease in E7, hTERT/E7 and hTERT-HA/E7 expressing
cells.

(TIF)

Figure S2 Wild-type and hTERT mutants localize to the
nucleus. The hTERT-D868A mutant expresses and localizes in
the nucleus similar to wild-type h'TERT.

(TIF)

Figure S3 Scheme of array-based whole genome ex-
pression analysis. (A) We stably expressed E6, hTERT wt or a
catalytically inactive mutant h'TERT (D868A) in primary HFKSs.
Cells were lysed using the TRIzol reagent and RNA isolated
following the manufacturer’s protocol (Invitrogen) from samples
12-14 days post-infection. RNA quality was assessed by
bioanalyzer. RNA was reverse transcribed and labeled with
fluorescent dyes (Cy3 or Cy5) and submitted for array analysis
using the Agilent 4 x 44K format. (B) Dye swap comparisons were
made and directionally consistent changes were identified. The
high percentage of consistency in expression changes are shown in
the chart and support the integrity of the data.

(TTF)

Figure S4 Visual representation of chromatin remodel-
ing genes altered by hTERT. After identification of the
chromatin cluster through functional annotation analysis, a heat
map visualizing this cluster of probes was constructed. The four
D868A, duplicate samples with dye swap). Red represents a
decrease in fold change vs empty vector (ev) while green represents
an increase in fold change vs ev, and black represents no change.
Intensity of color correlates to intensity of fold change, as described
by the scale bar. Of the ninety one probes, Bmil is highlighted.
(TIF)

Figure S5 Bmil mRNA and Bmil protein increase with
the expression of inactive hTERT mutants. To further
validate Bmil increases seen by hTERT wt and hTERT-D868A
expressing cells, additional hTERT mutants were also tested to
determine if their expression increased Bmil mRNA levels. (A)
Quantitative RT-PCR was performed with gene-specific primers
for Bmil, normalized to GAPDH. n= 3. Bars represent mean *
SD. 2F represents a double FLAG epitope tag on the N-terminus
of the h"TERT protein. Mutant AA1 had two leucine to alanine
point mutations made at residues 837 and 840 (L837A, L840A)
while AA2 had two leucine to alanine point mutations made at
residues 863 and 866 (L863A, L866A). (B) Western blot
confirmation of hTERT expression using a FLAG antibody for
detection (1:1000, Sigma). Samples were run on the same 4-20%
gradient SDS-PAGE but separated by several lanes. Image
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cropped accordingly. (C) Quantitative TRAP confirms positive
TRAP activity in h'TERT wt and suggests mutants AA1 and AA2
are TRAP negative, compared to empty vector alone.

(TIF)

Figure S6 Bmil mRNA is increased in E6/E7 HFKs
compared to empty vector alone. Quantitative RT-PCR was
performed on empty vector and E6/E7 HFKs with gene-specific
primers for Bmil, normalized to GAPDH. n= 3. Bars represent
mean * SD.

(TIF)

Table S1 Properties of cells immortalized by hTERT,
E6, and E7.
(PDF)
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