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rounds of the viral genome replication per S phase in CIN612-9E
cells, and that forced expression of E1 in W12 cells converted
HPV16 DNA replication to random-choice replication (12). In-
terestingly, when HPV16 or HPV31 DNAs are separately intro-
duced into NIKS cells, they both replicate randomly (12). Thus, it
is likely that the difference between W12 and CIN612-9E cells
depends on expression levels of E1. It is possible that occasional or
low-level expression of auxiliary E1 hinders the copy number loss
for an even longer period of maintenance, as indicated by previous
studies (18, 39). Theoretically, E1 protein could be supplied from
the infected virion and/or by de novo synthesis from the infected
viral genome in the establishment stage. In this regard, it is not
clear whether our experimental system recapitulates the actual
establishment stage of the HPV life cycle, since E1 can be supplied
only by de novo synthesis. At present, little is known about the
underlying mechanisms of the establishment stage and the mech-
anism(s) of switching to the subsequent maintenance stage.
Clearly, it needs to be examined whether the E1 protein is included
in infectious virions and how the E1 expression is regulated in the
three different stages.

PV E1 protein forms double hexamers at the replication origin
in the LCR with the help of E2 (2, 11, 43) and unwinds DNA
through helicase activity ahead of replication forks powered by the
hydrolysis of ATP (31). Since E1 is the only viral protein with
enzymatic activities, it is an attractive target for development of
novel therapeutic agents to treat HPV-associated benign lesions
where the whole viral life cycle is completed. Indeed, some candi-
date small molecules have been reported to inhibit the E1 function
(5,9, 15, 40—-42). However, their identification and evaluation was
done using biochemical assays or surrogate cell-based assays, and
a true antiviral activity has yet to be tested. Based on our present
study, the effectiveness of E1 inhibitors as antiviral drugs may be
restricted, since they cannot inhibit E1-independent HPV replica-
tion in long-living basal cells. Inhibition of E1 protein function
could prevent amplification of the viral genome in the establish-
ment and productive stages. Thus, it may prevent HPV infection
and reduce pathogenesis, including papilloma formation and vi-
rion production. In the case of cervical intraepithelial neoplasias
(CINs), continuous inhibition of E1 might reverse low-grade le-
sions to apparently healthy mucosa, but interruption of the inhi-
bition might lead to recurrence of the lesions. More importantly,
it may not be able to eliminate the HPV genomes replicating in
undifferentiated basal cells, which are thought to be the histoge-
netic origin of cervical cancer. Thus, E1 inhibition might not be
able to prevent CIN lesions from progressing into cancer.

In summary, we have established an experimental system
which can evaluate the requirement of any viral gene of interest in
the viral life cycle by supplying and deleting exogenous expression
of the gene and demonstrated that E1 is entirely dispensable for
maintenance replication of the HPV16 genome in human kerati-
nocytes. Thus, inhibition of E1 may not be able to eliminate the
viral genome from the basal cell layer. The rationale for develop-
ment of E1 inhibitors as anti-HPV drugs may be more restricted
than formerly envisaged. Further studies will be required to eluci-
date the roles of cellular replication factors and the cis elements of
the HPV genome in E1-independent maintenance replication.
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Abstract

Hexagonal-shaped human corneal endothelial cells (HCEC) form a monolayer by adhering tightly through their intercellular
adhesion molecules. Located at the posterior corneal surface, they maintain corneal translucency by dehydrating the
corneal stroma, mainly through the Na*- and K*-dependent ATPase (Na*/K*-ATPase). Because HCEC proliferative activity is
low in vivo, once HCEC are damaged and their numbers decrease, the cornea begins to show opacity due to overhydration,
resulting in loss of vision. HCEC cell cycle arrest occurs at the G1 phase and is partly regulated by cyclin-dependent kinase
inhibitors (CKls) in the Rb pathway (p16-CDK4/CyclinD1-pRb). In this study, we tried to activate proliferation of HCEC by
inhibiting CKls. Retroviral transduction was used to generate two new HCEC lines: transduced human corneal endothelial
cell by human papillomavirus type E6/E7 (THCEC (E6/E7)) and transduced human corneal endothelial cell by Cdk4R24C/
CyclinD1 (THCEH (Cyclin)). Reverse transcriptase polymerase chain reaction analysis of gene expression revealed little
difference between THCEC (E6/E7), THCEH (Cyclin) and non-transduced HCEC, but cell cycle-related genes were up-
regulated in THCEC (E6/E7) and THCEH (Cyclin). THCEH (Cyclin) expressed intercellular molecules including ZO-1 and N-
cadherin and showed similar Na*/K*-ATPase pump function to HCEC, which was not demonstrated in THCEC (E6/E7). This
study shows that HCEC cell cycle activation can be achieved by inhibiting CKls even while maintaining critical pump
function and morphology.
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Introduction

Human corneal endothelial cells (HCEC) are hexagonal in shape
and form a fragile monolayer lying posterior to the surface of the
cornea. These cells maintain corneal transparency by their tight
intercellular barrier and perform an ion transport pump function
through Na™/K*-ATPase, which regulates the hydration of the
corneal stroma [1,2]. IfHCEC sustain damage, excessive hydration
and opacity of the cornea occur, resulting in decreased vision.

Corneal endothelia are believed not to increase in adult humans
and in fact gradually decrease by approximately 0.5% per year
[3,4,5]. Damage, injury or HCEC disease such as Fuchs’ corneal
dystrophy [6], diabetes [7], trauma [8], cataract surgery [9] or
elevation of intraocular pressure [10] does not lead to increased
proliferation but rather to an increase in cell size to compensate for
the wounded area [11]. Once the cell number falls below 1,000
cells/mm?, the monolayer of enlarged HCEC cannot maintain
corneal translucency [12] and surgical treatment is required to
restore vision.

Penetrating keratoplasty has long been the surgical treatment of
choice, involving replacement of a total layer of cornea by donor
material. However, it can also result in adverse effects such as
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astigmatism and severe rejection requiring long term usage of
immunosuppressive drugs [13]. Recently, alternative transplanta-
tion strategies, including modified posterior lamellar keratoplasty
techniques such as deep lamellar endothelial keratoplasty (DLEK)
[14], Descemet’s stripping with endothelial keratoplasty (DSEK)
[15] and Descemet membrane endothelial keratoplasty (DMEK)
[16] have been introduced to overcome these problems. Despite
these advances, an increasingly aging population requiring corneal
transplants and inadequate tissue quality limit the availability of
donor corneas, such that alternative ways of preparing endothelial
cell monolayers need to be explored.

HCEC were originally believed to be incapable of expanding
in wvitro, but have been successfully isolated and cultured by
introducing stimulating agents such as epidermal growth factor,
platelet-derived growth factor-BB, bovine pituitary extract and
fetal bovine serum [17,18]. However, the number of cells with
proliferative activity and the ability to respond to such agents is
relatively low, and much variation in proliferative activity exists
between donors of different ages [19,20]. Thus, there is a
requirement to achieve a stable and effective culture of cells in
terms of both cell proliferation and physiologic function.
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The HCEC cell cycle is mainly regulated by the p33 and pRB
pathways, both of which have been inactivated by human
papilloma virus (HPV) type 16 E6/E7 to successfully immortalize
cells. Kim et al. reported the establishment of an immortalized
HCEC line using HPV type 16 E6/E7 on lyophilized human
amniotic membrane [21]. However, several studies have reported
carcinogenesis of the cell line established by viral oncogenes
including HPV type 16 E6/E7 or SV40 large T antigen [22,23].
Therefore a corneal endothelial cell line developed in this way
does not appear to be suitable for the treatment of human corneal
diseases. To resolve this problem, we expressed mutant cyclin-
dependent kinase (Cdk) 4 and CyclinD1 to inactivate the pRB
pathway and generate corneal endothelial cell lines without
transducing viral oncogenes.

Results

HCEC with Descemet’s membranes were proliferated slowly in
a culture dish coated in type IV collagen. After two passages, the
cells were transferred into 24-well dishes and transfected with a
retroviral vector carrying E6/E7 or mutant Cdk4 and CyclinD1.
Three cell lines were successfully generated, as shown in Fig. 1A,
with obvious differences in growth (Fig. 1B). Protein expression
from the transduced gene was confirmed by western blotting
(Fig. 1C). As previously reported [21], THCEC (E6/E7) was
immortalized, and THCEC (Cyclin) demonstrated the same
proliferative capacity as THCEC (E6/E7), while primary cells
grew more slowly even when cultured in 10% fetal bovine serum.
These results indicate that induction of mutant Cdk4 and
CyclinD1 is sufficient to generate a HCEC line that proliferates
at a faster rate than the primary cell line.

Proliferation capacity was also confirmed by immunohisto-
chemistry of Ki-67 (Fig. 2A). Expression of downstream genes of
CyclinD1 which are associated with cell proliferation was analyzed
by real-time polymerase chain reaction (PCR) (Fig. 2B). Positive
staining of Ki-67, which is detected in the nucleus, was confirmed
in both THCEC (Cyclin) and THCEC (E6/E7). Real-time PCR
also revealed that CDC2 and PCNA, target genes of E2F (an
upstream transcriptional factor), that are activated by CyclinD],
were up-regulated in THCEC (E6/E7) and especially in THCEC
(Cyclin).

Expression of genes involved in active transmembrane trans-
porter activity, including Na'/K*-ATPase, or cell adhesion,
including ZO-1 and N-cadherin, were assessed by semi-quantita-
tive reverse transcriptase (RT)-PCR (Fig. 3A). Expression of
intercellular adhesion molecules was confirmed by immunohisto-
chemistry (Fig. 3B-J). Semi-quantitative RT-PCR showed that
there was no significant difference between the three cell lines
regarding the expression of genes associated with several molecules
of cell adhesion or of ion transporter channels, which are
characteristically expressed by HCEC [21,24]. This was also
confirmed by real-time PCR (data not shown).

Z0O-1 and N-cadherin, key HCEC adhesion molecules [24],
demonstrated positive staining at the intercellular junction in
HCEH (Fig. 3F, I) and THCEC (Cyclin) (Fig. 3E, H), while
neither ZO-1 nor N-cadherin was detected in THCEC (E6/E7)
despite sufficient cellular density (Fig. 3G, J). Although positive
staining of ZO-1 and N-cadherin was observed at the intercellular
junction in THCEC (Cyclin), ZO-1 staining also occurred around
the nucleus (Fig. 3E), indicating the immature distribution of the
ZO-1 protein. In THCEC (Cyclin) and HCEC, hexagonal
morphology was identified both by phase-contrast micrography
(Fig. 3B, C) and immunocytochemistry, while the structure of
hexagonal cell shape was not maintained in THCEC (E6/E7)
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Corneal Endothelial Cell Line with Pump Function

(Fig. 3D). These data indicate that THCEC (Cyclin) and HCEC,
but not THCEGC (E6/LE7), maintain contact inhibition which is
crucial for preserving the monolayer.

Scanning electron microscopy was performed to reveal detailed

information on the cellular junction (Fig. 4). THCEC (Cyclin) and
HCEC showed a clear cellular junction including a tight junction,
whereas THCEC (E6/E7) grew as a multilayer without forming a
cellular junction, which confirms the immunohistochemistry
result. .
Representative traces of circuit current driven by the Na*/K*-
ATPase were of similar shapes in both HCEC and THCEC
(Cyclin) (Fig. 5A). These circuit currents maintain corneal
translucency and their levels in both cell lines were clearly reduced
by the presence of the Na*/K*-ATPase inhibitor ouabain, which
confirms that the origin of the current is Na'/K"-ATPase.
Meanwhile, the pump function in THCEG (Cyclin), detected in
both earlier and later passages of cells, was more variable than that
in HCEC (Fig. 5B), possibly indicating incomplete Na*/K'-
ATPase activity or the presence of an intercellular barrier that
regulates ion permeability. No regular circuit current was detected
in THCEC (E6/E7) (Fig. 5A, B), which probably reflects the
absence of intercellular adhesion preventing free ion transport
across the membrane. This experiment clearly showed that the
THCEC (Cyclin) monolayer has similar Na*/K*-ATPase activity
to that of HCEC.

A tumorigenesis assay of nude mice detected no solid tumor in
either THCEC (Cyclin) or THCEC (E6/E7), while HeLa cells
formed a solid tumor in all mice (Table 1). Since THCEC (Cyclin)
has a similar morphology and pump function to HCEC, THCEC
(Cyclin) could be suitable for HCEC studies.

Discussion

THCEC (E6/E7) was shown to achieve immortalization with a
highly activated proliferative capacity, as previously described
[21]. However, the cell lines did not show normal intercellular
contact or normal pump function, probably because contact
inhibition in the cell line was not achieved. Meanwhile, THCEC
(Cyclin) was demonstrated to have normal physiologic function
with a greater proliferative capacity than primary cells, but slightly
lower than that of THCEC (E6/E7).

In expanding the cellular life span, E7 has been shown to play a
role in the inactivation of pRB, while E6 activates telomerase [25]
and accelerates p53 degradation, which induces the Cdk inhibitor
p21 [26]. However, little is known about the effector sites of the
viral oncogene that may be related to genetic instability of
immortalized cells. In the present study, expression of genes
specific to HCEC was not drastically different between the three
cell lines. However, key proteins including ZO-1 and N-cadherin
that are important in forming intercellular contacts were detected,
probably because of the unknown influence of viral oncogenes on
post-translational modification, posttranslational import or protein
stability/ degradation.

We recently established genetically stable, non-transformed
immortalized ovarian surface epithelium (OSE) cell lines without
viral oncogenes by expressing mutant Cdk 4, CyclinD1 and
hTERT, based on the hypothesis that inactivation of the pRb
pathway and activation of telomerase are sufficient for OSE
immortalization [27]. Meanwhile, Rane et al. demonstrated that
mutant Cdk 4 (Cdk4R24C) is sufficient to induce carcinogenesis in
several other tissues including those of the pancreas, pituitary and
brain [28], and Joyce and colleagues showed that HCEC are
arrested in the G1 phase and regulated by CKls, pl6INK4a and
p21WAF1/Cipl [29]. Considering the importance of maintaining
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Figure 1. Establishment of THCEC (E6/E7), THCEC (Cyclin) and HCEC. (A) HCEC with Descemet’s membrane were placed on Type IV collagen-
coated 35 mm cell culture dishes with growth medium (P0). After one passage (P1), retroviral infection was conducted in 6-well cell culture dishes at
P2. THCEC (E6/E7) and THCEC (Cyclin) were infected by retroviral vectors carrying HPV16 E6/E7 and both CyclinD1 and Cdk4R24C, respectively. (B)
Growth curves of THCEC (E6/E7), THCEC (Cyclin) and HCEC cell lines. THCEC (E6/E7) was immortalized as reported previously, and THCEC (Cyclin)
obtained the same proliferative activity as that of THCEC (E6/E7). Transfection was performed on day 0 for THCEC (E6/E7) and THCEC (Cyclin), with
population doublings of 2. For HCEC, primary culture commenced on day 0. (C) Western blotting confirmed the expression of the following
transgenes: E6 and E7 in THCEC (E6/E7), and CyclinD1 and Cdk4R24C in THCEC (Cyclin).

doi:10.1371/journal.pone.0029677.9001

morphology and physiologic function in HCEC, we only
transduced mutant Cdk 4 and CyclinD1, not hTERT, in the
present study. We believe that our careful method enabled
THCEC (Cyclin) to form a fragile and regularly arranged
monolayer complete with physiologic function.

Although THCEC (Cyclin) has similar characteristics to
primary HCEC, immunohistochemistry and the Ussing chamber
assay also highlighted the differences between the cells. ZO-1
protein was expressed around the nucleus of THCEC (Cyclin) but
not in primary cells. Since semi-quantitative PCR detected almost
the same level of mRNA expression between the cell lines, staining
around the nucleus n THCEC (Cyclin) probably reflects an error
in posttranslational import of ZO-1 protein. The Ussing chamber
assay detected a similar pump function between THCEC (Cyclin)
and primary cells, but the current in THCEC (Cyclin) was more
variable than that of the primary cells, which might have been
caused by reduced Na*/K*-ATPase activity, immature intercel-
lular adhesion allowing irregular intercellular ion transport or
differences in cellular density.

Cells established by a retrovirus carry a potential risk of
promoting carcinogenesis [30], and direct transplantation to
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humans of cell sheets composed of such cells may lead to complex
problems. Recently, to resolve this problem, several studies have
reported the establishment of untransfected corneal endothelial
cell lines [31,32,33], which are the most ideal cell lines for the
treatment of human corneal disease. Meanwhile, alternative
bioengineering approaches, including lipofection of p27kipl
siRNA [34], proteomics technology analyzing the difference
between younger and older HCEC [35] and drug usage of
promyelocytic leukemia zinc finger protein, a cell cycle transcrip-
tional repressor and negative regulator [36], have also been
introduced. The present findings support the idea that targeting
the interaction between pl16INK4a and Cdk4 using such methods
is a promising strategy to generate HCEC with sufficient
proliferative capacity and physiologic function.

Materials and Methods

Isolation and cell culture of human corneal cells

Ethics Statement. A cornea was excised from the surgically
enucleated eye of a 2-year-old infant undergoing therapy for
retinoblastoma, with the approval (approval number, #156) of the
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Figure 2. Evaluation of proliferative capacity. (A) Immunohistochemistry of Ki-67 in three cell lines. Positive staining of Ki-67, located in the
nucleus, was obviously identified in THCEC (Cyclin) and THCEC (E6/E7), but rarely detected in HCEC. (B) Real-time PCR of downstream genes of
cyclinD1 associated with proliferation. Gene expression levels of both CDC2 and PCAN were clearly higher than that of HCEC. The gene expression
was much more activated in THCEC (Cyclin) in which the expression of E2F, an upstream transcriptional factor of two genes, was constitutively
activated by transduced mutant Cdk4 and CyclinD1.

doi:10.1371/journal.pone.0029677.g002

Ethics Committee of the National Institute for Child and cells and tissues were performed in line with the tenets of the
Health Development, Tokyo, Japan. Signed informed consent Declaration of Helsinki.
was obtained from the donor’s parents, and the surgical specimens The corneal piece, which was grossly normal with no
were irreversibly de-identified. All experiments handling human pathological lesions, was cut 1.5 mm from the corneal limbus,
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Figure 3. HCEC-associated genes and cytolocalization of junctional components expressed by cell lines. (A) Semi-quantitative reverse
transcriptase polymerase chain reaction for HCEC-associated genes. Total RNA was prepared from cultured cells seven days after reaching confluency.
No significant difference in mRNA expression was observed between the three cell lines. Compared with phase-contrast micrographs of (B) THCEC
(Cyclin), (C) HCEC and (D) THCEC (E6/E7), cytolocalization was examined by immunofluorescence staining of ZO-1 (E, F,G) and N-cadherin (H, I, J).
THCEC (E6/E7) did not stain positive for intercellular junctional molecules, while ZO-1 and N-cadherin stained positive at the junction in THCEC
(Cyclin) and HCEC.

doi:10.1371/journal.pone.0029677.g003
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Figure 4. Transmission electron microscopy of cell line intercellular junctions. The junctional complex was detected at the intercellular
junction in THCEC (Cyclin) and HCEC. No component of the intercellular junction was found in THCEC (E6/E7), in which cells grew in multilayers

without being inhibited by cellular contact (scale bar=200 nm).
doi:10.1371/journal.pone.0029677.g004

avoiding contamination of the trabecular meshwork tissue. HCEC
with Descemet’s membrane were stripped from the posterior
surface of the corneal tissue with sterile surgical forceps under a
dissecting microscope. They were cut into two pieces and cultured
in a cell culture dish covered with Type IV collagen in a growth
medium (GM); Dulbecco’s modified Eagle’s medium (DMEM)/
Nutrient mixture F12 (1:1) with high glucose supplemented
with 10% fetal bovine serum, insulin-transferrin-selenium and
MEM-NEAA (Gibco, Auckland, NZ). Cells were subcultured after
reaching confluency by treating with trypsin/EDTA and seeded at
a density of 5x10” cells/well in 6-well dishes.

Viral vector construction and viral transduction
Lentiviral vector plasmids, CSI-CMV-cycln D1 and -
CDK4R24C were constructed by recombination using the

Gateway system (Invitrogen, Carlsbad, CA) as described previ-
ously [37]. Briefly, cDNAs of human cyclinD! and a mutant
form of Cdk4 (Cdk4R24C: an inhibitor resistant form of Cdk4,
generously provided by Dr Hara) were recombined with a
lentiviral vector, CSII-CMV-RfA (a gift from Dr Miyoshi), by
LR reaction to create a Gateway expression plasmid (Invitrogen)
according to the manufacturer’s instructions.

Previous work has described the production of recombinant
lentiviruses with the vesicular stomatitis virus G glycoprotein
[37], the recombinant retrovirus vector plasmid, pCLXSN-
16E6E7 encoding HPV16 E6/E7 (16E6E7) [38] and recombinant
retroviruses [39]. Following the addition of recombinant viral fluid
to cells seeded in 24-well dishes in the presence of 4 pg/ml
polybrene, the cells were infected by the viruses. Stably transduced
cells with an expanded life span were designated transduced

A B
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Figure 5. The pump function of cell lines. Short-circuit currents representing Na*/K+-ATPase activity from corneal cell monolayers on the insert
well area of 4.67 cm* were calculated before and after addition of the Na*/K+-ATPase inhibitor ouabain. (A) Representative tracings of short-circuit
current (uA/well) obtained with cell monolayers of THCEC (Cyclin) (upper panel), HCEC (middle panel) and THCEC (E6/E7) (lower panel). THCEC
(Cyclin) possessed equal transport activity to HCEC, whereas no pump function was detected in THCEC (E6/E7). (B) Time-course changes in the
average short circuit current of cultured monolayers of cell lines at 1, 5, 10 and 20 min. Data shown are for (&) THCEC (Cyclin) at PD8, (¢) THCEC
(Cyclin) at PD 21, (s) HCEC and (M) THCEC (E6/E7); all data are expressed as mean=SD of four replicate experiments of each cell line.

doi:10.1371/journal.pone.0029677.g005
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Table 1. Tumorigenesis assay of cell lines in BALB/C nude mice.

Corneal Endothelial Cell Line with Pump Function

Inoculated cells

Total dose {cell/mouse)

doi:10.1371/journal.pone.0029677.t001

human corneal endothelial cell by E6/E7 (THCEC (E6/E7)) and
transduced human corneal endothelial cell by Cdk4R24C/
cyclinD1 (THCEH (Cyclin)).

Culture of transfected cell lines and growth curve

When the cultures reached subconfluence, the cells were
harvested with 0.25% trypsin and 1 mM EDTA, collected into
tubes, and centrifuged. The cells were counted using a cell viability
analyzer (Vi-CELL Cell Viability Analyzer, Beckman Coulter,
Brea, CA), and population doubling (PD) was calculated. The
pellets were suspended in growth medium, and the cells were
passaged at a density of 5x10° cells/well in a 100-mm dish. The
original cells were regarded as PD 2 (day 0).

Western blot analysis

Western blotting was conducted as described previously [40].
Antibodies against Cdk4 (ser473; Cell Signaling Technology,
Danvers, MA), CyclinD1 (clone G124-326; BD Biosciences,
Franklin Lakes, NJ), B-actin (sc-1616; Santa Cruz Biotechnology,
Santa Cruz, CA) were used as probes, and horseradish peroxidase-
conjugated anti-mouse, anti-rabbit (Jackson Immunoresearch
Laboratories, West Grove, PA) or anti-goat (sc-2033; Santa Cruz
Biotechnology, Santa Cruz, CA) immunoglobulins were employed
as secondary antibodies.

Immunocytochemistry

Cell lines were grown on Type IV collagen-coated glass dishes
14 days after reaching confluency and were fixed with 4%
formaldehyde (pH 7.0} for 15 min at room temperature. Cell lines
were then rehydrated in phosphate buffered saline (PBS),
incubated with 0.2% Triton X-100 for 15 min and rinsed three
times with PBS for 5 min each. After incubation with 2% BSA to
block nonspecific staining for 30 min, cell lines were incubated
with anti-ZO-1 (1:50; sc-8146; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-N-cadherin (1:50; sc-7939; Santa Cruz Biotech-
nology) and anti-Ki67 (1:100; ab15580; Abcam, Cambridge, UK)
for 16 h at 4°C. After three washes with PBS, cell lines were
incubated with the secondary antibody for 60 min, followed by
counterstaining with 4',6-diamidino-2-phenylindole (1:200; sc-
3598; Santa Cruz Biotechnology) for 10 min.

Semi-quantitative RT-PCR

Total RNA was extracted from 1x10° cultured HCEC using
the RNeasy Plus mini-kitH (Qiagen, Germantown/Gaithersburg,
MA) according to the manufacturer’s instructions and quantified
by absorption at 260 nm. Total RNA was then reverse-transcribed
into ¢cDNA using Superscript III Reverse Transcriptase (Invitro-
gen, Carlsbad, CA) with oligo random hexamers. cDNAs of each
component were amplified by PCR using specific primers and
DNA polymerase. The reaction was first incubated at 95°C for
10 min, followed by 39 cycles at 98°C for 30 s, 58°C for 30 s and
74°C for 30 s. PCR primers are listed in Table 2.
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Number of mice (% mortality)

Number of mice with tumor

Quantitative real-time RT-PCR

Total RNA extraction and reverse transcription into cDNA was
carried out as above. Each quantitative real-time RT-PCR for
target genes, including Cell Division Cycle 2 (CDC2) and
proliferating cell nuclear antigen (PCN4), was performed using
the Chromo4 real time detection system (Bio-Rad, Hercules, CA).
For a 20 ml PCR, the cDNA template was mixed with the primers
to final concentrations of 200 nM and 10 pl of SsoFast EvaGreen
Supermix (BIO-RAD), respectively. The reaction was first
incubated at 95°C for 10 min, followed by 45 cycles at 95°C for
10 s, 57°C for 15 s, and 72°C for 20 s.

Transmission Electron Microscopy

Cell lines cultured on Type IV collagen-coated dishes were fixed
in HEPES buffered 2% glutaraldehyde and subsequently post-
fixed in 2% osmium tetroxide for 3 h on ice. Specimens were then
dehydrated in graded ethanol and embedded in the epoxy resin.
Ultrathin sections were obtained by ultramicrotomy and stained
with uranyl acetate for 10 min and modified Sato’s lead solution
for 5 min then submitted to TEM observation (JEM-2000EX,
JEOL).

Measurement of pump function

The pump function of confluent monolayers of HCEC was
measured using an Ussing chamber as described previously [41].
Cells cultured on Snapwell inserts coated with Type IV collagen
were placed in the Ussing chamber EM-CSYS-2 (Physiologic
Instruments, San Diego, CA) with the endothelial cell surface side
in contact with one chamber and the Snapwell membrane side in
contact with another chamber. The chambers were carefully filled
with Krebs-Ringer bicarbonate (120.7 mM NaCl, 24 mM
NaHCOg, 4.6 mM KCI, 0.5 mM MgCl,, 0.7 mM Na,HPO,,
1.5 mM NaH,PO, and 10 mM glucose bubbled with a mixture of
5% COg, 7% O, and 88% Ny to pH 7.4). The chambers were
maintained at 37°C using an attached heater.

The short-circuit current was sensed by narrow polyethylene
tubes positioned close to either side of the Snapwell, filled with
3 M KCI and 4% agar gel and connected to silver electrodes.
These electrodes were connected to the computer through the
Ussing system VCC-MC2 (Physiologic Instruments) and an iWorx
118 Research Grade Recorder (iWorx Systems, Dover, NH), and
the short-circuit current was recorded by Labscribe2 Software for
Research (iWorx). After the short-circuit current had reached a
steady state, ouabain (final concentration, ] mM) was added to the
chamber, and the short-circuit current was re-measured. The
pump function attributable to Na'/K*-ATPase activity was
calculated as the difference in short-circuit current measured
before and after the addition of ouabain.

Tumorigenesis assay

Cells were harvested by Trypsin/EDTA treatment, collected
into tubes, and centrifuged, and the pellets were suspended in
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Table 2. Oligonucleotide sequences for RT-PCR.

Corneal Endothelial Cell Line with Pump Function

Name Sequence

R: 5'-TCA CCA GGA GGT AGC CGA T-3’

: 5'-ACC TGC CCT ACA GCT TTG TA-3

'-TCA ATT TGA CTC CTG GTC GAA-3’

-

: 5'-GGT TGT ACC ACA ACG CAC TAA-3/

:'5'-CGA GCA TAA ACA CAA AGC GTA A-3'

".GGA GCA AAG CTG ACC TGA AC-3'

5/-ATG AAA CCG GGC TAT CTG CTC-3’

Ed

: 5'-TGA GCA GCA TCA AAC TGT GTA G-3’

R: 5'-CCG AGT GGT CCC ATC ATC TG-3'

. 5:TCT CTT AGC ATT ATG TGA GCT GC-3"

~

R: 5'-GTG GTG CAG GAG GCA TTG CTG A-3’
05

R: 5'- CATGTACTGACCAGGAGGGATAG-3

Size (bp) Accession Number

doi:10.1371/journal.pone.0029677.t002

DMEM. The same volume of Basement Membrane Matrix (BD
Biosciences) was added to the cell suspension. Cells (1.7 x10% of
THCEG (Cyclin) and THCEC (E6/E7) were inoculated subcu-
taneously into dorsal flanks of each of three Balb/c nu/nu mice
(CREA, Japan) for 60 days. A total of 2.0x10° HeLa cells per
mouse were used as positive controls. The skin of dorsal flanks of
inoculated mice was surgically opened and the tumorigenic status
was examined.
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Human papillomaviruses (HPVs) are the primary causal agents
for development of cervical cancer, and deregulated expression of
two viral oncogenes E6 and E7 is considered to contribute to
disease initiation. Recently, we have demonstrated that transduc-
tion of oncogenic HRAS (HRAS®'?Y) and MYC together with
HPV16 EGE7 is sufficient for tumorigenic transformation of nor-
mal human cervical keratinocytes (HCKs). Here, we show that
transduction of HRASG12V on the background of EGE7 expression
causes accumulation of MYC protein and tumorigenic transfor-
mation of not only normal HCKs but also other normal primary
human cells, including tongue keratinocytes and bronchial epithe-
lial cells as well as h\TERT-immortalized foreskin fibroblasts. Sub-
cutaneous transplantation of as few as 200 HCKs expressing E6E7
and HRASS2Y resulted in tumor formation within 2 months.
Dissecting RAS signaling pathways, constitutively active forms
of AKT1 or MEK1 did not result in tumor formation with

EGE7, but tumorigenic transformation was induced with addition -

of MYC. Increased MYC expression endowed resistance to cal-
cium- and serum-induced terminal differentiation and activated
the mammalian target of rapamycin (nTOR) pathway. An mTOR
inhibitor (Rapamycin) and MYC inhibition a level not affecting
proliferation in culture both markedly suppressed tumor forma-
tion by HCKs expressing E6E7 and HRASC!2Y, These results sug-
gest that a single mutation of HRAS could be oncogenic in the
background of deregulated expression of E6E7 and MYC plays
a critical role in cooperation with the RAS signaling pathways in
tumorigenesis. Thus inhibition of MYC and/or the downstream
mTOR pathway could be a therapeutic strategy not only for the
MY C-altered but also RAS-activated cancers.

Introduction

A subset of human papillomaviruses (HPVs), the so called high-risk
types such as type 16 and 18, are associated with >90% of all cervical
carcinomas as primary causal agents (1), with deregulated expression
of the HPV viral oncogenes E6 and E7 as the main contributors to
an etiology (2). However, epidemiological studies and experimental
data indicate that the viral presence is not enough to induce cervical
cancer and additional genetic and epigenetic events (to alter the
cellular factors) are presumably required (3). To address this, we have

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; ERK, extra-
cellular signal-regulated kinase; ES, embryonic stem cell; HBEC, human bron-
chial epithelial cell; HCK, human cervical keratinocyte; HFF, human foreskin
fibroblast; HPV, human papillomavirus; KGM, keratinocyte growth medium;
mTOR, mammalian target of rapamycin.

IThese authors contributed equally to this work.

established an in vitro model for cervical cancer with normal human
cervical keratinocytes (HCKs) focusing on sequential transduction of
defined genetic elements (4) and succeeded in the creation of highly
potent cancer initiating cells by introduction of ¢-MYC (MYC) and
oncogenic HRASS!2Y (HRAS) on a background of HPV16 E6 and E7
expression (4). However, since the cells having been cultivated in the
differentiating medium were used for the assays, we could not exclude
the possibility that genetic and/or epigenetic alterations during the
selection might be critical for the transformation. In the present study,
by directly examining transformed phenotype of the cells without
such selection, we could demonstrate that oncogenic HRAS, without
overexpression of exogenous MYC, is sufficient for tumorigenic
transformation of normal human cells expressing E6 and E7. None-
theless, endogenous MYC stabilized by HRAS was revealed to be
a critical player in tumor-initiating potential.

Materials and methods

Cell culture and cell lines )
Normal HCKs were obtained with written consent from patients who under-
went abdominal surgery for a gynecological disease other than cervical cancer.
HCK1, HCK4 and HCKS cells derived from different donors were maintained
in low-calcium serum-free keratinocyte growth medium (KGM) (Epilife-KG2
KURABO Industries, Ltd, Osaka, Japan) unless otherwise described. HCKIT
cells were established by transduction of #7ERT into HCK1 cells (4). These
HCK cells were then further transduced with HPV16 EGE7 followed by the
oncogene(s) of interest. Normal human bronchial epithelial cells (HBECs)
were purchased from Cell Applications (San Diego) and cultivated in KGM.
Normal human foreskin fibroblasts (HFFs) purchased from BioWhittaker
(Walkersville) were immortalized by transduction of h"TERT. HFFs and cervi-
cal cancer cell lines, SiHa, CaSki and HeLa and C33A, were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) containing 10% fetal
bovine serum. The source, authentication and methods of maintenance of the
cell lines are described in the Supplementary Materials and Methods, available
at Carcinogenesis Online.

Vector construction and retroviral infection

Construction of the retroviral expression vectors, pPCLXSN-16E6E7, pCLXSH-
hTERT, pCMSCVpuro-MYC,  pCLMSCV-puro-BCL2,  pCMSCVpuro-
myr-AKT1, pCMSCVbsd-HRASC?Y, pCMSCVbsd and pCMSCVpuro-
MEKI1DD was as described previously (4,5). OmoMYC, a human version of
the dominant-interfering MYC mutant (6), which encodes the C-terminal 92
amino acids of MYC with four amino acid substitutions (E4 10T, E4171, R423Q
and R424N) and MYC™84 were made by in virro mutagenesis and cloned into
a lentiviral vector, CSII-TRE-Tight-RfA, in which the elongation factor promoter
in CSII-EF-R{A (a gift from Hiroyuki Miyoshi, RIKEN, BioResource Center) was
replaced with the tetracycline-responsive promoter from pTRE-Tight (Clonetech).
CSII-TRE-Tight-16E6E7-2A-MYC"*8A2A-HRAS®'?Y  was constructed by
inserting the 16E6E7, MYC">%A and HRASC'?Y segments separated by the
sequences encoding the autonomous ‘self-cleaving’ 2A peptides derived from
foot-and-mouse disease virus (7) into CSII-TRE-Tight-RfA. CSH-TRE-Tight-
MYCmiR-1, -2 and -3 were constructed by inserting the micro RNA sequence
based on the BLOCK-T Pol I miR RNAI system (Invitrogen) into CSI-TRE-
Tight-RfA. The target sequence for MYCmiR-1, -2 and -3 are 5'-TAGTC-
GAGGTCATAGTTCCTG-3', 5'-ATGAAACTCTGGTTCACCATG-3' and
5'-TTGACATTCTCCTCGGTGTCC-3', respectively. The production of re-
combinant viruses and selection of infected HCKs were detailed earlier (4,5).

Western analysis

Western blotting was conducted as described previously (4). Antibodies used
were listed in the Supplementary Material and Methods, available at Carcino-
genesis Online.

Colony formation in soft agar medium

Cells were seeded at 5 x 10% cells per 35 mm dish (BD-Falcon 3046) in an
appropriate medium. Colonies over 50 um in diameter were counted after
3 weeks as described previously (4).

© The Author 2012, Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oup.com 1
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Clonogenic assay

Aliguots of 500 cells were seeded on 35 mm dishes under sparse conditions.
After cultivation for 2 weeks, the cells were stained with Giemsa’s dye, and the
number of colonies was counted.

Tumorigenesis in nude mice

All surgical procedures and care administered to the animals were in accor-
dance with institutiona) guidelines. A 100 pl volume of cells in a I:1 mixture of
Matrigel (BD Biosciences) was subcutaneously injected into female BALB/c
nude mice (Clea Japan). The expression of human involucrin in all tumors was
determined by western blots with antibodies against human involucrin that do
not react with mouse epidermis to confirm that the tumors were derived from
implanted HCKSs (data not shown).

Quantitative reverse transcription—-PCR analysis

Quantitative reverse transcription-PCR was performed as described previously
(8). Amplified products were detected with a TagMan Gene Expression Assay
(Applied Biosystems). The expression level of the MYC gene was then
normalized to RNA content for each sample using beta-2-microglobulin
messenger RNA as a control.

Results

Oncogenic HRAS is sufficient for tumor initiation with normal human
cells expressing HPV16 E6E7

Previously, we demonstrated that introduction of HPV16 E6 and E7
(E6E7), H-RASG/2Y (HRAS) and ¢-MYC (MYC) to normal HCKs
transduced with hTERT (HCKIT) resulted in the creation of highly
potent tumor-initiating cells capable of forming tumors-in nude mice
when only 10 cells were transplanted subcutaneously (4). Since the
cells having been cultivated in the differentiating medium containing
high calcium and serum (DMEM + 10% fetal bovine serum; DMEM
hereafter) were used for the assays, it is possible that such adaptation

or selection was required for the tumor-initiating potential by adding
further epigenetic or even genetic alteration(s). To exclude the possi-
bility, we directly examined transformed phenotype of the cells soon
after transduction of oncogenes cultivated in KGM and revealed that
HRAS addition was sufficient for tumorigenic transformation of pri-
mary HCKs and HCKTs (HCKT where T is for hTERT) expressing
HPV16 EGE7 (Table 1, A). In the presence of HRAS, endogenous
MYC protein Jevels were markedly elevated (Figure 1A). When
1 million cells were subcutaneously transplanted into nude mice,
HCKAT-E (E is for EGE7) expressing HRAS formed large tumors
within 2 weeks, irrespective of the presence of an exogenous MYC
transgene although growth was marginally faster with the Jatter
(Figure 1B; P > 0.05). A high proportion of tumor-initiating cells in
populations expressing EGE7 and HRAS was confirmed by injecting
only 200 cells of different batches of HCKTs expressing the same set of
genes into nude mice, resulting in tumor formation within 2 months
(Table I, B). Thus, we examined whether HPV 16 E6E7 and HRAS with
or without exogenous MY C could confer tumor formation properties on
other human cell types, including HBEC and HFF immortalized with
hTERT (Figure 1D and E). Although, exogenous MYC expression
resulted in the faster tumor-forming ability of HBEC (P < 0.0005),
E6E7 and HRAS was sufficient for tumorigenic potential of these
human cells with increased endogenous MYC levels (Figure 1C).
Then, we examined the effect of induced expression of MYCT84,
which is a form resistant to FBWX7-dependent proteasomal degrada-
tion (9), on the tumorigenic potential of HCKIT-E with HRAS cells.
Although MYCT38A accumulation was observed in doxycyclin-
treated cells both in vitro and in vivo, it did not result in increased
tumorigenic potential in this setting (Supplementary Figure 1 is avail-
able at Carcinogenesis Online), indicating the possibility that certain
threshold levels of MYC stabilized by HRAS might be sufficient.

Table 1. Summary of xenograft transplantation of HCKs

(A) Tumor formation using EGE7 expressing HCKs with HRASS!2Y

Cells No. of tumors per sites of injection 1 x 10° cells per site Weight of tumors (mg) at the end of the experiment (weeks)
HCKIT i 4/4 460 * 137 (3 weeks)

HCKI1Ta 4/4 640 + 479 (2 weeks)

HCKI1Tb 4/4 500 + 338 (2 weeks)

HCKI1Tc 4/4 140 + 50 (2 weeks)

HCK4T 4/4 523 + 148 (2 weeks) v

HCK4 4/4 225 + 50 (3 weeks)

HCK8 4/4 555 + 140 (3 weeks)

(B) Tumor formation using E6E7 expressing HCKs with HRASC!2Y

2 x 10% cells per site (weeks)

2 x 102 cells per site (weeks)

HCKIT 6/6 (4)
HCK4T 4/4 (4)
HCKST 4/4 (4)

6/6 (4)
414 (6)
414 (6)

(C) Tumor formation using E6E7 expressing HCKIT cells with MYC or other downstream signals of HRASG12Y

No. of tumors per sites of injection (1 x 10° cells per site)

HCKIT-E6E7- vect (weeks) MYC MYCTs84 Tet-inducible-MYC584

Dox+ (weeks) Dox— (weeks)
Vect 07 0/4 0/4 0/3 0/3
BCL2 173 0/3
AKT 0/4 3/3 (9) 3/3 (9
MEKI1DD 0/4 414 (7) 3/3 (7)*
HRASGZY 12/12 (2) 10710 (6)° 10/10 (6)°

(B) Latency was determined as the time taken before a palpable mass could be detected and indicated in parentheses (weeks). (C) Incidence of tumor formation
within 20 weeks of observation period was scored otherwise observation was terminated at the time indicated in parentheses (weeks). No description indicates not

determined.
“Only small tumors developed as in Figure 3B and C.
Y103 (n = 4) or 102 (n = 6) cells were transplanted.
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Fig. 1. HRAS with increased endogenous MYC expression is sufficient for full transformation of normal human cells expressing HPV16 EGE7. (A) Endogenous
MYC levels in the presence of HRAS (ER) were compared with exogenous expression (ERM) by western blotting (ER for EGE7-HRAS and ERM for EGE7-
HRAS-MYC). (B) In vivo tumor-forming ability of HCK4T-E cells with HRAS alone or HRAS-MYC. Cells were subcutaneously injected into nude mice

(1 x 106 cells) and tumor size was measured every other day. The tumor volume (mm?) was calculated as L x W2 x 0.52, where L is the longest diameter and Wis
the shortest diameter. Each point is the mean of data for four to six samples + SD. (C) Transgene products and MYC levels in human HBEC and HFF were
determined by western blotting. (D and E) Tumorigenic ability of HBEC (D) and HFF (E) expressing HPV1 6 E6E7 and hTERT with HRAS alone or HRAS-MYC
was determined as in (B). (F) Schematic of a single polycistronic virus in which expression of EGE7, MYC and HRAS are regulated by doxycyclin (Tet-off). These
genes were separated by the sequences encoding the autonomous self-cleaving 2A peptides derived from foot-and-mouse disease virus (7). (G) The expression of
the transgenes was determined by western blotting. (H) HCKIT cells transduced with this vector together with a Tet-off vector were transplanted into nude mice.
When tumors had started to grow (the volume of the tumor exceeded 100 mm?), the gene expression was terminated by adding doxycyclin in the drinking water.

To confirm that tumorigenicity is readily induced by expression of
EGE7, HRAS and MYC (endogenous/exogenous) without further ge-
netic changes and is reversible on cessation of such gene expression,
EGE7, MYCT8A and HRAS were cloned into a single lentiviral vector
in which expression of transgenes was regulated by doxycyclin (Tet-off)
(Figure 1F. G and H). HCKIT cells transduced with this vector together
with a Tet-off (ITA) vector were transplanted into nude mice. When
tumors had started to grow (the volume of the tumor exceeded 100
mm?), the gene expression was terminated by adding doxycyclin to
the drinking water and this resulted in halted tumor growth followed
by complete regression (Figure 1H). These data support the idea that
EGE7, HRAS and MYC are sufficient for tumor-forming ability of
human cells without additional genetic alterations.

MYC stabilization by HRAS

We have reported that endogenous as well as exogenous MYC protein
" stability is increased in the presence of HRAS in exponentially grow-

ing HCKIT cells adapted to calcium and serum (grown in DMEM)
(4). Because most of the data in this report were prepared with cells
kept in KGM, which does not contain serum and high calcium, en-
dogenous MYC protein stability was determined using HCKIT-E
cells with a vector, AKT (myr-AKT1), MEK1DD [constitutively ac-
tive form of MEK 1which activates the extracellular signal-regulated
kinase (ERK) pathway (10,11)] or HRAS in KGM. Endogenous MYC
protein levels were increased in the order of the genes listed above
(vector, AKT, MEK1DD and HRAS) (Figure 2A). In parallel with the
MYC levels, Survivin (12), phosphorylated 4EBP1 (13) and phos-
phorylated p70S6K levels were increased and TSC2 levels were
decreased (14). Increased ERK phosphorylation was observed in

- MEK1DD- and HRAS-expressing cells. Although similar trends were

observed in subconfluent culture (data not shown), they were more
evident under post-confluent culture conditions (Figure 2A).
Furthermore, increased MYC protein stability was found in the
presence of HRAS (Figure 2C, also with post-confluent cells; data
not shown) without significant increase in MYC messenger RNA
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Fig. 2. Increased MYC protein stability in HRAS-positive cells.

(A) Endogenous MYC protein levels in HCKIT-E with vector, AKT (myr-
AKT1), MEK1DD (constitutively active form of MEK1) and HRAS from
post-confluent (3d) cells were determined by western blotting.

(B) Quantitative reverse transcription—-PCR of MYC transcript levels from
exponentially growing cells. Experiments were performed in triplicate and
results were normalized to beta-2-microglobulin and presented as mean =
SD. (C) Exponentially growing cells were treated with 25 pg/ml
cycloheximide (CHX) for the indicated time periods and the MYC
degradation rate was assessed by western blotting. Results of quantitation in
three experiments are shown with = SD (D).

levels (Figure 2B). The levels of phosphorylated MYC, which has
been reported to correlate with its function (15,16), were increased
in the presence of HRAS (Supplementary Figure 2 is available at
Carcinogenesis Online). From these observations, it is suggested
that in HRAS-expressing cells, endogenous MYC expression is
maintained at a higher level than in other cells.

Dissection of HRAS signaling pathways in tumor formation

In order to evaluate the importance of stabilized MYC for tumorigenic
potential of HCK1T-E, we examined biological effects with MYCT8A,
Although we speculated that increased MYC expression is crucial for
HRAS-induced tumorigenic potential, HCKIT-E with induction of
MYCT584 alone did not give rise to tumors. Though MYCT58A mutant
is reported to have reduced activity to induce apoptosis than MYC
(16,17), it increased cleavage of caspase 3 in HCKIT-E cells
(Figure 3A). To reduce the negative effect of MYCT3A, BCL2 was
introduced to HCKIT-E cells (Figure 3A). HCKIT-E with BCL2 cells
showed weak tumor-forming ability upon MYCT3%4 induction (Table 1,
C), but 4-5 months were necessary for palpable tumor masses, indicat-
ing a possible requirement for additional genetic and/or epigenetic
alterations. MYC™>%4 induction together with expression of either
active AKT or MEK1DD conferred tumorigenic potential on HCK1T-
E cells (Figure 3B and C). Although without induction of MYCT>%4
they eventually started to form small tumors at the end of observation
period (7-9 weeks), this might have been due to leakage of MYCT384A
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Fig. 3. Stabilized MYC expression is required for the tumorigenic potential
of HCKIT-E cells with activated AKT or ERK. (A) MYC*584 expression
with the Tet-regulated expression system was determined by western
blotting. Dox -+; cells were treated with 1 pg/ml doxycycline (Dox) for

5 days. In vivo tumor-forming ability of AKT (B) and ERK (C) activated
HCKIT-E cells with induction of MYCY98A were determined as for

Figure 1B. Mice were treated with doxycycline (1 pg/ml in their drinking
water) or the vehicle (ethanol).

from the Tet-regulated expression system because HCK1T-E with AKT
or MEK1DD alone did not form tumors within 20 weeks (Table 1, C).
Since tumorigenic potential was less than with HCK1T-E-RAS cells, it
is evident that multiple RAS signaling pathways other than simply
MYC stabilization are cooperatively involved in tumorigenic transfor-
mation of HCKI1T-E cells.

MYC confers resistance to calcium- and serum-induced terminal
differentiation and activates the mTOR pathway in HCK cells

Then, the biclogical effects of MYC on HCK were examined. Upon
induction of MYCT584 in HCKIT cells with BCL2, the expression
levels of carbamoyl phosphate synthase/aspartate transcarbamoylase/
dihydroorotase, a bona fide MYC target gene (18) and survivin (12)
were increased, whereas the Jevels of a differentiation marker, invo-
lucrin, and a key inducer of keratinocyte differentiation, NOTCHI1
(19), were decreased (Figure 4A). Furthermore, repression of TSC2
accompanied by activation of the mammalian target of rapamycin
(mTOR) pathway was observed upon MYCT384 induction. Activation
of NOTCH1 and accumulation of involucrin induced by exposure to
calcium and serum were largely canceled by MYCT584 expression
(Figure 4A). Similar effects of MYCT3¥A induction were also
observed in HCKIT-E cells with AKT or MEK1DD, although they
were less marked, probably because EGE7 and AKT or MEK1DD
influenced MYC regulation (17,20) (Figure 4B; data not shown). In-
duction of MYCT384 significantly supported the growth of these cells in
differentiating medium containing serum and high calcium, whereas no
significant effects were observed in KGM (Figure 4C and D). Thus,
MYC confers resistance to calcium- and serum-induced terminal
differentiation and activates the mTOR pathway in HCK cells.

Inhibition of tmorigenic potentials of HCKIT-E-HRAS cells by
inhibition of MYC or mTOR

Finally, we examined the role of endogenous MYC with HRAS in
tumorigenic potential of HCK cells and cervical cancer cell lines
(CaSki, SiHa, HeLa and C33A; Supplementary Figure 3B and C is
available at Carcinogenesis Online; data not shown) by introducing
the MYC inhibitor, OmoMYC (6), with Tet-regulated expression
system, for which potential tumor-suppressive effects were recently
reported in a mouse Jung cancer model featuring KRAS mutation
(21). OmoMYC induction levels were determined with an anti-
MYC monoclonal antibody that recognizes both endogenous MYC
and OmoMYC (Figure 5A). In contrast to the observations with
MYCT584 induction (Figure 4A and B), OmoMYC induction resulted
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Fig. 4. Resistance to differentiation and mTOR activation by MYC. (A) HCK1T with BCL2 cells were treated with 1 pg/ml Dox for 3 days to induce MYCT4
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colonies with induction of MYC"%#4 in clonogenic assay.

in increased involucrin and TSC2 (Figure 5A), further supporting
regulation of these molecules through MYC in HCK cells. With
induction of OmoMYC not exceeding endogenous MYC levels,
HCKI1T-E and HCK8T-E with HRAS cells did not result in significant
reduction of growth (Figure.5B). Anchorage-independent growth
ability of these cells was dramatically reduced with OmoMYC
induction (Figure 5C) and tumorigenic potential was also profoundly
reduced (Figure 5D). We obtained essentially the same result by
moderate silencing of endogenous MYC in HCKIT-E with HRAS
(Supplementary Figure 3A is available at Carcinogenesis Online).
The induction of OmoMYC in cervical cancer cell lines also resulted
in the suppression of their transforming abilities (Supplementary
Figure 3B and C is available at Carcinogenesis Online). Although
overexpression of MYC was not obvious in these cell lines, even in
HelLa cells with a low level of MYC amplification (22), MYC might
also play a critical role in these cells.

Because we found activation of the mTOR pathway in HRAS-
transduced HCK cells, effects of an mTOR inhibitor, Rapamycin,
on their transformation were tested. The clonogenicity of HCKIT-E
with HRAS cells was reduced with Rapamycin in a dose-dependent
manner (Figure 5E). Although either 10 nM Rapamycin or OmoMYC
induction alone did not result in complete repression of clonogenic
potential, simultaneous use of them blocked clonogenicity completely
(Figure SE), while strongly suppressing tumorigenic potential in nude
mice (Figure 5F). These data indicate that the mTOR pathway is
a major downstream effector activated by HRAS through MYC.

Discussion

MYC and RAS oncogenes can cooperatively induce full transformation
of mouse cells but cause apoptosis and senescence, respectively, when
expressed individually. Unlike the mouse cell case, transduction of
MYC and RAS oncogenes into human cells does not suffice for
full transformation, possibly because of more sophisticated tumor-
suppressive failsafe mechanisms. However. we recently demonstrated
that MYC and RAS can cooperatively transform human cells (HCKs)
with the help of HPV16 E6 and E7 (). In the development of cervical
cancer, deregulated expression of EG and E7 precedes disease progres-
sion, and E6 and E7 can immortalize HCKs and alleviate both MYC-

induced apoptosis and RAS-induced senescence, mainly through inac-
tivation of p53 and pRB. Here, we showed that oncogenic RAS on
a background of E6E7 expression can induce full transformation of
HCKs, and that stabilization of MYC by RAS is critical for tumorigenic
transformation. Many mechanisms have been reported to be involved in
MYC stabilization. A major ubiquitin ligase of MYC, FBXW?7, pref-
erentially recognizes and induces degradation of MY C with phosphor-
ylated Thr58 and unphosphorylated Ser62, and thus the MYCT8A
mutant is very stable (23). Phosphorylation of Ser62 by ERK1/2 and
inhibition of Thr58 phosphorylation through inactivation of GSK3 by
AKT/PI3K are reported to be involved in RAS-induced MYC stabili-
zation (17). Recently, CDK2 and downstream target(s) of PDK1 were
also documented to phosphorylate Ser62 (24.25). Activities of these
kinases can be regulated by multiple RAS signaling pathways as well.
If we could identify core gene sets, which promote reprogramming of
normal human cells into cancer-generating cells, it would be of great
advantage to understanding the complicated molecular mechanisms of
carcinogenesis. In this study, we clarified that transduction of only three
factors, namely oncogenic HRAS, E6 and E7, is sufficient for tumori-
genic transformation of HCKs, though early studies have already sug-
gested cooperation between E6E7 and oncogenic RAS (26-29). Thus,
E6, E7 and HRAS might constitute one such core gene set. It also
proved sufficient to induce full transformation of other normal human
cell types, including human tongue keratinocytes, HBECs and HFFs
though the HBECs and HFFs had been transduced with hTERT. Our
recent study indicates that the role of EGE7 could be largely but not
completely replaced by the blockade of the pRB and p53 pathways in
human tongue keratinocytes (3(0)). We previously found that ovarian
surface epithelial cells could not be fully transformed by transduction
of oncogenic KRAS and MYC with blockade of the pRB and p53
pathways by CDK4/CYCLIN D1 and a dominant-negative form of
P33 (5). Other than inactivation of p53 and pRB, E6 and E7 proteins
have many functions and it is very conceivable that these could be
involved in full transformation. Indeed, in HCKs, the PDZ-binding
motif of E6 is critical for full transformation of HCKs through degra-
dation of several PDZ-containing proteins (our unpublished results).
Increased tumorigenic potential by exogenous MYC was observed
with variation (Figure 1), indicating certain threshold levels of MYC
are required for tumorigenicity depending on the cell type. However,
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Fig. 5. Inhibition of MYC and/or mTOR pathway repressed tumorigenic potential of HCK cells with E6E7 and HRAS. (A) Induction of OmoMYC, an MYC
inhibitor (Dox 1 pg/ml 5 days) and alteration of involucrin and TSC2 in HCK and CaSki cells were determined by western blotting. (B) Effects of OmoMYC
induction on growth of HCK cells with EGE7 and HRAS were determined as for Figure 4C. (C) For assessment of anchorage independent growth of HCK cells
with OmoMYC induction, aliquots (5 x 10* cells) were seeded in 35 mm dishes. After 3 weeks, the numbers of colonies (>50 pm in diameter) were counted.
(D) Effects of OmoMYC on tumor-forming ability of HCK cells were determined as for Figure 3B. (E) Clonogenic potential of HCKIT cells with OmoMYC or
Rapamycin was determined as for Figure 4D. Indicated concentration of Rapamycin was added to the cells at day 1. (F) The effect of OmoMYC with Rapamycin
on tumor-forming ability of HCK8T-E with HRAS cells was determined as in D. Mice were treated with 5 mg/kg Rapamycin administered by intraperitoneal

injection twice a week.

transduction of four factors, E6, E7, RAS and MYC, proved sufficient
for tumorigenic transformation of normal human cells tested here and
broader cell types, including colon epithelial cells and pancreatic duct
epithelial cells (data not shown), though hTERT might be additionally
required for cells, such as HFFs, in which E6 cannot activate telomer-
ase. In our previous study, HCK1T-E-HRAS-MYC cells adapted to
DMEM showed much higher MYC expression than those kept in
KGM (Supplementary Figure 4 is available at Carcinogenesis Online)
with higher tumorigenicity, i.e. 10 DMEM-adapted cells formed huge
tumors in ~50 days in contrast to the same cell number kept in KGM
forming tiny tumors after ~100 days [(4) and data not shown].
DMEM-adapted cells might have gained the capacity to permit high
levels of MYC and might give us a clue to understand further
malignant conversion. QOur preliminary data indicate that the
DMEM-adapted cells exhibit epithelial-mesenchymal transition like
changes, as determined by immunoblotting and microarray analysis
(Supplementary Figure 4 and Supplementary Table 1 are available at
Carcinogenesis Online).

6

We tried to dissect the RAS signaling pathways in order to define
the critical factors for the promotion of cancer and found that activa-
tion of AKT or ERK pathway alone on the background of E6 and E7
expression was insufficient for full transformation. However, with
additional induction of MYCT58A_ the cells acquired tumorigenicity
in nude mice (Figure 3 and Table I, C). These results allow us to
hypothesize that one critical player to promote cancer ‘stemness’
downstream of HRAS signaling is elevated function of MYC. In
normal HCKIT, induced expression of MYCT384 inhibited terminal
differentiation and increased expression of Survivin, which is impli-
cated as a cancer stem cell marker (31) (Figure 4A). Furthermore, we
found that TSC2 expression was repressed with induction of MYC-
T58A as reported recently for another cell type (14), accompanied by
activation of the mTOR pathway. .

It was recently reported that MYC sustains pluripotency of induced
pluipotent stem and embryonic stem (ES) cells through repression of
the primitive endoderm differentiation regulator, GATAG (32), and
our results indicate that MYC confers resistance to calcium- and



serum-induced terminal differentiation (Figure 4A-D) and the tumor-
igenic potential on non-tumorigenic HCKs (Figure 3). Although MYC-
T58A has reduced activity to induce apoptosis compared with wild-type
MYC in the mammary gland (23), it does occur in a dose-dependent
manner, even in the presence of E6 and E7 (Supplementary Figure 5 is
available at Carcinogenesis Online) and remaining cells form tumors
(Figure 3). We did not observe significant differences in the tumorigenic
potential with the induction of MYCT*84 in HCK1T-E with HRAS cells
(Supplementary Figure ] is available at Carcinogenesis Online). 1t is
also reported that Jow levels of deregulated MY C are competent to drive
ectopic proliferation of somatic cells and oncogenesis, but overexpres-
sion of MYC wakes up the apoptotic and ARF/p53 intrinsic tumor
surveillance pathways (33). These results clearly indicate that a certain
threshold level of MYC is sufficient for tumor development, which is
not affected by further overexpression, though such surplus expression
of MYC might affect other pathological features such as metastasis.

MYC has been.identified as one of four genes, which can reprogram
fibroblasts into ES cells (34). Analysis of the ES cell-specific gene
expression signature revealed that core pluripotency factors such as
OCT4 and SOX2 are active in ES and induced pluipotent stem cells
but not in cancer stem cells (35), but MYC regulatory networks are
activated in both ES and cancer stem cells. Thus, MYC seems to play
a role in normal ES cell biology and also cancer stem cells. MYC
expression is deregulated in a wide range of human cancers and the
rate of overexpression is generally more than the level of amplification
(36). Cancers without amplification of MYC but with alterations in
other oncogenes, such as RAS and growth factor receptors, which
activate the function of MYC, could also be considered as MYC de-
regulated. Here, inhibition of endogenous MYC functions with Omo-
MYC resulted in significant reduction of tumor formation and when the
mTOR pathway activated by MYC was suppressed with Rapamycin,
the tumorigenic potential of HCK cells was suppressed profoundly
(Figure 5). To our knowledge, this is the simplest in vitro carcinogenesis
model for human cancer and the first report indicating that endogenous
MYC is a critical regulator of HRAS-induced tumor formation by
human cells. The contribution of MYC to the cancer stemness might
be broader than generally considered, and attempts to inhibit MYC
functions with small molecules (37) as cancer therapy might be appli-
cable to a wide range of malignancies.

Supplementary material

Supplementary Table I and Figures 1-5 can be found at http://carcin.
oxfordjournals.org/.
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BACKGROUND: Epithelial cells of endometriotic tissues are difficult to propagate in vitro as experimental material is scarce owing to their
limited- life span. However, there is an increasing concern regarding their malignant transformation in ovaries. The present study
sought to generate their stable culture system.

METHODS AND RESULTS: Purified epithelial cells isolated from ovarian endometriomas using microscopic manipulation were successfully
immortalised by combinatorial transfection of human cyclinD !, cdk4 and human telomerase reverse transcriptase (hTERT) genes,
whereas the introduction of hTERT alone, or together with cdk4, was insufficient for immortalisation, leading to cellular senescence.
We confirmed stable cytokeratin expression in the immortalised cells, proving their epithelial origin. These cells expressed
progesterone receptor B and showed significant growth inhibition by various progestins. Oestrogen receptor (ER) expression was
detected in these cells, albeit at low levels. Additional overexpression of ERa generated stable cells with oestrogen-dependent
growth activation. Soft-agar colony formation assay and nude mice xenograft experiments demonstrated that these cells, even those
with additional inactivation of p53, did not have transformed phenotypes.

CONCLUSION: We for the first time generated immortalised epithelial cells from ovarian endometrioma that retained sex steroid
responsiveness. These cells are invaluable tools not only for the consistent in vitro work but also for the study of molecular

pathogenesis or carcinogenesis of endometriosis.

© 2012 Cancer Research UK

Endometriosis is a common gynaecological disorder associated
with dysmenorrhoea, pelvic pain and subfertility and is a leading
cause of disability and loss of productivity in women of
reproductive age (Olive and Schwartz, 1993). Numerous studies
have attempted to dissect the biology of endometriosis. These
studies mainly use in vitro culture of stromal cells rather than
culture of epithelial cells from endometriotic tissues, because the
former cells are more easily and stably cultured for much longer
periods than the latter cells (Noble et al, 1997; Gurates et al, 2002).
In fact, it is difficult to culture endometriotic epithelial cells
in vitro, because these cells lose their proliferative capacity during
ongoing cultivation of primary cultures over several days. The
inability of endometriotic epithelial cells to survive in vitro is an
obstacle to gaining a better understanding of the biology of this
disease. In particular, malignant change of endometriosis,
especially of ovarian endometrioma, for which epithelial cells are
exclusively responsible, has lately attracted considerable clinical
attention (Kurman and Craig, 1972; McMeekin et al, 1995; Ness,
2003; Oral et al, 2003). There is therefore an urgent need to
establish a stable system for the culture of endometriotic epithelial
cells that can be used for research not only into the biology of
endometriosis but also into its carcinogenesis.
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There are two major barriers within epithelial cells that inhibit
cell division under usual culture conditions: premature senescence
and telomere-dependent senescence (Kiyono et al, 1998). The
former is observed during early passage in primary culture and is
caused by the activation of Rb that leads to cell cycle arrest,
whereas the latter is found at a later stage of culture and is caused
by telomere shortening after a considerable number of cell
divisions. Inhibition of both Rb function and telomere shortening
is therefore required for long-term culture of epithelial cells. In
previous studies, we successfully established a stable system for the
culture of primary endometrial epithelial cells, in which the human
papillomavirus type 16 E6/E7 genes and the human telomerase
reverse transcriptase (hTERT) were introduced to inhibit Rb
functions and to activate telomerase, respectively (Kyo et al, 2003).
These immortal cells were not transformed but retained the
original characteristics of endometrial epithelial cells, such as
steroid responsiveness. Subsequent studies have demonstrated
that overexpression of cyclin D1 or cdk4, instead of HPV
E6/E7, effectively inhibited Rb activity and might be an
alternative method of overcoming premature senescence in
primary epithelial cells of other origins (Ramirez et al, 2004;
Sasaki et al, 2009).

In the present study, we sought to generate a stable culture of
epithelial cells isolated from the ovarian endometriomas by
the introduction of various genetic elements. These cells were
successfully immortalised without generation of transformed
phenotypes and were responsive to progestin and oestrogen.
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These cells are thus potentially useful as an experimental model for
analysis of the mechanisms of steroid hormone functions as well as
of carcinogenesis arising from ovarian endometrioma.

MATERIALS AND METHODS

Isolation and purification of human endometriotic glands

Human endometriotic tissue samples were obtained from a
27-year-old and a 44-year-old patient undergoing laparoscopic
ovarian cystectomy as a treatment for ovarian endometrioma with
written informed consent. Briefly, tissues were gently minced into
small pieces (1-2mm®) and were incubated for 1h at 37°C in a
shaking water bath in 20ml Hank’s Balanced Salt Solution
containing 0.2% collagenase type 3 (Washington Biochemical Corp.,
Lakewood, NJ, USA) and 1000U of deoxyribonuclease I (Takara,
Otsu, Japan). Epithelial glands were separated from stromal cells,
blood cells and debris by serial filtration using narrow gauge sieves
with apertures of 40-100 um. Individual glands on the bottom of
the dishes were directly picked up one by one under a microscope,
collected into Eppendorf tubes and seeded onto 24-well dishes for
subsequent gene transfection by viral vectors. The use of clinical
materials obtained with written informed consent was approved by
the Institutional Research Ethics Committee.

Vector construction and transfection

Viral construction and transfection of HPV16 E6/E7 and hTERT
have been previously reported (Kyo et al, 2003). Lentiviral vector
plasmids were constructed by recombination using the Gateway
system (Invitrogen, Carlsbad, CA, USA). Briefly, hTERT, human
cyclinD1 and human mutant Cdk4 (Cdk4R24C: an inhibitor-
resistant form of Cdk4 that was generously provided by Dr E Hara
(The Cancer Institute of JECR, Tokyo, Japan)) (Wolfel ef al, 1995)
were first recombined into entry vectors using the BP reaction
(Invitrogen). These segments were then recombined with a
lentiviral vector, CSII-CMV-RfA (a gift from Dr H Miyoshi
(RIKEN BioResource Center, Tsukuba, Japan)) (Miyoshi et al,
1998), using the LR reaction (Invitrogen) to generate CSII-CMV-
hTERT, -cyclinD1 and -hCDK4R24C. Production of recombinant
lentiviruses with the vesicular stomatitis virus G glycoprotein was
performed as described previously (Miyoshi et al, 1998). A
dominant negative form of p53 (DN p53) (Kiyono et al, 1994)
was cloned into lentiviral vector plasmids by recombination using
the Gateway system (Invitrogen). Oestrogen receptor a (ERa)
overexpressing cells were established by lentiviral infection of the
human ERa expression vector (pCMSCV-EM7bsd-hERa).

Cell culture

Stably established endometriotic epithelial cells were maintained
in DMEM supplemented with 10% fetal bovine serum in an
atmosphere of 5% CO, at 37 °C.

Reverse transcriptase-PCR (RT-PCR)

Total RNA was isolated from cells using the RNeasy Mini Kit
(Qiagen Sciences, Germantown, MD, USA), and the first-
strand ¢cDNA was synthesised from 1ug of total RNA by
reverse transcription using Superscript II Reverse Transcriptase
(Invitrogen) with random primers. Primer sequences and condi-
tions for each gene are listed in Supplementary Table 1.

Western blot analysis

Nuclear extracts from cells were prepared using the method of
Schreiber et al (1989). Subsequently, 50 ug of nuclear extracts were
electrophoresed on a sodium dodecyl sulfate- polyacrylamide gel
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and transferred to polyvinylidene difluoride membranes. Mem-
branes were blocked in TBST (150 mm NaCl, 20 mm Tris-Cl, pH 7.5
and 0.1% Tween) containing 5% nonfat dried milk and
then incubated with specific antibodies against PR (H-190,
dilution 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and actin (C-11, dilution 1: 1000, Santa Cruz Biotechnology)
followed by reaction with anti-rabbit IgG. Immunoreactive
bands were visualised using the ECL detection system (GE
Healthcare Biosciences, Pittsburgh, PA, USA), as suggested by
the manufacturer.

Immunocytochemistry and immunohistochemistry

Cells were cultured on LAB TEK chamber slides (Nalge Nunc
International, Naperville, IL, USA) for 24 h, fixed with methanol.
For antigen retrieval of CD10, the sections were heated by boiling
in 10mM citrate buffer, pH 6.0 for 20 min followed by cooling at
room temperature for 20 min. Slides were incubated for 60 min at
room temperature with the following mouse monoclonal
antibodies and working dilutions: anti-pan-cytokeratin (4/5/6/8/
10/13/18) (Cl11, dilution 1:500, Santa Cruz Biotechnology) and
anti-CD10 (clone 56C6, dilution 1:80, Leica Microsystems Inc.,
Buffalo Grove, 1L, USA). After incubation with an anti-mouse
secondary antibody, immune complexes were visualised using the
ABC-elite kit (Vector Laboratories Inc., Burlingame, CA, USA).

p-gal assay

The f-gal assay was performed as previously described. Briefly,
cells were fixed for 5 min at room temperature in 3% formaldehyde
followed by incubation at 37 °C with senescence-associated f-gal
stain solution containing 1 mgml ™" of 5-bromo-4-chloro-3-indolyl
B-D-galactoside (X-Gal), 40mm citric acid/sodium phosphate,
pH 6.0, 5mM potassium ferrocyanide, 5mm potassium ferricya-
nide, 150mM NaCl and 2mm MgCl,. After 6-12h incubation,
positive staining was confirmed using microscopy.

In vitro growth assay

The proliferative activity of cells treated with progestins or
oestrogen was examined by counting the cell number. Briefly,
the cells were seeded at a density of 5-10 x 10* cells per well in six-
well flat-bottomed plates and were grown overnight in normal
growth media at 37°C. Cells that had been pre-incubated in
normal growth media or in phenol red-free media containing
charcoal-treated fetal bovine serum for 24h were treated with
17B-estradiol (E2), 6a-methyl-17a-hydroxy-progesterone acetate
(MPA), progesterone or dienogest at various concentrations.
Ethanol was used as a vehicle control.

Assay of aromatase activity

The aromatase activity of cells was assayed by detecting the
formation of tritiated water from [15-’H]-androstenedione
(PerkinElmer Genetics, Bridgeville, PA, USA) as described (Shozu
et al, 1997). We used a 4-h incubation for the experiment.
Aromatase activity was expressed as the rate of incorporation of
tritium into water per milligram of protein per 4h of incubation.

Anchorage-independent growth

A total of 2 x 10° Ishikawa cells or immortalised cells were seeded
onto 6-cm dishes containing 0.33% Noble agar in DMEM
supplemented with 10% fetal calf serum on top of a 0.5% agar
base in DMEM supplemented with 10% fetal calf serum. Colonies
>0.2 mm were counted after incubation for 2 weeks.
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