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ABSTRACT

Normal human esophageal autopsy tissue was explanted in serum-free

medium. The epithelial outgrowths were subcultured and then transfected
by strontium phosphate coprecipitation with plasmiti pRSV-T consisting
of the RSV-LTR promoter and the sequence encoding the simian virus
40 large T-antigen. The transfected cells, but not the sham-transfected
controls, formed multilayered colonies within 3-4 weeks, after which the
colonies were transferred and cell strains (HE-451 and HE-457) devel
oped. Both cell strains grew exponentially for 8-10 weeks and then
senesced. After a "crisis" of 6-8 months, growth resumed in isolated

colonies. One line, HET-1A from HE-457, was developed and has now

undergone more than 250 population doublings. This line has retained
epithelial morphology, stains positively for cytokeratins and the simian
virus 40 T-antigen gene by immunofluorescence, and has remained non-

tumorigenic in atliymic. nude mice for more than 12 months. Karyotypic
analysis by Giemsa banding has shown that HET-1A is hypodiploid (34-
40 chromosomes). Growth factor studies have shown that HET-1A is
stimulated by Ã‡a2*,and inhibited by fetal bovine serum, transforming

growth factor-/?], and transforming growth factor-ft. This serum-free

immortalized esophageal cell system will be useful for investigating the
action of putative esophageal carcinogens.

INTRODUCTION

EpidemiolÃ³gica! evidence indicates that esophageal cancer is
associated with exposure to chemical carcinogens in the envi
ronment and in the diet ( 1). Factors associated with an increased
risk of developing esophageal cancer include tobacco (2), alco
holic beverages (3), moldy foods (4), all of which contain
nitrosamines (5-7), and asbestos (8). As in most forms of
cancer, esophageal neoplasms probably are the result of a
sequence of genetic and phenotypic changes in the esophageal
epithelium. For example, the keratin patterns of squamous cell
carcinomas of the esophagus are consistently different from
those of normal tissue (9, 10). Like epidermal keratinocytes,
the esophageal epithelial cell is able to form cross-linked enve
lopes when it terminally differentiates (11). This function is
variably expressed in esophageal carcinomas (9) and carcinoma
cell lines (11). A number of tumor-associated antigens have
been found in esophageal neoplasms that are not present in
normal cells including human chorionic gonadotropin, placen-
tal lactogen, a-fetoprotein, carcinoembryonic antigen, and non
specific cross-reacting antigen (12).

The neoplastic transformation of cultured cells is thought to
result from multiple cellular changes (13). Evidence supporting

Received 6/28/90; accepted 10/2/90.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' To whom requests for reprints should be addressed, at Department of
Pathology, Medical College of Ohio. P.O. Box 10008. HEB-202 Toledo. OH
43699.

2Present address: Children's Medical Research Foundation. P.O. Box 61.

Camperdown, N.S.W. 2050. Australia.

this concept comes from studies in which the transformation
of normal cells and cell lines immortalized by transfection with
viral and cellular oncogenes was compared. The results of these
studies indicate that immortalization by transfection of an
oncogene is insufficient in itself to induce tumorigenicity but
that the "immortalization" gene can cooperate with a second

class of oncogene to acquire tumorigenic potential (14, 15).
However, at least some immortalized cells require only the
second oncogene for neoplastic transformation (15).

In order to establish a model system for studies of the
neoplastic transformation of human esophageal cells, it was
necessary to develop a cell culture system capable of extended
replication. Since normal human cells have a limited culture
life span (16), even when optimal serum-free media are used
(17), our strategy was to "immortalize" the esophageal epithe

lial cells by introducing transforming viral genes into the cells.
To achieve this, we adopted the strontium phosphate transfec
tion procedure which has yielded transfectants in several human
epithelial cell types cotransfected with the plasmici. pRSV-T
(18). These include epithelial cells from the bronchus (19),
mesothelium (20), and neonatal prostate (21). The strontium
procedure is more effective than the traditional calcium phos
phate method with epithelial cells that are sensitive to high
levels of calcium.

MATERIALS AND METHODS

Cell Culture. NHE1 cells were derived from outgrowths of autopsy

tissue from noncancerous individuals (22). The outgrowths were
suspended with 1% polyvinylpyrrolidone-0.02% [ethylenebis-
(oxyethylenenitrilo)jtetraacetic acid-0.2% crystalline trypsin in Hepes-
buffered saline, pH 7.4, at room temperature and subcultured into
coated T flasks (17). A serum-free medium. LHC-9 , purchased from
Biofluids. Inc. (Rockville, MD) was used in the early phase of this
research (17). Another basal medium, MCDB 153 (23), purchased from
Clonetics Corp. (San Diego, CA) was used in latter studies. The EGM
consisted of MCDB 153 basal medium supplemented with 5 ng/ml
epidermal growth factor, 1.4 /jM hydrocortisone, 0.1 HIMethanolamine,
0.1 HIMphosphoethanolamine, 5 ug/m\ insulin, 40 Mg/ml bovine pitui
tary extract, 250 ng/ml bovine serum albumin, and 0.5 /ig/ml epineph-
rine. The Ca2+ concentration was 0.1 mM. Antibiotics were added as

needed (100 units/ml penicillin G, 100 Mg/ml kanamycin, 50 Mg/ml
gentamicin). Hormones and growth factors were from Sigma Chemical
Co. (St. Louis, MO). Transforming growth factors were from R & D
Systems, Inc. (Minneapolis. MN).

Cultures were monitored for Mycoplasma contamination by culture
on anexic agar and by DNA fluorochrome staining of an indicator
culture (24). No contamination was detected.

Transfection. Subcultures of NHE cells were plated (3-5 x 105/100-

mm coated dish) and transfected the next day with 10 ^g of plasmid

'The abbreviations used are: NHE. normal human esophagus: EGM. esoph

ageal growth medium; SV40, simian virus 40; TCP, transforming growth factor;
PD. population doublings: Hepes. 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid; CFE. colony forming efficiency.
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DNA coprecipitated with strontium phosphate (18). The plasmid,
pRSV-T, obtained from Dr. Bruce Howard (National Cancer Institute),
is an ori-construct containing the SV40 early region genes and the
Rous sarcoma virus long terminal repeat (19). Four h after transfection,
the cells were shocked with 15% glycerol in Hepes-buffered saline,
washed 3 times with LHC basal medium, and incubated in LHC-9
medium. After the appearance of transformed foci (3-4 weeks), the
cells were subcultured (5 x 105/100-mm dish). The cultures were fed 3
times/week with fresh LHC-9 and transferred at weekly intervals at 5
x 10' cells/ 100-mm dish or T-75 flask.

Clonal Growth Assays. Clonal response to growth stimulators or
inhibitors was assessed by a clonal growth assay (25). Subconfluent
cultures were suspended with 1% polyvinylpyrrolidone-0.02% [ethyl-
enebis(oxyethylenenitrilo)jtetraacetic acid-0.2% crystalline trypsin in
Hepes-buffered saline, pH 7.4, and plated at 500-1000 cells/60-mm
coated dish containing 4 ml of EGM from which the factor under study
had been omitted. After overnight incubation, the medium was removed
and the experimental medium was added. Plates were fixed in Carnoy's

fixative [ethanohacetic acid (3:1) containing 2.5% formaldehyde] and
stained with iron hematoxylin (26) after 6-8 days of incubation. Both
CFE and clonal growth rate (PD/day) were determined. Four replicate
dishes/variable were used for CFE assay, and at least 18 colony counts
were averaged for determination of PD/day.

Chromosome and Isozyme Analyses. Chromosome studies were per
formed by Dr. Ward D. Peterson (Children's Hospital of Michigan,

Detroit, MI). Exact counts on 30 metaphases were made on banded
chromosomes, and at least 8 karyotypes/cell line were prepared. Anal
yses of 8 isozymes were carried out using standard procedures (27).

Slot Blot Analysis. Cells were grown to 80-85% confluency, trypsin-
ized, and collected by centrifugation. DNA was isolated by sodium
dodecyl sulfate proteinase-K incubation followed by phenol/chloroform
extraction and ethanol precipitation. DNAs (10 ^g each) were loaded
into individual wells of a S&S slot blot apparatus (Schleicher and
Schuell, Keene, NH). DNAs were transferred onto a Hybond-N (Amer-
sham) nylon membrane and were probed with a nick-translated EcoRl-
Hind\\\ fragment of the plasmid, pRSV-T, under stringent conditions.
The membrane was washed and autoradiographed at â€”75"C.

DNA Fingerprint Analysis. High molecular weight DNA was isolated
from precrisis HE-451 and HE-457, and postcrisis HET-1A and HET-
2A, cell lines using Pronase-sodium dodecyl sulfate lysis. Following
inorganic extraction and ethanol precipitation, the DNA samples were
treated with RNase and additional inorganic extractions, and ethanol
precipitations were performed. The quantity of DNA isolated was
determined in a spectrophotometer at 260 nm and its integrity by
electrophoresis in a 0.8% agarose gel. DNA samples were digested with
the restriction endonuclease Hae\\\ (Promega, Madison, WI), electro-
phoresed in a horizontal 0.8% agarose gel (10 Â¿/gDNA/lane), and
transferred to a nylon membrane. The blots were hybridized under
stringent conditions (50% formamide-0.75 M NaCl-0.075 M sodium
citrate, 42Â°C)to a "P-labeled DNA probe. The probe, designated

pYNH24 (D2S44), was derived from a human genomic library (28-
30). pYNH24 recognizes a single locus, hybridizes to human-specific
repeated DNA fragments, and has been used for determination of a
genotype specific for a single individual (28-30). The blots were washed
to a final stringency in 0.1 % sodium citrate-0.1 % sodium dodecyl sulfate
solution at 50Â°C.They were then exposed to film at -70Â°C with

intensifying screens.
Immunofluorescence and Electron Microscopy. Cells were fixed with

3% buffered glutaraldehyde for transmission electron microscopy or in
absolute methanol for immunofluorescence. The cells were stained with
anticytokeratin and antivimentin by the immunoperoxidase technique
(31) and with a monoclonal antibody to SV40 large T-antigen (Onco
gene Science, Inc., MineÃ³la, NY) by immunofluorescence.

Tumorigenicity Assay. Freshly trypsinized HE-451, HE-457, HET-
1A, and HET-2A cells were injected into adult athymic nude mice in
order to determine the tumorigenic potential of precrisis and postcrisis
cell lines. Precrisis HE-451 and HE-457 cell strains were tested at the
10th passage level, and postcrisis HET-1A and HET-2A cell lines were
tested at passage levels. 10, 22, 32, and 43 after establishment. For

each test, 5 x IO6cells in 0.1 ml EGM were inoculated s.c. into each

flank of five mice. All mice were observed weekly for a period of 1 year
for the development of nodules at the injection site.

RESULTS

Transfection of NHE Cells. NHE cells were prepared from
expiant outgrowths of autopsy specimens from two noncancer-
ous males, 61 (HE-451) and 74 years of age (HE-457). Dis
persed cells were plated at 3-5 x IO5cells/dish and transfected
with 10 Mgof plasmid pRSV-T coprecipitated with strontium
phosphate as described in "Materials and Methods." After the

appearance of transformed foci (Fig. \A), control and trans
fected cultures were subcultured at 2.5 x 10YlOO-mm dish (Fig.
1Ã„).Control lines could be subcultured for no more than 20
PD (not shown), after which they senesced.

Escape from Crisis. pRSV-T-transfected cells (i.e., HE-451,
HE-457) grew exponentially for approximately 50 PD, after
which they went into "crisis" (Fig. 2, inset). During this crisis

period which lasted for 6-8 months, the majority of cells in

Fig. I. Transfection of normal human esophageal cells. A, control and pRSV-
T-transfected monolayers 3 weeks after treatment. B. phase contrast photograph
of MET-1A at passage 10.
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Fig. 2. Cumulative growth of human
esophageal cell lines transfected with plasmid.
pRSV-T. Normal cells at passage 2 were trans
fected at time 0. Points, increases in cell num
ber at each passage; inset, growth of precrisis
cells. No further increase in cell number was
seen after 50 PD. The postcrisis line. HET-
1A, has exceeded 250 PD.

100

both strains terminally differentiated. The surviving cells of line
HE-457 formed two discreet colonies in a single flask. One of
these colonies continued to grow after isolation and developed
into a cell line designated HET-1A. At passage 14. this line
was switched from LHC-9 to EGM. Its growth has accelerated,
and it has doubled more than 250 times thus far. No authentic
postcrisis cell lines have been developed from HE-451.

Characterization. Precrisis cultures and the immortalized cell
line, HET-1A, were characterized by immunohistochemistry.
Keratin staining was intensely positive in both precrisis lines
(HE-451 and HE-457) and in the HET-1A cell line, especially
in closely apposed foci of cells. Vimentin was also positive,
although to a lesser extent than keratin. The overall staining
pattern of both pre- and postcrisis lines was consistent with
their epithelial origin. Transmission electron microscopy also
confirmed that all pre- and postcrisis cells are of epithelial
origin since they contained tonofilaments and were joined by
desmosomal junctions (data not shown).

At all passage levels tested, none of the four cell lines (HE-
451, HE-457, HET-1A, HET-2A) formed tumors during a
period of 1 year after inoculation into athymic, nude mice.

Cell Identification. In preliminary reports, we stated that a
second immortalized line, HET-2A, had been isolated (32, 33).
Due to the similarity between HET-1A and HET-2A cell lines,
we further characterized them by slot blot and DN A fingerprint
ing. All lines transfected with pRSV-T had integrated pRSV-T
sequences (Fig. 3) as expected. The DNA fingerprint (Fig. 4)
shows that HET-1A (lane 2) is derived from HE-457 (lane 6).
However, the origin of HET-2A (lanes 3 and 5) is unknown.
HE-451 (lane 4), which we originally thought was the precursor
for the HET-2A cell line, has a completely different fingerprint
than HET-2A.

Cytogenetics. The chromosomal profiles of the SV40 T-
antigen immortalized cell lines, HET-1 A and HET-2A, are
summarized in Table 1. HET-lAishypodiploid with only about
5% of metaphases examined in the hypotetraploid range. More
than one-half of the normal autosomes are either absent or
monosomic. Most of the missing copies of normal chromo
somes have been identified in the marker chromosomes. There
are numerous other structural alterations which are seen with

- HE-451

- HE-457

- BEAS-2B

- HB-56B

- RE-149

- HET-1A

- HET-2A

Fig. 3. Slot blot analysis of DNAs from cultured cell lines. HE-451. HE-457.
HET-1 A. and HET-2A had been transfected with pRSV-T. BEAS-2B is a human
bronchial epithelial cell line immortalized by infection with an Adenol2-SV40
hybrid virus. HB-56B. a human bronchial cell line, and 1(1 14'), a rat esophageal
cell line, served as untreated controls. Samples were probed with a nick-translated
EcoRi-Hinii\\l fragment of pRSV-T.

less consistency, as well as random loss and/or gain of normal
and marker chromosomes. Fig. 5 shows a karyotype of HET-
1A at passage 8. There are no normal sex chromosomes in this
metaphase; the Y chromosome appears as a translocation in
marker M5 [t(19pter>19q35::Yql2)]. Marker M7 contains the

367

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/365/2443125/cr0510010365.pdf by guest on 19 M

ay 2023



ESOPHAGEAL EPITHELIAL CELL IMMORTALIZATION

2.3*
1.9^

1.6-
1.3-

1.1-

123456

Fig. 4. DNA fingerprint analysis of transfected cell lines. Lane I, DNA
markers; lane 2, HET-1A. p8: lane 3, HET-2A, p7; lane 4. HE-451 transfected
at p4 and analyzed at pi 1; lane 5, HET-2A. p31: lane 6, HE-457 transfected at
p2 and analyzed at pi I. Samples were digested with restriction endonuclease,
Hae\n and probed with pYNH-24 (D2S44). Kb. kilobase.

Table 1 Chromosomal characteristics of two immortalized cell lines

Cell line
Passage

no.
Ploidy

distribution"
Sex

chromosomes
No. of marker
chromosomes

HET-1A
HET-2A

34-40 (95)
55-65(72)

Y (trans > M5)
XX (normal)

12
19

"Based on chromosome counts of 100 metaphases/cell line. Numbers in

parentheses, percentages in range.

X chromosome with additional heterochromatin. HET-2A is
hypotriploid with 28% of metaphases having 100+ chromo
somes (Table 1). Two normal X but no Y chromosomes were
found in all metaphases examined. HET-2A has 19 marker
chromosomes.

Response of HET-1A to Calcium, Serum, and Transforming
Growth Factors. Since both calcium and fetal bovine serum are
known to have profound effects on growth and differentiation
of epithelial cells, the effects of these factors on the growth of
HET-1A cells was assessed. Fig. 6 illustrates the effect of
calcium. Dose-dependent stimulation of the CFE was observed
with maximal growth occurring between 0.3 and 0.6 ITIMCa2*.

On the other hand, the clonal growth rate (PD/day) became
optimal at 0.1 mivi Ca2+. Fig. 7 illustrates the effect of Ca2*

concentration on the growth of HET-1A cells at high density.
The growth rate was substantially the same at all 3 levels tested
and was significantly greater than the calcium-free control. In
contrast, fetal bovine serum inhibited CFE and PD/day at all
concentrations tested (Fig. 8). Half-maximal inhibition of CFE
was seen in medium containing 1% serum. Surviving colonies
in serum grew at a somewhat slower rate than the serum-free
controls.

The effect of TGF-/Ã•,and TGF-,32 on the CFE of HET-1A
cells is shown in Fig. 9. With both factors, the CFE was
inhibited in proportion to dose up to approximately 100 pg/
ml, after which there was only a minimal inhibition. Surviving

colonies grew at approximately the same rate in all concentra
tions tested.

DISCUSSION

The main objective of this study, to extend the culture life
span of human esophageal epithelial cells, was achieved by
strontium phosphate cotransfection of a plasmid carrying the
SV40 early region sequences. Other human cell types either
infected with SV40 or transfected with early region sequences
have an extended life span and usually undergo a culture crisis
(34). This process is poorly understood and may be equivalent
to senescence in nontransformed cells. The HET-1A line, re
ported here, underwent an extended crisis. Continued mainte
nance at high cell density appeared to facilitate renewed growth
potential of this line.

Crisis is not a universal phenomenon and may be dependent
on the cell type. SV40-transformed amnion epithelial cells (35)
and human keratinocytes (36) both have been immortalized
without a crisis. The same is true of cells transfected with
pRSV-T. Although human bronchial epithelial cells (19) and
mesothelial cells (20) underwent crisis, human prostatic epithe
lial cells did not (21, 37). In addition, although the human
bronchial epithelial cell line, BEAS-2B, became immortalized
without a crisis after infection with a hybrid virus (Adenol2-
SV40), neither the Eia protein nor the adenovirus early region
I mRNA were detected in this cell line (19). The reasons
underlying the variable response of different cell types to SV40-
transforming genes is unknown but could be related either to
variable culture conditions or to the tendency of some cells to
terminally differentiate.

The pRSV-T-transfected cell lines all express SV40 T-anti-
gen by immunoperoxidase nuclear staining and have integrated
SV40 early region DNA as shown by slot blot analysis. All
lines were confirmed to be epithelial by their positive reaction
with anticytokeratin and the presence of desmosomal junctions
and cytoplasmic microfilaments in electron microscopic prep
arations.

The chromosomal alterations in the transfected cell lines
described here are consistent with those of previously reported
SV40-infected cells (38). HET-1A is hypodiploid with a chro
mosome profile similar to those of pRSV-T-immortalized hu
man bronchial epithelial cells (19) and prostatic epithelial cells
(21). Because of the known karyotypic instability of virally
transformed cells (34, 38), an increase in chromosomal altera
tions with continued passage in culture can be expected. The
karyotype of HET-2A is different from that of HET-1A. We
were alerted to the possibility that HET-2A might be a contam
inant by the fact that it had 2 X, but no Y, chromosomes even
though the donor was male. DNA-fingerprinting evidence
clearly shows that HET-1A is derived from HE-457 and that
HET-2A cannot have been derived from either of the two
donors, HE-451 or HE-457. HET-2A does express the SV40
T-antigen (as does HET-1A); however, we have been unable to
determine its true source and have discontinued its use. These
observations underscore the importance of verifying the ident
ities of similar cell lines (39). HET-1A is nontumorigenic in
athymic nude mice and did not induce transient carcinoma-like
nodules at the injection site (21, 40). Others have also reported
that SV40 T-antigen-immortalized human cells are nontumo
rigenic in nude mice (19-21, 41).

Epithelial cells, especially epidermal and epidermal-like cells,
are usually induced to terminally differentiate in serum-supple-
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Fig. 5. Karyotype of immortalized esophageal cell line HET-1A, passage 8, with 37 chromosomes. The sex chromosomes appear in abnormal form in marker
chromosomes M 5 (Y) and M 7 (X).

0.00 0.20 0.40 0.60

CQ++ (mM)

0.80

Fig. 6. Effect of calcium on clonal growth of HET-l A. Cells (400/60-mm dish)
were plated in EGM without calcium. The next day the medium was replaced
with the experimental media. Cultures were fixed and stained after 6 days. Points,
means; burs. SD.

o o 0.0 mil
â€¢â€”â€¢0.1 mia

â€”i 0.3 mia
â€”A 1.0 mil

DAYS in CULTURE

Fig. 7. Effect of calcium concentration on the growth of HET-l A cells at high
density. Replicate cultures were plated at 2 x 10' ceIls/60-mm dish. Every 2 days,

quadruplicate cultures at each calcium concentration were suspended and counted.
Points, means: bars, SD.

mented media (42-44). The growth of HET-l A was also inhib
ited by serum. Transforming growth factor ÃŸis a major serum-
derived inhibitor (45). Both TGF-/3, and TGF-& inhibited the
growth of HET-l A cells. This type of response to serum and
to transforming growth factors is typical of both normal and
SV40 T-antigen-immortalized human epithelial cells.

The calcium concentration in the growth medium also pro
foundly affects both growth and differentiation of epithelial
cells (42-44, 46, 47). Growth stimulation generally occurs at
low concentrations, whereas high concentrations are inhibitory.
In the case of HET-l A cells, the Ca2+ response was population

dependent. Both colony-forming efficiency and clonal growth
rates were stimulated in a dose-dependent manner by Ca2+.
However, although Ca2+ stimulated growth at high cell density,

there was no dose effect; equivalent stimulation was achieved
at 0.1, 0.3, and 1.0 mivi Ca2*. No effect on terminal differentia

tion was apparent.
Cell lines immortalized by viral genes may represent an

intermediate stage between normal and neoplastic in which
altered growth control is offset by the capability of undergoing
terminal differentiation when injected into nude mice (21, 35).
This hypothesis is supported by the reported conversion of
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Fig. 8. Inhibition of clonal growth by fetal bovine serum (FBS). See legend of
Fig. 6 for details. Points, means; bars, SD.

o oTGF-01
Ã . A TGF-/S2

10 100
TGF-0 (pg/ml)

1000

Fig. 9. Effect ofTGF-fÃ, and TGF-tf2 on colony-forming efficiency of HET-1A
cells. See legend of Fig. 6 for details. Points, means; bars, SD.

nontumorigenic immortalized human keratinocytes to tumori-
genicity by incorporation of additional viral genes (48) or
treatment with chemical carcinogens (49). A similar finding
with SV40-immortalized human urothelial cells, in which tu-
morigenicity was induced by 3-methylcholanthrene, has been
reported (50). The immortalized cell line, HET-1A, is a new
model system which will be useful for investigating chemical
carcinogenesis and promotion in the human esophagus.

ACKNOWLEDGMENTS

We thank Dr. Bruce Howard for providing the plasmid, pRSV-T,
and Dr. Ward D. Peterson for chromosome and isozyme analysis.

REFERENCES

1. Day, N. E. Some aspects of the epidemiology of esophageal cancer. Cancer
Res., 35: 3304-3307, 1975.

2. Schoenberg, B. S., Bailar, J. C., III. and Fraumeni. J. R., Jr. Certain mortality
patterns of esophageal cancer in the United States, 1930-67. J. Nati. Cancer
Inst., 46: 63-73, 1971.

3. Tuyns, A. J., Pequignot. G.. and Abbatucci, J. S. Oesophageal cancer and
alcohol consumption: importance of type of beverage. Int. J. Cancer. 23:
443-447, 1979.

4. Yang, C. S. Research on esophageal cancer in China: a review. Cancer Res..
40:2633-2644, 1980.

5. Hoffmann, D., Adams, J. D., Brunnemann. K. D.. and Hecht, S. S. Assess
ment of tobacco-specific /V-nitrosamines in tobacco products. Cancer Res..
59:2505-2509. 1979.

6. Swann. P. F. The possible role of nitrosamines in the link between alcohol
consumption and esophageal cancer in man. Toxicol. Pathol., 12: 357-360,
1984.

7. Singer, G. M., Chuan, J.. Roman. J.. Min-Hsin. L.. and Lijinsky, W.
Nitrosamines and nitrosamine precursors in foods in Linxian, China, a high

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

incidence area for esophageal cancer. Carcinogenesis (Lond.), 7: 733-736,
1986.
Selikoff, I. S., Hammond, E. C.. and Seidman, H. Asbestos. In: P. Bogovski,
J. Trimbell, and T. Wagner (eds.). Biological Effects of Asbesto, Vol. 2, pp.
17-43. Lyon, France: International Agency for Research on Cancer, 1973.
Banks-Schlegel, S. P.. and Harris, C. C., Aberrant expression of keratin
proteins and cross-linked envelopes in human esophageal carcinomas. Cancer
Res., 44: 1153-1157, 1984.
Grace, M. P., Kim, K. H., True, L. D., and Fuchs, E. Keratin expression in
normal esophageal epithelium and squamous cell carcinoma of the esopha
gus. Cancer Res.. 45: 841-846, 1985.
Banks-Schlegel, S. P.. and Harris, C. C. Growth and differentiation of human
esophageal carcinoma cell lines. Cancer Res., 46: 250-258, 1986.
Burg-Kurland. C. L., Purnell. D. M., Combs, J. W., Hillman, E. A., Harris,
C. C., and Trump, B. F. Immunocytochemical evaluation of human esopha
geal neoplasms and preneoplastic lesions for /3-chorionic gonadotrophin.
placental lactogen, Â«-fetoprotein, carcinoembryonic antigen, and nonspecific
cross-reacting antigen. Cancer Res., 46: 2936-2943, 1986.
Barrett, J. C., and Fletcher, W. F. Cellular and molecular mechanisms of
multistep carcinogenesis in cell culture models. In: J. C. Barrett (ed.).
Mechanisms of Environmental Carcinogenesis, Vol. 2: Multistep Models of
Carcinogenesis. Boca Raton, FL: CRC Press. 1987.
Newbold, R. F., and Overall, R. W. Fibroblast immortality is a prerequisite
for transformation by EJ c-Ha-ras oncogene. Nature (Lond.), 304: 648-651,
1983.
Land. H.. Parada. L. F.. and Weinberg, R. A. Cellular oncogenes and
multistep carcinogenesis. Science (Washington DC), 222: 771-778, 1983.
Harris. C. C. Human tissues and cells in carcinogenesis research. Cancer
Res., 47: 1-10. 1987.
Lechner, J. F., and LaVeck. M. A. A serum-free method forculturing normal
human bronchial epithelial cells at clonal density. J. Tissue Culture Methods,
9:43-48, 1985.
Brash. D. E., Reddel. R. R.. Quanrad, M., Yang, K., Farrell, M. P., and
Harris, C. C. Strontium phosphate transfection of human cells in primary
culture: stable expression of the simian virus 40 large T-antigen in primary
human bronchial epithelial cells. Mol. Cell. Biol., 7: 2031-2034, 1987.
Reddel. R. R., Ke, Y., Gerwin, B. I., McMenamin, M. G., Lechner, J. F.,
Su, R. T., Brash. D. E., Park, J. B., Rhim. J. S., and Harris, C. C.
Transformation of human bronchial epithelial cells by infection with SV40
or adenovirus-12 SV40 hybrid virus, or transfection via strontium phosphate
coprecipitation with a plasmid containing SV40 early region genes. Cancer
Res.. 48: 1904-1909, 1988.
Ke, Y., Reddel. R.R.. Gerwin. B. 1., Reddel. H. K.. Somers, A. N. A.,
McMenamin, M. G., LaVeck, M. A., Stahel, R. A., Lechner, J. F., and
Harris, C. C. Establishment of a human in vitro mesothelial cell model system
for investigating mechanisms of asbestos-induced mesothelioma. Am. J.
Pathol., 134: 979-991. 1989.
Kaighn. M. E., Reddel, R. R., Lechner, J. F.. Peehl, D. M., Camalier, R. F.,
Brash, D. E., Saffiotti, U., and Harris, C. C. Transformation of human
neonatal prostate epithelial cells by strontium phosphate transfection with a
plasmid containing SV40 early region genes. Cancer Res., 49: 3050-3056,
1989.
Stoner. G. D., and Klaunig. J. Selective methods for isolation of epithelial
cells in primary' expiant cultures of human and animal tissues. In: T. G.
Pretlow. Ill, and T. P Pretlow (eds.). Cell Separation: Methods and Selected
Applications, Vo 1. 2, pp. 81-92. New York: Harcourt, Brace and Jovanovich,
1983.
Boyce, S. T.. and Ham. R. G. Normal human epidermal keratinocytes. In:
N. Webber and L. Sekely (eds.). In Vitro Models for Cancer Research. Vol.
3. pp. 245-274. Boca Raton, FL: CRC Press, 1985.
DelGiudice, R.. and Hopps. H. E. Microbiological methods and fluorescent
microscopy for the direct demonstration of Mycoplasma infection of cell
cultures. In: G. J. McGarrity, D. G. Murphy, and W. W. Nichols (eds.),
Mycoplasma Infection of Cell Cultures, pp. 57-69. New York: Plenum
Publishers. 1978.
Lechner, J. F.. and Kaighn, M. E. Application of the principles of enzyme
kinetics to clonal growth rate assays: an approach for delineating interactions
among growth promoting gents. J. Cell Physiol.. 100: 519-529, 1979.
Humnason. G. L. Animal Tissue Techniques, Ed. 3, pp. 151-178. San
Francisco: Freeman and Co., 1972.
Peterson. W. D.. Jr.. Simpson, W. F., and Hukku. B. Cell culture character
ization: monitoring for cell identification. Methods Enzmol., 58: 164-178.
1979.
Nakamura. Y.. Leppert, M.. O'Connell, P., Wolff, R., Holm, T., Culver, M.,

Martin. C., Fujimoto, E.. Hoff. N.. Kumlin, E., and White, R. Variable
number of tandem repeat (VNTR) markers for human genome mapping.
Science (Washington DC), 235: 1616-1622, 1987.
Nakamura. Y., Carlson, N., Krapcho, K.. Kanamori, M., and White, R. New
approach for isolation of VNTR markers. Am. J. Hum. Genet., 43: 854-
859, 1988.
Nakamura, Y., Gillilan. S., O'Connell, P., Leppert, M., Lathrop, G. M.,
Lalouel J.-M., and White. R. Isolation and mapping of a polymorphic DNA
sequence pYNH24 on chromosome 2 (D2S44). Nucleic Acids Res., 75:
10073-10076, 1987.
Katoh, Y'. Stoner, G. D., Harris. C. C., Mclntire, K. R., Hill, T., Anthony,
R.. McDowell. E., and Trump. B. F. Immunologie-ai markers of human

370

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/365/2443125/cr0510010365.pdf by guest on 19 M

ay 2023



ESOPHAGEAL EPITHELIAL CELL IMMORTALIZATION

bronchial epithelial cells in vivo and in vitro. J. Nati. Cancer Inst., 62: 1177-
1185, 1979.

32. Stoner, G. D., Kaighn. M. E., Reddel, R. R., Resau. J. H., Naito. Z., Bowman,
D., Matsukura, N., and Harris, C. C. Immortalization of human esophageal
epithelial cells by Strontium phosphate transfection with a plasmid containing
SV40 early region genes (Abstract). J. Cell Biol.. 109: 182a, 1989.

33. Stoner, G. D. Kaighn, M. E., Resau, J. H., Naito, Z.. Bowman, D.. and
Harris, C. C. Immortalized human esophageal epithelial cell lines for studies
of carcinogen-induced cell transformation (Abstract). In Vitro Cell. Dev.
Biol., 26: 23a. 1990.

34. Chang, S. E. In Vitro transformation of human epithelial cells. Biochem.
Biophys. Acta, 823: 161-194. 1986.

35. Gaffney, E.. Fogh, J., Ramos, L., Loveless, J. D., Fogh. H.. and Dowling. A.
M. Established lines of SV40-transformed human amnion cells. Cancer Res.,
30: 1668-1676, 1970.

36. Steinberg, M. L., and Defendi, V. Altered pattern of growth and differentia
tion in human keratinocytes infected by simian virus 40. Proc. Nati. Acad.
Sci. USA, 76:801-805. 1979.

37. Kaighn, M. E., Narayan, K. S., Ohnuki, Y., Jones, L. W., and Lechner. J. F.
Differential properties among clones of simian virus 40-transformed human
epithelial cells. Carcinogenesis (Lond.), 1: 635-645. 1980.

38. Ohnuki. Y.. Lechner. J. F., Bates, S. E., Jones. L. W.. and Kaighn, M. E.
Chromosomal instability of SV40-transformed human prostatic epithelial
cell lines. Cytogenet. Cell Genet.. 33: 170-178. 1982.

39. McCormick, J. J.. and Mayer. V. M.. Towards an understanding of the
malignant transformation of diploid human fibroblasts. MutÃ¢t.Res. 199:
273-291, 1988.

40. Stoner, G. D., Babcock, M. S.. McCorquodale. N. M.. Gunning, W. T., Ill,
Jamasbi, R, Budd. N., and Hukku. B. Comparative properties of untreated
and Â¿V-nitrosobenzylmethylamine transformed rat esophageal epithelial cell
lines. Cell. Dev. Biol., 25: 899-908, 1989.

41. Christian. B. J. Loretz. L. J.. Oberley. T. D.. and Reznikoff, A. C. Charac
terization of human uroepithelial cells immortalized in vitro by simian virus
40. Cancer Res., 47: 6066-6073, 1987.

42. Tsao, N. C., Walthall, B. J., and Ham. R. G. Clonal growth of normal human
epidermal keratinocytes in a defined medium. J. Cell Physiol., 110: 219-229,
1982.

43. Lechner. J. F., Haugen, A., McClendon, I. A., and Pettis, E. W. Clonal
growth of normal adult human bronchial epithelial cells in a serum-free
medium. In Vitro, IS: 633-642. 1982.

44. Babcock, M. S., Marino, M. R., Gunning, W.T., III, and Stoner, G. D.
Clonal growth and serial propagation of rat esophageal epithelial cells. In
Vitro. 19: 403-415. 1983.

45. Masui. T.. Wakefield, L. M., Lechner. J. F., LaVeck. M. A., Sporn. M. B.,
and Harris. C. C. Type B transforming growth factor is the primary differ
entiation-inducing serum factor for normal human bronchial epithelial cells.
Proc. Nati. Acad. Sci. USA. 83: 2438-2442, 1986.

46. Hennings, H., Michael, D., Cheng. C., Steinert. P.. Holbrook, K.. and Yuspa,
S. H. Calcium regulation of growth and differentiation in mouse epidermal
cells in culture. Cell. 19: 245-254. 1980.

47. Trump. B. F., and Berezesky, I. K. Ion regulation, cell injury and carcinogen-
esis. Carcinogenesis (Lond.), 8: 1027-1032, 1987.

48. Rhim, J. S., Jay, G., Arnstein. P.. Price. F. M.. Sanford, K. K.. and Aaronson,
S. A. Neoplastic transformation of human epidermal keratinocytes by AD12-
SV40 and Kirsten sarcoma viruses. Science (Washington DC). 227: 1250-
1252. 1985.

49. Rhim. J. S., Fujita. J.. Arnstein, P., and Aaronson. S. A. Neoplastic conver
sion of human keratinocytes by adenovirus 12-SV40 virus and chemical
carcinogens. Science (Washington DC). 232: 385-387. 1986.

50. Reznikoff, C. A.. Loretz, L. J.. Christian. B. J.. Wu, S-Q., and Meisner, L.
F. Neoplastic transformation of SV40-immortalizcd human urinary tract
epithelial cells by vitro exposure to 3-methylcholanthrene. Carcinogenesis
(Lond.), 9: 1427-1436. 1988.

371

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/365/2443125/cr0510010365.pdf by guest on 19 M

ay 2023




