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ABSTRACT

Tumorigenicity was correlated with levels of expression of the genes
for transforming growth factor a (TGF-a), epidermal growth factor
receptor, c-myc, c-H-ras,, and c-K-ras in a series of 16 clonally derived

transformed liver epithelial cell lines. The clonal lines, which varied in
tumorigenicity from 0 to 97%, were established from a phenotypically
heterogeneous population produced by repeated exposure of diploid WB-
F344 (WB) cells to A'-methyl-AT-nitro-A'-nitrosoguanidine. Segregation

of gene expression with tumorigenicity among clonal lines was determined
by correlating rank orders of gene expression by clones relative to
expression by wild-type \VB cells. Only the expression of the c-myc gene
correlated with tumorigenicity among all transformed clones. TGF-a gene

expression was not correlated with tumorigenicity among all clones, but
it was highly correlated with tumorigenicity among clones that expressed
the c-myc gene above the median level for all clones (>5-fold the level of
expression by WB cells). Even high levels of expression of the TGF-a
gene (up to 60-fold the level of expression by WB cells) were not
correlated with tumorigenicity among the clones expressing the c-myc
gene at levels <5-fold the level of expression by WB cells. Clones which
simultaneously overexpressed both c-myc and TGF-a genes at levels

above the median levels for all clones were significantly more tumorigenic
than were clones which expressed either or both genes at lower than
median levels. These results suggest that overexpressed c-myc and TGF-

ii genes cooperate in their association with tumorigenicity. Most of the
highly tumorigenic clones that overexpressed c-myc and TGF-a also
overexpressed the r-I l-rav and/or the c-K-ras genes; clones that overex
pressed neither of the c-ras genes nor the genes for c-myc and TGF-a
were not very tumorigenic, while clones that expressed one or both c-ras
genes (but not both r-niyr and TGF-a) were variably tumorigenic over an

intermediate range.

INTRODUCTION

Clonal analysis offers a powerful method to identify pheno-

typic properties that are closely (possibly mechanistically) as
sociated with an index characteristic, such as tumorigenicity,
when applied to multiple cell lines clonally derived from a
parental population that heterogeneously expresses the index
property and other phenotypes. We have examined the co-

segregation of selected phenotypic properties with tumorigenic
ity among clonal lines derived from a heterogeneous tumori
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genie population of chemically transformed WB6 rat liver epi
thelial cells (1, 2). These clonal lines exhibit clone-specific
tumorigenicities from zero to 97% after transplantation into
newborn isogenic rats, and they also express numerous pheno
typic properties heterogeneously (1, 2). Our previous analyses
showed that a number of morphological, enzymatic, and growth
characteristics which have been considered to be "marker"

phenotypes of neoplasia during hepatocarcinogenesis in vivo
failed to cosegregate with tumorigenicity among these clonal
liver epithelial cell lines (1-5), suggesting that the "marker"

phenotypes studied were not mechanistically involved in the
tumorigenic transformation of these cells.

In the present study we have examined the clonal cosegrega-
tion of tumorigenicity and the relative expression levels of the
genes for c-myc, c-H-ras, c-K-ras, TGF-a, and EGFR. The
results indicate that among all of the clonal lines tumorigenicity
is correlated with elevated expression of the gene for c-myc and
among the c-myc overexpressing clones it is correlated with
overexpression of the gene for TGF-a. These observations
suggest that overexpression of c-myc and TGF-a may cooperate
in the MNNG-induced neoplastic transformation of WB cells,
either through a causal mechanism or by coselection. Further
more, our results also suggest that the elevated expression of c-
H-ras and/or c-K-ras influences the tumorigenicity of trans
formed rat liver epithelial cells, especially of the clones that do
not overexpress c-myc and TGF-a concurrently.

MATERIALS AND METHODS

Cell Lines and Tissue Culture. The parental diploid epithelial cell
line, WB-F344, was isolated from the liver of an adult, male Fischer
344 rat as described previously (6). Six -y-glutamyl transpeptidase-
negative (designated as GN1 through GN6) and 10 -y-glutamyl trans-
peptidase-positive (designated as GP1 through GP4, and GP6 through
GP11) clonal sublines were isolated from a tumorigenic population of
WB cells transformed in vitro by 11 exposures to MNNG at a concen
tration of 5 Mg/ml (2, 7). All cells were routinely cultured in Richter's

improved minimal essential medium with zinc option, supplemented
with insulin (4.0 mg/liter; Irvine Scientific, Santa Ana, CA), 20 mM 4-
(2-hydroxyethyl)-l-piperazineethanesulfonic acid, 2.6 mM sodium bi
carbonate, gentamicin sulfate (0.04 mg/ml), and 10% fetal bovine serum
(HyClone Laboratories, Logan, UT). Cells were grown in a humidified
atmosphere of 5% CO2 in air at 37Â°C.

All clonal sublines were analyzed for tumorigenicity and for assays
of gene expression between 4 and IS passages following clonal estab
lishment. Both tumorigenicity and gene expression varied little over
this in vitro span.

Tumorigenicity Assays. Tumorigenicity assays were carried out as
described previously ( 1,8) by injecting suspensions of 1-2 x 106trypsin-

" The abbreviations used are: WB cells, diploid rat liver epithelial cells of the
WB-F344 line; EGF, epidermal growth factor; TGF-a, transforming growth
factor n; EGFR, epidermal growth factor receptor; GN, y-glutamyl transpepti-
dase-negative; GP. y-glutamyl transpeptidase-positive; MNNG, N-methyl-yV"-
nitro-A'-nitrosoguanidinc; SDS, sodium dodecyl sulfate; SSC, 0.15 M NaCI-15
min sodium citrate; poly(A)* RNA, polyadenylated RNA; cDNA, complementary

DNA.
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harvested cells in 0.1 ml Ca2+-, Mg2*-free Hanks' balanced salt solution

(GiÃ²coLaboratories, Grand Island, NY) into either the peritoneal cavity
or dorsal s.c. tissue of 1-day-old Fischer 344 rats (Charles River
Laboratories, Wilmington, MA). Animals were sacrificed when s.c.
tumors reached 1-2 cm in diameter, when ascites became apparent by
abdominal enlargement, or at the end of 1 year.

Total RNA Isolation and Selection of Poly(A)* RNA. For isolation of
RNA, each 245-mm2 tissue culture dish (InterMed/NUNC, Roskilde,
Denmark) was inoculated with 1-2 x IO6cells and grown to confluence
(7-10 days). Confluent cultures were used for isolation of RNA in order
to minimize growth-related variations in expression patterns. Total
RNA was isolated from cultured cells using the guanidinium isolino
cyanate/cesium chloride method (9, 10) with the following modifica
tions. The confluent monolayer was rinsed once with Ca2+-, Mg2*-free
Hanks' balanced salt solution, and cells were lysed in situ with the

guanidinium isothiocyanate lysis buffer. The lysate was scraped into a
50-ml centrifuge tube with a Teflon spatula and vortexed for 2 min
prior to layering onto the CsCl cushion. RNA was pelleted by centri-

fuging at 36,000 rpm for 16 h, subsequently dissolved in diethyl
pyrocarbonate-treated IM), and precipitated with ethanol containing
sodium acetate. Poly(A)+ RNA was purified by selective binding to

oligodeoxythymidylate cellulose using the mRNA isolation kits of
Pharmacia LKB Biotechnology, Inc. (Piscataway, NJ). RNA concen
trations were quantified by spectrophotometry.

Northern Blot Analysis. PoIy(A)+ RNA samples (5.0 jig/lane) were

fractionated by electrophoresis in 2.0 M formaldehyde-1% agarose gels
for transfer to nitrocellulose or 1.0 M formaldehyde-1% agarose gels
for nylon membranes (11, 12). After the gel was washed for l h in 3
gel volumes of 20x SSC, with one wash change after 30 min, the RNA
was transferred to either nitrocellulose (Schleicher and Schuell, Keene,
NH) or nylon (Hybond-N; Amersham Corp., Arlington Heights, IL)
membranes by capillary blotting for 16-24 h in 20x SSC. RNA was
immobilized on nitrocellulose membranes by baking, or cross-linked to
air-dried nylon membranes by UV exposure for 90 s on a UV transil-
luminator (Fotodyne, Inc., New Berlin, WI).

Integrity of the poly(A)+ RNA samples was verified by reprobing
blots for either a-actin or >-actin. Representative samples of the 5-jig
aliquots of the poly(A)+-selected RNA were fractionated by agarose gel
electrophoresis and the efficiency of the poly(A)+ selection was con

firmed by the absence of rRNA bands after staining of the gel with
ethidium bromide. These gels also served to confirm the uniformity of
RNA content among the 5-fig aliquots of various clones. Poly(A)+

selection of total RNA from cultured cells was required to detect and
quantify transcripts of the genes studied, especially in the diploid
parental cell line (WB). At least one 5-jjg aliquot of poly(A)* RNA

from confluent WB cells was loaded in every RNA gel to serve as a
consistent internal standard for each Northern blot.

DNA Probes and Hybridization. The following cDNA inserts were
used as probes: the 3.2-kilobase Bam\\l-Hind\\\ c-myc mouse subgen-
omic fragment carried on pM104 (13); the 460-base pair fcoRI v-H-
ras fragment carried on BS-9 (14); the 380-base pair SifII-A7>aI v-K-ras
fragment carried on KBE-2 (15); the 1.8-kilobase Â£coRIfragment from
a rat cDNA clone coding for the 5' end of the EGFR gene carried on

pJHIO.l (16); the 2.3-kilobase EcoRl fragment from a rat cDNA clone
for the TGF-a gene carried on prTGF02 (17); the 1.1-kilobase Pstl a-
actin fragment carried on pAM91 (18); and the 1.6-kilobase BamHl y-
actin fragment carried on pHFl (19).

DNA probes were radiolabeled with [a-32P)dCTP by the random
oligonucleotide primer extension method (20, 21) using the Oligola-
belling Kit of Pharmacia LKB Biotechnology, Inc., to produce specific
activities of 1-3 x 106cpm/ng of DNA. The hybridization solution was
50% formamide, 5x Denhardt's solution (0.02% Ficoll, 0.02% polyvi-

nylpyrrolidine and 0.02% bovine serum albumin) (11), 0.1% boiled
sheared salmon sperm DNA, 5x SSC, 50 mM sodium phosphate buffer
(pH 6.5), and 0.1 % SDS. Membranes were prehybridized for 3-6 h and
then hybridized with [32P]-labeled probe for 16-18 h, both at 42Â°C.

After hybridization, gels were washed four times in 1.8x SSC-0.1%
SDS at room temperature for 5 min each, then twice in 0.3x SSC-
0.1 % SDS at 65Â°Cfor 20 min each, and finally, briefly rinsed in 1x

SSC. Washed membranes were exposed to Kodak X-OMAT AR film
with an intensifying screen at â€”¿�80Â°C.Nitrocellulose membranes were

reprobed after stripping away previously hybridized DNA probes in
boiling 0.1% SDS in aqueous solution for 2-5 min. Nylon membranes
were stripped in three 10-min washes of 0.1 x SSC-0.1% SDS at 100Â°C.

Analysis of Phosphorylated EGF Receptor Expression. Confluent
cells were treated with 100 nivi EGF for 2 min and then rapidly lysed
in detergent containing 200 /<Msodium vanadate. Lysates were boiled
in electrophoresis buffer containing SDS and 2-mercaptoethanol, and
equal aliquots of protein were electrophoresed on 7% SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes in a Hoefer
Transphor apparatus (Hoefer Scientific Instruments, San Francisco,
CA). Nitrocellulose was blocked overnight with 3% bovine serum
albumin in phosphate-buffered saline. Immunoblotting was performed
with anti-phosphotyrosine rabbit polyclonal antibodies as described
(22) using '"I-protein A (New England Nuclear, Wilmington, DE).
After a washing, the blots were exposed to Kodak X-OMAT AR film
with intensifying screen at -80Â°C. The phosphorylated M, 170,000

EGF receptor bands were quantitated by laser densitometry as described
below.

Densitometric Analysis of Autoradiograms. Included on each gel was
a lane containing molecular weight markers and one or more lanes
containing mRNA (or immunoprecipitated proteins) from wild-type
WB cells. The WB lane served as an internal standard for comparison
of the transformed clones. The relative amounts of hybridized probe in
the lanes of each gel were quantified using an LKB Ultroscan XL Laser
Densitometer (LKB Produkter AB, Bromma, Sweden). Autoradi
ograms exposed for various lengths of time were scanned so that both
low and high density bands could be quantified within the linear range
of the X-ray film. Background corrections and curve integrations were

made using the LKB 2400 GelScan XL Software Package (version
1.21). Autoradiograms from 4-7 independent hybridization gels rep
resenting separate extractions of mRNAs and autophosphorylated EGF
receptor protein were analyzed. The results are represented relative to
measurements made of mRNAs or protein from WB cells, and the fold
change between clone and WB cells (mean Â±SEM) was calculated. A
recently reported study has applied a similar strategy to quantitate and
correlate the expression of selected genes in human melanoma cells
(23). Probes for actin (a or y) could not be used to normalize expression
of mRNAs among clones because the expression of both actin mRNAs
per 5 n%poly(A)* RNA varied greatly among clones.

Data Analysis. Nonparametric statistical methods were used to ana
lyze the variations observed in the expression of poly(A)+ RNA and

protein and in tumorigenicity among the 16 MNNG-transformed clonal
sublines, since the scaling of the phenotypic properties measured was
not continuously distributed and variances were not known. Spearman
rank correlation coefficients (r,), (24, 25) were calculated and their
significance was determined using a two-tailed test. For each gene, the
ratios of the clonal band to the WB internal standard band were
determined for each of several individual blots. Clones were ranked in
ascending order by the mean value for expression of each gene as
calculated from replicate blots. Because wild-type WB cells expressed
only minute levels of TGF-Â«mRNA, expression of this gene in clonal
lines was quantified relative to standard concentrations of TGF-a probe
instead of to WB poly(A)+ RNA. A dilution series of denatured TGF-

Â«probe DNA (5, 1, and 0.1 ng) served as a standard. This procedure
allowed TGF-a expression to be normalized to WB cells for all 16
transformed clones.

Where mean expression values of clones were nearly tied (between
0.1 and 0.2 unit of relative expression), rank ordering by mean values
was confirmed as the best consensus among all of the individual blots.
In rank ordering the tumorigenicity data, the two nontumorigenic
clones, GP3 and GN2, were ranked first and second, respectively,
because the different numbers of rats in the two test groups (see Table
1) confer a relatively higher probability for GP3 than for GN2 to be
nontumorigenic (zero).

Regression analysis was also applied to certain phenotypic traits in
order to explore the existence of quantitative relationships between
phenotypic traits. Bartlett's three-group method (26) for Model II
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Table 1 Tumorigenicity assays for MNNG-lransformed donai cell lines

CloneWBGN1GN2GN3GN4GN5GN6GP1GP2GP3GP4GP6GP7GP8GP9GPIOGPURats
with

tumors010161271631093018423151No.
of

rats tested2218192819434521142625312539352023Tumorigenicity(%)0S.6057.15.362.835.614.37.1036.096.872.010.365.775.04.3Tumori
genicity

rankorder52114129861101614713153Mean
tumor

latency(wk)28.031.852.024.541.652.052.036.029.830.146.018.524.152.0

regression analysis was used when both the independent and dependent
variables were measured with error, neither being under experimental
control. The Kruskal-Wallis single factor analysis of variance by ranks
(25) and Tukey's HSD multiple comparison with the Tukey-Kramer

adjustment for unequal cell size (27) was used for intergroup compari
sons of the ranked tumorigenicity data (28).

RESULTS

Since tumorigenicity (the fraction of test animals that develop
tumors) is the standard against which gene expression was
assessed, we have augmented our previously reported estimates
of clone-specific tumorigenicities (1) by increasing the sample
sizes for 9 of the clonal lines. Tumorigenicity assays (8) have
been made on a total of 453 animals, with each clone assayed
in 14-45 test animals. Table 1 shows the combined data for all
tumorigenicity assays of normal WB cells and each of the 16
MNNG-transformed clonal cell lines with rankings by increas
ing tumorigenicity. These results differ somewhat from those
previously reported (1), the differences reflecting the variances
among independent replicates of tumorigenicity assays. Tu
morigenicity correlated inversely with mean latency time for
tumor formation (r, = -0.729, P = 0.0086).

Analyses of the expression of the c-myc, c-H-ras, c-K-ras,
TGF-a, and EGFR genes and of autophosphorylated EGFR
protein revealed marked interclonal heterogeneity. Fig. 1 shows
representative autoradiograms of the Northern blots with the
sizes of the RNA bands of interest indicated. All genes studied
produced a single predominant mRNA transcript, except for c-
K-ras and EGFR. All three c-K-ras bands, 2.2 kilobases, 5.5
kilobases, and a faint band at 4.0 kilobases, were quantitated
and summed, but only the predominant 9.6-kilobase transcript
of the EGFR gene (16) was quantitated. Mean values (Â±SEM)
of relative mRNA expression for each of the genes studied and
of autophosphorylated EGFR protein by the 16 transformed
clones are shown in Table 2. Relative to the parental diploid
WB cell line, cells of clonal lines consistently, but heteroge-
neously, overexpressed mRNAs of the genes for c-H-ras and c-
K-ras (up to about 8-fold relative to WB for both), c-myc (up
to about 30-fold), and TGF-a (up to about 60-fold). In contrast,

both EGFR mRNA and autophosphorylated protein were less
highly expressed (relative to WB cells) among clonal lines,
being up to 2-fold higher in three clonal lines but up to 10-fold
lower in the others. Expression of EGFR mRNA and levels of

autophosphorylated EGFR protein were significantly corre
lated (rs = 0.764; P = 0.0031). I25I-EGF binding capacity, as

reported previously by us (29), also correlated with EGFR
protein levels (rs = 0.561; P = 0.0357). Expression of TGF-a
mRNA correlated with the amount of TGF-a secreted into
media, as measured previously by us using either bioassay of
conditioned media using anchorage-independent growth of
NRK cells (rs = 0.705; P = 0.0345) or competitive binding of
'"I-EGF to A431 cells (r, = -0.767; P = 0.0301) as end points

(30).
Among all 16 clones, tumorigenicity correlated only with c-

myc mRNA expression (rs = 0.609; P = 0.0184). Separation of
the clones into two groups of the eight lowest [<5-fold WB]
and the eight highest [>5-fold WB] expressers of c-myc [Fig. 2]
showed that the high c-myc expressing clones [Fig. 2] were
significantly more tumorigenic than were the low c-myc ex
pressing clones [50.7 Â±11.0% (n = 8) versus 17.8 Â±9.26% (n
= 8), respectively; Mann-Whitney U test = 56.0; P = 0.012].
The expression of TGF-a mRNA was correlated significantly
with tumorigenicity among the high (r, = 0.881; P = 0.0198)
but not among the low (rs = 0.053; not significant) myc-
expressing clones. Among the eight clones with the highest
levels of c-myc expression, the correlation between tumorigenic
ity and TGF-a mRNA levels by linear regression was highly
significant (r2 = 0.697; 95% confidence limits on slope, 0.302-

3.12) (Fig. 3). In contrast, among the lowest c-myc expressers
tumorigenicity and TGF-a mRNA were not significantly cor
related by linear regression (95% confidence limits on slope,
â€”¿�1.84-0.168). A synergistic effect on tumorigenicity of simul
taneous overexpression of c-myc and TGF-a was supported
further by analysis of clones grouped according to coincident
expression of c-myc and TGF-a ("high" or "low" c-myc or
TGF-a expression defined as either above or below the median

c-mye

e-H-rtt

- 2.3 kb

c-K-rmt

TGF-a

EGFR - 9.6 kb

Fig. I. Representative autoradiograms of Northern blots probed for c-H-ras,
c-K-ros, c-myc, TGF-a, and EGFR genes, showing approximate sizes [in kilobases
(kb)] of mRNA transcripts. Each lane was loaded with 5 fig poly(A)* RNA.
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Table 2 Levels of expression of mRNAs and protein products relative to WB cells of selected genes for the MNNG-transformed donai cell lines and wild-type WB cells

CloneWBGN1GN2GN3GN4GN5GN6GP1GP2GP3GP4GP6GP7GP8GP9GP10GPUc-K-rasmRNA1.002.58

+0.31a2.95

Â±0.215.10
Â±1.011.53

Â±0.122.74
Â±0.203.29
Â±0.955.12

Â±0.745.43
Â±0.834.77
Â±1.256.78
Â±1.003.23
Â±0.773.34
Â±0.177.66

Â±2.217.93
Â±1.068.

14Â±0.908.50
Â±0.81c-H-rasmRNA1.000.79

Â±0.151.81
Â±0.062.10
Â±0.560.97

Â±0.152.25
Â±1.482.35
Â±0.271.45

Â±0.131.47
Â±0.451.75
Â±0.371.57
Â±0.102.07

Â±1.011.58
Â±0.212.73

Â±0.564.71
Â±2.585.52
Â±1.983.76
Â±0.50c-myc

mRNA1.002.96

Â±0.453.70
Â±0.553.26
Â±0.633.05
Â±0.623.74
Â±1.479.46
+3.715.79

Â±1.411.42
Â±0.204.80+
1.437.11

Â±1.477.46
Â±4.359.66
Â±2.298.91
Â±3.9718.06

Â±8.6330.12
+9.853.78
Â±0.83EGF

receptor
mRNA1.000.85

Â±0.370.67
+0.200.75
Â±0.400.33
+0.051.91

Â±0.061.31
Â±0.570.30

+0.050.63
+0.230.63
Â±0.290.15

Â±0.041.17
+0.370.44
+0.220.19

Â±0.080.26
Â±0.100.41
+0.210.10

Â±0.06EGF

receptor
protein1.000.91

Â±0.180.75
Â±0.040.73
+0.131.44
+0.080.87
Â±0.061.25

Â±0.110.17

Â±0.090.59
Â±0.110.40

+0.130.22
Â±0.082.11

Â±0.430.27
+0.070.14
+0.050.69
+0.120.39
+0.150.14
Â±0.00TGF-amRNA1.003.0

Â±2.010.1
Â±5.07.3
Â±4.70.9
Â±0.43.1

Â±0.48.2
Â±3.012.1

Â±11.362.7
Â±39.241.9
Â±15.230.6
Â±11.137.6
Â±3.729.3
Â±13.54.1
Â±3.619.3
Â±6.737.7
Â±12.442.0
Â±12.0

* All values represent the mean Â±SEM of the fold change in expression compared to WB cells; n = 4-7 independently blotted poly(A)* RNA samples separately
isolated from 3-6 independently prepared batches of cells.

ranking for all clones, as shown in Fig. 2). The clones that
simultaneously overexpressed both c-myc and TGF-a [Fig. 4]

were significantly more tumorigenic than were the combined
clones that expressed either one or both genes at lower than
median levels [69.1 Â±9.78% (n = 5) versus 18.4 Â±6.87% (n =
11), respectively; Mann-Whitney U test = 53.0; P = 0.004].
Furthermore, use of the Kruskal-Wallis single factor analysis
of variance by ranks showed that the four groups (Fig. 4)
differed significantly in their tumorigenicities [H (Kruskal-
Wallis test statistic) = 9.941, P = 0.019 using x2 distribution].

A Tukey HSD multiple comparison on tumorigenicity rankings
showed that tumorigenicities of the high c-wiyc/high TGF-a
group differed significantly from the low c-wyc/high TGF-a
group (P = 0.003) and the low c-myc/low TGF-a group (P <
0.021).

Analysis of more complex phenotypes in which the expres
sion level of c-H-ras and/or c-K-ras is considered together with
the expression levels of c-wyc/TGF-a suggests that the expres
sion levels of the ras genes exert an additional modulating
influence on the tumorigenicity of rat liver epithelial cells (Table
3). Clones which did not express either c-H-ras or c-K-ras at

35

30

20

16

10

low TGF-a

08

high TGF-a

high c-myc
low c-myc

10 20 30 40 60 â€¢¿�0 70

TQF-a mRNA FOLD INCREASE RELATIVE TO WB

Fig. 2. Scattergram of mean levels of mRNA expression relative to WB for c-
myc versus TGF-a. Dashed lines divide "high" and "low" levels of expression at
median values of expression for each gene. â€¢¿�,-y-glutamyl transpeptidase-positive
clones; O, 7-glutamyl transpeptidase-negative clones.

levels greater than the median for all clones were not very
tumorigenic in the absence of concurrent overexpression of
both c-myc and TGF-a (Table 3, Group 2). In contrast, clones
which overexpressed both c-myc and TGF-a were highly tu
morigenic irrespective of the expression levels of c-H-ras and
c-K-ras (Table 3, Group 1). Clones which overexpressed one or
both of the ras genes, but which did not coordinately overex-
press c-myc and TGF-a, showed an intermediate level of tu
morigenicity (Table 3, Group 3), although the specific tumori
genicity of clones in this group was highly variable. Expression
of c-K-ras and/or c-H-ras correlated with the expression of
several of the other genes studied. Expression of c-K-ras cor
related positively with expression of TGF-a (r, = 0.618; P =
0.0168), negatively with EGFR (rs = -0.699; P = 0.0068) and
EGF binding capacity (rs = -0.739; P = 0.0057), and positively
with c-H-ras (r, = 0.574; P = 0.0263). Expression of c-H-ras
correlated positively with expression of c-K-ras (above) and c-
myc (r, = 0.615; P = 0.0173) and negatively with EGF binding
capacity (rs = -0.693; P = 0.0095).

DISCUSSION

In this study we have used clonal analysis to attempt to
determine whether changes in expression of selected protoon-
cogenes and genes for TGF-a and/or EGFR correlate with
clone-specific tumorigenicities among multiple clonal cell lines
isolated from a population of MNNG-transformed liver epithe
lial cells. Our findings suggest that an autocrine loop involving
TGF-a/EGFR may be associated with the tumorigenicity of
MNNG-transformed rat liver epithelial cells, but only in cells
in which c-myc is also overexpressed.

Our findings suggest that overexpression of both c-myc and
TGF-a cooperate in their association with tumorigenicity.
When c-myc expression was greater than 5-fold the expression
level in WB cells, the level of TGF-a expression correlated with
tumorigenicity, but even high levels of TGF-a expression (up
to 60-fold the level of expression in WB cells) were not associ
ated with tumorigenicity in low expressers of c-myc. As sug
gested by our identification of all four expected phenotypes for
combinations of high and low expression of c-myc and TGF-a
among the clones examined in this study, elevated expression
of c-myc and TGF-a mRNA appear to be independent molec
ular events that must occur simultaneously for maximal tumor-

5241

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5238/2445634/cr0510195238.pdf by guest on 19 M

ay 2023



TUMORIGENICITY COSEGREGATES WITH c-myc AND TGF-<

100

Â£ 80

I 20 â€¢¿�

TSF-a mRNA FOLD INCREASE RELATIVE TO WB

Fig. 3. Model II regression analysis of tumorigenicity as a function of TGF-a
mRNA expression. and â€¢¿�regression for the eight highest c-myc expressers
(y = 1.8lj + 10.2; r* = 0.677; 95% confidence limits on slope, 0.302-3.12).

and â€¢¿�,regression for the lowest c-myc expressers, excluding GN3 and
GN5 (O). The latter regression is not significant (y = 0.0050.V + 3.58; r2 =
0.0171; 95% confidence limits on slope. -1.84-0.168).

(0
C
o

CO

I

100

80

â€¢¿�O

40

20

O

c-myc:
TGF-a:

low
low

low

high

high

low

high

high
Fig. 4. Tumorigenicity of clones from each of the four groups defined in Fig.

2. â€¢¿�,7-glutamyl transpeptidase-positive clones; O, GGT-negative clones.

Â¡genicity.High levels of c-myc expression may permit tumori-
genie transformation by a TGF-a/EGFR autocrine growth
mechanism, or it may sensitize cells to (or amplify) such an
autocrine mechanism. The latter possibility is supported by
studies in Fischer rat 3T3 cells (31) and rat liver epithelial cells
(32) that were transfected with a myc gene, which showed that
myc overexpression increased the responsiveness of affected
cells to exogenous growth factors, especially EGF. Such an
interaction also has been implicated in human colon carcinoma
cells (33) in which c-myc is highly expressed constitutively, and
in which an autocrine growth cycle appears to drive cell prolif
eration. A number of studies have shown c-myc overexpression
to be associated qualitatively with chemically induced hepato-
carcinogenesis in rats (for review see Ref. 34) and, as well, to
characterize human hepatocellular carcinoma cell lines (35,36).
Furthermore, other studies have demonstrated that TGF-a is
produced by cells from rat hepatocellular carcinomas (37) and
that humans with hepatocellular carcinoma excrete large
amounts of TGF-Â«in their urine (38), presumably derived from
the liver tumors. Apparently, in none of these previous studies
was the concurrent expression of c-myc and TGF-a
investigated.

In addition to the overexpression of TGF-a, an autocrine

cycle involving this growth factor also requires the sustained
expression of the EGFR gene. As was shown clearly by studies
in which TGF-a and EGFR genes were cotransfected into
murine mesenchymal cells, tumorigenicity was achieved only
when both TGF-a and EGFR genes were expressed at relatively
high levels (39). EGF receptors are numerous on parental WB
cells, each cell containing about 2-3 x IO5(40). Expression of

EGFR mRNA and autophosphorylated protein was infre
quently increased among transformed clones, and then only
slightly. More often, expression of the EGFR gene was slightly
decreased among the transformed clones compared to the pa
rental cells, but a few transformed clones showed up to a 10-
fold reduction. Although most of the latter clones were not very
tumorigenic, the expression levels of EGFR mRNA or EGFR
protein were not correlated with tumorigenicity among all
clones. This observation suggests that the level of EGF recep
tors was sufficient in all clones to support a tumorigenic auto
crine cycle. Studies on hepatocarcinogenesis in rats have also
shown modest decreases in the expression levels of EGFR
mRNA and protein (34).

Our studies suggest also that the overexpression of c-H-ras
and/or c-K-ras genes contributes to the tumorigenicity of rat
liver epithelial cells. Clones that concordantly overexpressed
both c-myc and TGF-a were highly tumorigenic, irrespective of
the level of expression of one or both ras genes, although 4 of
the 5 clones in this group also expressed either or both c-K-ras
and c-H-ras at levels above the median for all clones. In contrast,
among the clones that did not coordinately overexpress both c-
myc and TGF-a, clones that did not overexpress either c-K-ras
or c-H-ras were not tumorigenic or were only weakly tumori
genic, while clones that expressed one or both ras genes at a
level above the median for all clones showed an intermediate,
but highly variable, level of tumorigenicity.

A study using Fischer rat 3T3 cells transfected with both ras

Table 3 Tumorigenicities of transformed rat lirer epithelial cell clones relative to
expression levels of ras, myc. and TGF-a mRNAs

By Kruskal-Wallis single factor analysis of variance by ranks, tumorigenicities
of all three groups differ significantly (H = 11.153; P = 0.004 using \l distribu

tion); each group differs significantly from each of the other groups by a Tukey
HSD multiple comparison on ranks (P s 0.022).

Relative expression levels of c-H-ras and/
or c-K-ras mRNAs

Relative expression levels
of c-myc and TGF-a

mRNAsHigh
c-mj'c/highTGF-aHigh

c-mj'C/lowTGF-aLow

c-m>'f/highTGF-aLow

c-m>'f/low TGF-aLow

(both c-H-
ras andc-K-ras)GP772.0Â°No

representativeGP3GN1

GN2
GN405.6

05.3High

(either c-H-ras
or c-K-ras orboth)GP4

GP6
GP9
GP10GP1

GP8
GN6GP2

GP1IGN3

GN536.0

96.8
65.7
75.014.3

10.3
35.67.1

4.357.1

62.8

Expression category Tumorigenicity (mean Â±SEM)

Group 1. All high m>r/high TGF-a expressers 69.1 Â±9.78 (n = 5)
(4 of 5 are high ras expressers also)

Group 2. All low ras expressers (that are not 2.73 Â±1.57 (n = 4)
coordinate high myc/high TGF-a expres
sers)

Group 3. All high ras expressers (that are not 27.4 Â±9.25 (n = 7)
coordinate high mj'c/high TGF-a expres
sers)
* Numbers are the percent of test animals with tumors.
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(T24) and myc genes (31) suggested that neoplastia transfor
mation of these cells may be mediated by ras-stimulated induc
tion of growth factor production and that raj and myc onco-
genes cooperate through the mediation of an autocrine growth
mechanism (31). Transfection studies with rat liver epithelial
cells also have shown a similar cooperation of exogenous ras
(T24) and myc genes in transforming these cells (34). Addition
ally, these studies showed that transfection of a ras (T24) gene
led to the expression of TGF-Â«secretion by the affected cells,
suggesting that ras may regulate expression of TGF-Â« in rat
liver epithelial cells. It should be pointed out that these trans
fection studies used a mutated H-ras gene (T24) and that we
have no evidence that the endogenous H-ras gene in the trans
formed clones that we have studied is mutated. Nevertheless, a
model, involving both ras and myc overexpression and an
autocrine cycle involving EGFR and TGF-a, is consistent with
some of our observations on gene expression. In our study, c-
K-ras expression correlated with expression of c-H-ras, TGF-
Â«,EGFR mRNA, and cellular EGF binding capacity. Expres
sion of c-H-rai correlated with the expression of c-K-ras and c-
myc genes. These various correlations may reflect common or
interacting regulatory mechanisms for all four of these genes.
However, it seems equally likely that the correlations among
these genes may reflect only the mutual association of their
overexpression with tumorigenicity, rather than common reg
ulatory mechanisms. Since our clonal analysis focused on tu
morigenicity as the index phenotype, associations among these
genes may result from their independent activation and con
verging associations in individual cells to produce a complex
phenotype that is maximally tumorigenic.

The moderately tumorigenic clones GN3, GN5 and GN6 (57,
63, and 36%, respectively) appear to be outliers because they
do not overexpress simultaneously both c-myc and TGF-Â«
mRNAs (Table 2). However, these clones acquire further alter
ations in some phenotypic properties during the process of
tumor formation in vivo (4). Preliminary studies of gene expres
sion in epithelial cells derived from tumors produced by clonal
lines indicate that the tumor-derived cells concurrently express
high levels of c-myc and TGF-Â«mRNA, phenotypically resem
bling the highly tumorigenic clones reported here.7 Our total

observations suggest that the acquisition of multiple, independ
ent aberrations in the regulation of the c-myc, c-ras, and TGF-
Â«genes were necessary to enable these transformed rat liver
epithelial cells to produce tumors. The most tumorigenic clones
overexpress all of these genes, and various clones appear to
acquire the critical number or types of genetic aberrations in a
temporally independent manner. Additionally, we have found
that these clones also express a number of other genes hetero-
geneously, although we have not yet evaluated the clonal cose-
gregation of these other genes with tumorigenicity.

In this study, we have analyzed the clonal cosegregation of
altered expression of selected genes and tumorigenicity. Highly
tumorigenic clones are characterized by a cellular phenotype in
which the genes for c-myc, TGF-Â«,and c-ras are overexpressed,
and expression of the EGFR gene is maintained. Although
these observations suggest that a tumorigenic autocrine cycle
involving TGF-n and EGFR, potentiated by elevated expression
of c-myc, may operate in these clones, we have demonstrated
only the concurrent association of high expression of these
genes and tumorigenicity. Even if tumorigenicity in this group
of transformed clones is driven by an autocrine growth cycle
involving TGF-Â« and EGFR, in concert with dysregulated

expression of c-myc, there appear to be other cellular mecha
nisms that enable the tumorigenic transformation of rat liver
epithelial cells. That such alternative mechanisms may be acti
vated in some circumstances is shown by our isolation of
spontaneously transformed rat liver epithelial cell lines that do
not overexpress the c-myc or TGF-o genes (41). Other investi
gators have also reported that elevated expression of myc pro
tein did not occur in rat liver epithelial cells that were rendered
tumorigenic by exposure to aflatoxin B, (42). Further studies
are necessary to determine the variety of specific mechanisms
that may be involved in the pathogenesis of tumorigenicity of
rat liver epithelial cells that are transformed by various
methods.
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