




IMMORTALIZATION OF NHBE CELLS BY HPV

Fig. 1. Morphology of early and late pas
sage HPV 16- or HPV18-transformed bron
chial epithelial cells. A and B. HPVlg-trans-
formed. population doubling 20 and 70, re
spectively. C and D, HPV16-transformed,
population doubling 20 and 30. respectively.
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Fig. 2. Population doubling record of HPV16- or HPVIS-transformed bron
chial epithelial cells.

dividing after 3 passages, or about 10 population doublings,
those transfected with either HPV16 or HPV18 have continued
to proliferate (Fig. 2) and now have achieved over 120 popula
tion doublings. The resulting lines BEP1, BEP2, and BEP3
were injected into athymic nude mice at approximately passages
6 and 18 and are not tumorigenic after an observation period
of 12 months. While lines BEP1 and BEP2 have continued to
proliferate at approximately 2-3 population doublings per week
following passage 4, BEP3 clonal isolates proliferated at a much
slower rate for approximately 30 population doublings. Pres
ently, BEP3D divides at a rate somewhat slower than that of
lines BEP1 and BEP2 (Fig. 2).

Immunocytochemical, Cytogenetic, Isozyme, and DNA Finger
print Analyses. Immunocytochemical analysis of keratin type
18 expression in the BEP1, BEP2, and BEP3 cell lines dem
onstrated cytoplasmic staining in all cells of all three lines (data
not shown).

BEP1 (passages 8 and 18). BEP2 (passages 6 and 17), and
BEP3 (passage 14) were subjected to cytogenetic (Tables 1 and
2) and isozyme analysis. The BEP3 sample (BEP3D) and the
late passage samples of BEP1 (BEP1B) and BEP2 (BEP2D)
were clonal, whereas the early passage samples of BEP1 and
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Table 1 Marker chromosomes

No. of karyotypesexaminedMarker
chromosomes/karyotypesisojqdel(3)pl2p25iso(3q)p^+(3qter>3p

14:: 12q 13> 12qterdel(3)(P12:)7q+(variable)del7(ql2q22)del7(qll)llp-=del(ll)(pll)iso(llq)12q:13q7p*del(7)(pl2)+(3q:8q)+(2pter>2q31::)+(14pter>14q32::)15p*(variable)isoSq+(5qter>5ql3::l

Iq23>lIpter+(6p?:llq)del(ll)(pl2):iso9qBEP1(passage

8)1081105121BEP1B
BEP2BEP2D(passage

18) (passage 6) (passage 17)76800041051006

8BEP3D(passage

14)776776763344

Table 2 Exact chromosome counts/30 metaphases

No. of metaphases with following no. of chromosomes

CelllineBEPlp8

BEPlplS
BEP2p6
BEP2Dpl7
BEP3D144613473

348954937501045122522 154

65 67691

1121270423716
1427258373645745

475

77 78 79 86 90 92 93981

1114321

BEP2 evaluated were from mass culture. Results of isozyme
analyses (lÃ¡clatedehydrogenase, human; G6PD, B; PGM1, 1;
PGM3, 1-2; ESD, 1; Me-2, 0; AK-1, 1; and GLO-1, 2) were
consistent with a single human donor origin for all three lines.
Cytogenetic analysis revealed aneuploidy of all three lines. Each
line had characteristic marker chromosomes (Table 1). In the
lines that were evaluated at more than one passage (BEP1 and
BEP2), stable marker chromosomes were identified. In passage
8 cells from the BEP1 cell line isochromosome formation of
the q arm of chromosome 3 was consistently present, an abnor
mality in the q arm of chromosome 7 was observed in a majority
of the karyotypes prepared, and alterations in chromosome 11
and the q arm of chromosome 5 were observed in some kary
otypes. Most of these cells had chromosome counts in the
triploid range. In the passage 18 clonal isolate BEP1B, again
most of the cells had chromosome counts in the triploid range.
The distribution of markers was different in that while the
del(7)(ql2q22) marker was present in only 1 of 10 karyotypes
at passage 8, it was present in 5 of 7 karyotypes in the passage
18 clonal isolate. In addition, two new markers involving 3q
(3qter>3pl4::12ql3>12qter and del(3)(pl2:) were observed in
a combined total of 5 of 7 karyotypes. This suggests that either
a particular clone outgrew the others that were present at
passage 8, or that cells with this karyotype became predominant
as a result of the cloning effort. It will be of interest to determine
whether these particular markers are conferring important phe-
notypic properties associated with immortalization.

Our study of BEP2 revealed that there was a stable mono-
somy of normal chromosomes 12 and 13, and at least parts of
these missing chromosomes were incorporated into a stable
marker (Table 1). The rest of the karyotype in the BEP2D

clonal isolate was relatively normal. While most of the meta
phases evaluated in the passage 6 cells were in the tetraploid
range (69% contained 90+ chromosomes) in the passage 17
clonal isolate BEP2D (Fig. ID), most of the cells were near
diploid (74% of metaphases with 46-52). The exact chromo
some counts provided in Table 2 are primarily from the near
diploid metaphases.

Cytogenetic analysis of the BEP3D cell line was performed
at passage 14 (Tables 1 and 2). No normal chromosomes 7 or
11 were observed.

DNA samples extracted from the donor's normal lung tissue

and from each of the cell lines at different passages were
evaluated by DNA fingerprint analysis. Samples from several
other individuals were included for comparison. Analysis by
hybridization to mull Â¡locusprobes 33.15 (Fig. 3) or 33.6, or
the combination of single-locus probes MSI, MS31, MS43,
and g3 (data not shown) revealed that the donor DNA sample
and samples from different passages of each cell line had the
same pattern and that pattern was different from each of the
control samples.

Southern Analysis for HPV18. DNA samples extracted from
mass cultures of BEP1 or BEP2 cells at the fifth or fourth
passage, respectively, were analyzed by Southern hybridization
after either no restriction digestion, or digestion with ///Will
which does not cut within HPVI8, or Pvull which cuts close to
either side of the E6-E7 region (Fig. 4/4).

When the DNA fragment corresponding to the E6/E7 open
reading frame was used as a probe, in the undigested samples
only high molecular weight signal was observed. The apparent
quantitative difference between BEP1 and BEP2 undigested
was due to different amounts of total DNA loaded. In the Pvull
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Fig. 3. DNA fingerprint analysis of
HPVI6- or HPVlg-transformed bronchial ep
ithelial cell lines by hybridization of Southern
blot with the multilocus probe 33.15.

to
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digest, a band at 2.2 kilobases was observed. Interestingly, when
the entire pBR322-HPV18 plasmid was used as a probe, two
prominent bands were observed in the ////irflll-digested BEP1
cell line DNA, while at least four bands were observed in the
BEP2 cell line DNA (data not shown). The bands observed
following hybridization with the E6/E7 probe appeared to be
one-half of pairs observed following hybridization with the full
plasmid probe. This indicates that a Hindlll site is present in
the integrated transfected DNA, and that the DNA on either
side of the Hindlll site hybridizes to the full plasmid probe,
but DNA on only one side hybridizes to the E6/E7 probe. It is
likely that a Hindlll site from the pBR322 plasmid has been
included in the integrated transfected DNA. Because these data
were determined on DNA from mass cultures of BEP1 and
BEP2, it is possible that more than one integration is occurring
in the same clone, or that integration has occurred in one
location in one clone and another site in another clone.

Slot blot analysis of BEP1 and BEP2 DNA compared to
DNA from the C4-1 cell line which contains a single copy of
HPV 18, indicates that each of these lines contains a low number
of copies or a single copy of HPV 18 DNA (data not shown).
This is consistent with Southern data which suggest that there
are one or two sites of integration in each of the cell lines.

Samples of DNA extracted from donor tissue, from a clonal
isolate of the cell line, BEP3D at the 12th passage, and from

the Siha cell line were electrophoresed following no enzymatic
digestion, or digestion with BamHl or Hindlll restriction en-
donucleases (Fig. 4B). BamHl linearizes the HPV16-pUC18
plasmid, whereas Hindlll does not digest within this plasmid.
In the undigested sample, the probe hybridized to very high
molecular weight DNA. In the Aa/wHI-digested sample, signal
was detected at two prominent bands of approximately 8.2 and
3.3 kilobases in size. In addition, there were multiple fainter
bands at different migration distances. In the ////i</III-digested
sample, the signal was detected at very high molecular weight,
at approximately the same migration distance as the undigested
sample. A slot blot comparing signal in BEP3D to that in Caski
which contains about 50-100 copies of HPV 16 and Siha (which
contains 1 copy) is consistent with the presence of 10-20 copies
of HPV DNA in BEP3 cells (data not shown). Taken together
with the Southern data, multiple copies of HPV 16 genome are
present in BEP3, probably integrated into the genome as a
concatemer.

Northern Analysis. Total RNA samples from mass cultures
of the BEP1 (passage 9) and BEP2 (passage 7) cell lines and
from HeLa (data not shown) were hybridized to a radiolabeled
fragment of DNA corresponding to the HPV 18 E6/E7 open
reading frame (Fig. 5), and total RNA samples from BEP3D
(passage 17) and from the Caski cell line previously reported
to bear many copies of HPV 16 (23) were evaluated by hybridi-
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and late (passage 13) mass culture samples of BEP1 and BEP2
cell lines, and in passage 8 of a clonal isolate of BEP3 cells
(Fig. 6). The authenticity of the E6 and E6* bands was con
firmed by restriction digestion, resulting in bands of the ex
pected size. In early passage BEP1 and BEP2 cell lines, only
the E6* message was clearly observed (Fig. 6Ã„). However, at
passage 13, the complete transcript and the shortened transcript
were observed at approximately equivalent levels (Fig. 6C).
Because of the apparent "absence" of full length E6/E7 tran

script in early passage BEP1 and BEP2 cells, experiments were
conducted with coamplification of known amounts of E6* and
E6/E7 DNA. Amplification of the two bands closely depended
on the initial ratio of cDNA. When the cDNA ratio was 1:1,
amplification of the long transcript was very poor. Equivalent
fmol amplification products of short and long transcripts were
obtained when the cDNA short:long ratio was approximately
1:5.
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Fig. 4. Southern analysis of HPV genome in HPV18 (A) or HPV16 (B)
transformed bronchial epithelial cell lines. Cellular DNA was extracted from
HPV16- or HPV18-transfected cultures. A, donor. BEP1 (passage 5), or BEP2
(passage 4) DNA samples undigested (UD) or digested with Hind\\\, Pvull, or
EcoRl were hybridized to a probe homologous to the E6/E7 open reading frame.
kb, kilobase. B, donor. BEP3D (passage 12), or Siha, DNA samples undigested
or digested with liuml\l or Hindlll which do not cut within the HPV genome
were hybridized to the nick-translated "P-labeled HPV 16 plasmid. Kbp, kilobase
pair.

zation to a radiolabeled HPV 16 plasmid (data not shown). In
all three transfected lines more than one size transcript was
observed. The bands observed for HeLa and Caski were the
same number (2 and 3, respectively) and sizes (3.5 and 1.6
kilobases and 4.5, 2.3, and 1.5 kilobases, respectively) as re
ported previously for these cell lines using polyadenylated RNA
(22).

Reverse Transcriptase-Polymerase Chain Reaction Analysis
of E6 Transcription. We evaluated E6 transcription by reverse
transcriptase-polymerase chain reaction in early (passage 4)

-28S 5.1 Kbp

-18S2.0Kbp

â€¢¿�
Fig. 5. Expression of HPV sequences in HPV18 (BEP1, BEP2) transfected

cell line. Northern blot of human bronchial fibroblast. BEPI, or BEP2 RNA
hybridized to the HPV 18 E6/E7 specific probe described in Fig. 6. Kbp, kilobase
pair.
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Fig. 6. Reverse transcriptase-polymerase chain reaction amplification analysis
of E6/E7 RNA messages of HPV 16 (BEP3) or HPV 18 (BEP1, BEP2) transfected
bronchial epithelial cell lines with Cu2*, Zn2*-SOD amplification serving as a

positive control. A, diagram of HPVI8 region analyzed. B, BEP1 and BEP2 cells
from passage 4. Control, no DNA. C. BEP1 and BEP2 cells from passage 13.
Control, no DNA. C4-1, a carcinoma cell line containing a single integrated copy
of HPV 18. bp, base pair.

DISCUSSION

As has been described for keratinocytes (39), following trans-
fection with HPV16 or HPV18, each of these bronchial epithe
lial cell lines described in this report went through two apparent
stages during the immortalization process. For the HPV18-
transfected lines, BEP1 and BEP2, the first stage was apparent
between the third passage, when the control cells ceased divid
ing, and the ninth passage. During this time, a part of the
population was in colonies of small rapidly dividing cells, while
the rest of the cells were apparently undergoing terminal squa-
mous differentiation. The cell population was unable to attain
confluence during this stage. Following the ninth passage, the

cultures consisted of a homogeneous population of small, rap
idly dividing cells that were able to maintain confluence for
more than three months. We hypothesize that a particular clone
in each line acquired a cellular genetic alteration allowing
greater resistance to terminal differentiation and took over the
respective cultures.

In association with the acquired resistance to terminal differ
entiation, there was a change in the prevalence of different E6/
E7 transforming gene transcripts. While only the E6*/E7 tran
script was observed in either BEP1 or BEP2 early passage cells,
both the E6*/E7 and the full-length E6/E7 message were
observed in the late passage cells. There are several possible
explanations for this finding that may involve loss of normal
differentiation-specific gene expression. Alternative splicing oc
curs in a tissue- and differentiation-specific manner for some
genes (40). One theory to explain this is that there is a peptide
produced in certain cells that protects particular introns from
the enzymes involved in RNA processing. Thus, it is possible
that a peptide that protects the E6/E7 introns is normally
expressed only in differentiated human bronchial epithelial
cells, but that through a cellular mutation, it becomes expressed
constitutively in undifferentiated dividing cells as well, allowing
production of both the full-length and processed transcripts.
Alternatively, there may be increased production of HPV-spe-
cific mRNA transcripts in more differentiated cells, as there is
in the more differentiated superficial cells of skin tissue (41),
and constitutive production of an intron protective peptide is
overcome by increased general transcription. While production
of the full-length transcript may not lead to a harmful effect in
fully differentiated cells that are no longer capable of cell
division, it may lead to abnormal growth, such as a papilloma
and/or carcinoma in the regenerative cell population. In cul
tured cells, such a change may result in immortalization. Data
from other recent studies are consistent with this hypothesis. It
has been reported that transfection of human keratinocytes
with vectors capable of producing E7 protein alone increases
the proliferativi.- capacity but does not lead to immortalization

(16), and transfection of keratinocytes with vectors capable of
producing E6* and E7 proteins does not lead to immortaliza
tion (12, 16), whereas transfection with vectors capable of
producing E6 and E7 does.

In summary, transfection of NHBE cells with either HPV16
or HPV 18 acquired both resistance to confluence-induced squa-
mous differentiation and extended population doubling poten
tial. Resistance to squamous differentiation was associated with
increased expression of E6 transcripts, and this may have
mechanistic significance. The resultant cell lines have an epi
thelial morphology similar to that of primary NHBE cells.
Further, cells from each line contain cytokeratin 18 which is
characteristic of the normal epithelial lining of the upper res
piratory tract (42). Because these cell lines have now attained
over 100 population doublings and have been in continuous
culture for over 1 year, we consider them to be immortalized.
Since these cell lines have not yet given rise to tumors more
than 9 months after injection into immunosuppressed athymic
nude mice, they should serve as useful models to investigate the
role of carcinogens and activated protooncogenes in lung
carcinogenesis.
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