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Chemical Carcinogenesis
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Liver cultures offer several special advantages for the study of chemical carcinogenesis
in cell culture; these include the sensitivity of the cells to procarcinogens requiring
enzymatic activation, the epithelial nature of the cells which qualifies them as a model
for epithelial carcinogenesis, and the opportunity to compare culture findings with the
extensive information available on the effects of carcinogens on liver. The actions of
chemical carcinogens have been studied in primary and long-term rat liver cell cul-
tures. A variety of procarcinogens induced DNA repair in primary cultures, indicating
the usefulness of this system for studying carcinogen metabolism, the interaction of
carcinogens with DNA, and the repair of carcinogen-induced DNA damage. In addi-
tion, this system may provide a screen for chemical carcinogens in which metabolic
activation occurs in the target cell. Carcinogen treatment of long-term cultures initiated
from the primary cultures resulted in morphologic transformation accompanied by an
increased growth in soft agar and an increased frequency of 8-azaguanine-resistant
mutants. Cultures with a high fraction of cells in S phase were found to be most
sensitive to the induction of 8-azaguanine-resistant mutants. (Am ] Pathol 85:739-754.
1976)

THE STUDY OF CHEMICAL CARCINOGENESIS in cell culture offers
the possibility of elucidating the mechanisms of malignant conversion in a
simplified. easilv manipulatable, readilv observable system. Most in-
vestigations have utilized fibroblast cultures'® because of their ease of
cultivation. but attention has been directed to other cell tvpes for a variety
of reasons. The considerable interest in liver cell cultures appears to stem
largely from the hope of maintaining the functions of the versatile hepa-
tocvte in culture. As regards carcinogenesis, Katsuta and Takaoka’
pointed out that, whereas sarcomas resulted from malignant conversion of
fibroblasts, most human cancers were carcinomas and theyv, therefore.
recommended the study of liver cell cultures. Williams et al.® noted that
the fibroblast cultures had displaved sensitivity to limited classes of car-
cinogens and suggested that the liver, as the organ with the broadest
capability of metabolic activation, should provide cultures with respon-
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siveness to the widest variety of carcinogens. These two features continue
to be the most frequently cited rationales for studying chemical carcinoge-
nesis in liver cell cultures. In addition, another major consideration that
has been noted ® is that the extensive research on the action of carcinogens
on liver provides great potential for comparison to cell culture findings.
This report reviews studies on the effects of chemical carcinogens on
cultured liver cells with attention to the progress made in utilizing the
described features which recommend liver cells for such studies.

Enzymatic Activation of Carcinogens
Long-Term Liver Cell Cultures

Long-term cultures have displaved toxic responses to a variety of pro-
carcinogens,'> implying that activation occurred. However, most de-
scriptions of malignant conversion have dealt with direct-acting carcino-
gens which do not require enzymatic activation ”****” Transformation with
aflatoxin B, (AFB,) has been reported,'® but the neoplasms resulting from
inoculation of the treated cells were fibrosarcomas. The first report of
malignant conversion by a variety of procarcinogens was that of Williams
et al ® Subsequently, Montesano et al.*® also obtained transformation with
dimethylnitrosamine (DMN) and with a direct-acting carcinogen. These
studies thus suggest that cultured liver cells do retain activating capability.

The ability of liver cultures to activate procarcinogens may be studied
by measuring the nature of metabolites or their interaction with cellular
macromolecules. The interaction with DNA has been examined by study-
ing the sedimentation pattern of DNA from carcinogen-treated cultures.
Direct-acting carcinogens readily induced single strand DNA breaks,®*
but the procarcinogens, AFB,, 7,12-dimethylbenz[a]anthracene (DMBA),
DMN, and N-2-fluorenylacetamide (AAF) at 10 M all failed to do so.®
The repair of DNA damage was active in these cultures,®* and therefore,
it was suspected that a low level of activation might produce so little
interaction that it would be readily repaired without accumulating to a
degree producing sufficient breakage to be detectable. To examine this
possibility, the induction of breakage was studied in the presence of
chloroquine, an agent shown to inhibit DNA repair.?® With this addition,
all four procarcinogens produced DNA breakage.® This could result from
additive toxicity, since the addition of chloroquine, even after the removal
of carcinogen and with an interval for production of maximal DNA
damage, resulted in enhanced cell killing.?® But even so, it would indicate
carcinogen-induced toxicity. Thus, additional evidence was obtained for
the ability of these liver cultures to metabolize procarcinogens.
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Table 1—Agents Studied for Induction of DNA Repair in Primary Hepatocyte Cultures

Compounds Carcinogenicity* DNA repairt

Direct acting carcinogens
Methyl methanesulfonate - -
Methylazoxymethanol acetate - ~

Procarcinogens and analogs

Aflatoxin B, — -
Aflatoxin B, - ~
Afiatoxin G, . -~
Aflatoxin G, - -
N-2-Fluorenylacetamide - +
N-4-Fluorenylacetamide — -+

7.12-Dimethyibenz[a)lanthracene -~ -
Benz[a]anthracene - -
Anthracene - -

Dimethylnitrosamine - -~
Dimethylformamide - -

3'-Methyl-4-dimethylaminoazobenzene - -
4-Aminoazobenzene - -

* -~ = Definite, - = weak, — = noncarcinogenic.
1 DNA repair was determined by the autoradiographic measurement of unscheduled DNA
synthesis as in Williams.® -~ = positive, — = negative.

Primary Cultures

Because of the apparent low level of carcinogen-activating capability in
long-term cultures, primary cultures were developed 22 for such studies.
The activation of carcinogens was determined by their induction of DNA
repair as evidence of interaction with DNA.2® As in vivo, the level of
replication in the adult hepatocytes was low, being about 0.05 to 0.1% at
24 to 48 hours in culture.?*? This low level of replicative DNA svnthesis
made it possible to study autoradiographic DNA repair which is otherwise
obscured by replicative syvnthesis. Methvl methanesulfonate (MMS),
AFB,. and AFB, induced DNA repair.?* Since most chemical carcino-
gens in their ultimate reactive form are electrophilic reactants * which
interact with DNA %% inducing repair synthesis,?* this system with its
metabolic capability was suggested to be a possible screen for chemical
carcinogens.?* Subsequent studies * have shown that a number of car-
cinogens, including representatives of several classes involving different
pathwavs of metabolic activation, would induce DNA repair in the cul-
tures (Table 1). In view of these results and since liver has the enzyme
svstems involved in the metabolism of all known procarcinogens,* these
primary cultures have substantial potential as a screen for carcinogens. In
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addition, the primary cultures may also be used to study several aspects of
carcinogen metabolism and DNA damage and repair. Owens and Ne-
bert * have noted differences between the induction of aryl hydrocarbon
hydrozylase and cytochrome P;-450 in primary fetal rat liver cultures and
in adult liver, emphasizing the possibility that this might result in marked
differences in metabolic products of carcinogens. Bissell and Guzelian ¥
reported an 80% drop in cytochrome P-450 content of adult primary rat
liver cultures during the first 24 hours, but provided no data on viability.
The present system being derived from mature liver and remaining
nonproliferative should, in contrast to fetal cultures, yield carcinogen
metabolism more similar to that of the adult liver. In addition, the
maintenance of at least 80% viability for the first 24 hours in culture #
permits meaningful studies on carcinogen metabolism.

Liver Cultures as a Model for Epithelial Malignant Conversion
Carcinomas From Liver Cultures

The suggestion of Katsuta and Takaoka’ that liver cultures would
provide a model for epithelial carcinogenesis requires some consideration.
The hepatocyte is a glandular epithelial cell, but it is not a true epithelial
cell in the sense of those epithelia which cover external or internal
surfaces. An important difference is that hepatocytes do not mature into
permanently nondividing functional cells and, therefore, may not be an
appropriate cell type for studies on the mechanisms by which carcinogens
could interfere with maturation and cessation of replication. Nevertheless,
similarly to typical epithelial cells, hepatocytes appear to pass through a
series of stages in neoplastic development in vivo (see Williams *) and,
therefore, may represent a suitable model for epithelial carcinogenesis.
Liver cells in culture have behaved as epithelial-like cells,'s-** displaying
growth of closely adherent polygonal cells in mosaic-like sheets. Their
epithelial nature is further supported by the presence of tight cell junc-
tions and desmosomes.**** Therefore, such cultures may be used to
study neoplastic conversion of epithelial cells, but the applicability of the
findings depends upon whether neoplastic conversion results in neoplastic
cells capable of forming carcinomas upon inoculation into hosts. There are
numerous suggestive reports of this, but some of the documentation is
difficult to evaluate for a variety of reasons. Sato et al.* reported back-
transplantation of spontaneously transformed rat liver cell lines that pro-
duced mainly carcinosarcomas and, in the case of one line, carcinomas.
The latter unfortunately were not illustrated, except for a small metastatic
focus. Oshiro et al.*" also described a neoplastic liver line which formed
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carcinomas but which was not ever documented to be nonneoplastic by
inoculation into syngeneic hosts. Diamond et al.* have illustrated a poorly
differentiated intrahepatic carcinoma in a rat which received an intra-
peritoneal injection of spontaneously transformed liver cells. Namba et
al*® and Katsuta and Takaoka ’ reported carcinogen-induced malignant
transformation of rat liver lines and claimed to have obtained carcinomas
following inoculation of treated cells. Their illustrations of peritoneal
implants. however, show connective tissue stalks lined by small undiffe-
rentiated cells but fail to demonstrate either definitive glandular forma-
tions or characteristic epithelial nests of cohesive, tightly apposed cells
with substantial cyvtoplasms and prominent cell membranes. Ultrastruc-
tural study of one of these tumors *® also revealed no specific features of
epithelial cells. On the other hand, Williams et al.® found that inoculation
of carcinogen-treated liver lines produced poorly differentiated carci-
nomas and papillary and glandular adenocarcinomas. Similar results were
obtained by Montesano et al.'®*® using the same culture procedure. Thus,
there is definitive evidence that epithelial cell lines can be initiated from
rat liver and that these lines can be converted to carcinomatous cells.
Therefore. regardless of the hepatic epithelial cell of origin of such lines,
thev do provide a culture model for study of malignant conversion of
epithelial cells.

The Relation of Cultured Liver Epithelial Cells to Hepatocytes

If the knowledge of the effects of carcinogens on hepatocytes is to be
applied to cell culture and vice versa, then the cultured cells logically
should be derived from hepatocytes. Cultured liver epithelial cells were
found by Diamond et al.*® to form bile canaliculi and by Williams et al.*4
to possess a cyvtoplasmic morphology more similar to that of hepatocytes
than bile duct epithelia. In addition, individual hepatocytic functions
such as glucose-6-phosphatase,® tvrosine aminotransferase,® albumin,®'*
and a-2-globulin * secretion, and a-fetoglobulin synthesis ® have been
detected. Williams et al.** demonstrated that the histochemical profile of
13 enzymes in cultured liver cells was closer to that of hepatocytes than
any other cell type in the liver. Thus, the evidence is highly suggestive
that cells of this tyvpe are related to hepatocytes. Furthermore, no evidence
has been obtained that such cells are derived from any other progenitor.
The fact that. following neoplastic conversion of these cells, they have the
ability to form adenocarcinomas upon transplantation does not necessarily
indicate a bile duct origin.® The embrvologic differentiation of hepa-
tocyvtes into bile duct epithelium * accounts for the ability of neoplastic
hepatocytes to assume a ductular architecture. In conclusion, the current
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evidence favors hepatocytic origin of these liver cultures. However, it is
clear they are not representative of mature hepatocytes. The reason for
this may well lie in a dichotomy between continued proliferation in
culture and functional maturation.* Hepatocytes are normally non-
dividing, and it may be that the requirement of continued proliferation
results in phenotypic simplification or acts as a selective factor for a
subpopulation capable of proliferation but limited in its functional capac-
ity. It has been demonstrated that certain culture conditions will enhance
the phenotypic expression of rat liver cells * and hepatocellular carcinoma
cells.** Hopefully, such experiments will elucidate the factors involved in
determining the level of functional expression of cultured liver cells.
Functional hepatocytes in culture will, of course, be of great value for
the study of hepatocarcinogenesis and as a model for malignant con-
version of epithelial cells in culture. However, they may not be appropri-
ate models for studying the role of factors involved in carcinogenesis in
other epithelial tissues. For example, it is unlikely that they will be useful
for examining the hormone responses involved in neoplastic conversion in
hormone-sensitive tissues. Thus, it will be necessary to develop epithelial
cultures from organs of interest to examine the role of special factors.

Transformation of Cultured Rat Liver Cells

One of the difficulties encountered in carcinogenesis studies on rat liver
cell cultures is the lack of criteria for transformation. Several investigators
have indicated that there are no reliable morphologic features of transfor-
mation."** To the contrary, Williams et al.* observed definite morpho-
logic changes in four of five carcinogen-treated sublines before tumorige-
nicity was detected. The acquisition of an irregular outline of islands in
subconfluent cultures was emphasized, and piling up (although not prom-
inent in sublines in continuous culture) was marked after reculture of
tumors arising from inoculated sublines. Borek *2 and Borenfreund et al.'*
have also noted this piling-up. In order to use these epithelial lines to
study the pathogenesis of malignant conversion, it is necessary to develop
reliable quantitative essays of transformation. Therefore, we have been
studying the quantification of a variety of phenotypic properties in adult
rat liver lines during carcinogen treatment. The lines were initiated from
the primary cultures,** and interestingly, their morphology (Figure 1)
was identical to that of the newborn rat liver lines.** The adult lines were
exposed continuously to concentrations of 10 M of the carcinogens used
previously for malignant conversion and for the DNA breakage studies.
All sublines were subcultured synchronously and seeded at a constant
density. In a few cases, the carcinogens slowed the growth rates of
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exposed sublines such that they could not be maintained svnchronously
with their controls. After treatment intervals of 4 and 8 weeks, the
carcinogens were discontinued and the sublines were assessed for the
presence of various transformed properties.

Morphologically altered colonies appeared as early as 2 weeks (Figures
1 and 2) and persisted following removal of the carcinogens. These altered
colonies were composed of pleomorphic cells and displayed the same
irregular peripheral contour noted previously.® The colony-forming effi-
ciency in cell culture of treated sublines did not differ from that of
controls, about 10%.

As with other neoplastic lines, neoplastic and transformed liver cells
have been found to form colonies in soft agar '-'°4°5? This has always
been treated as a qualitative change usually with no precise criteria for the
definition of a colony. To quantify growth in agar we have adopted the
criterion of formation of eight cell colonies. This requirement necessitates
at least three rounds of cell division during the 9-day assav period and,
therefore, identifies cells capable of at least modest growth in agar. This
criterion adequately distinguished between normal rat liver lines, which
had little or no ability to grow in agar under our modified conditions
(Table 2), and carcinoma lines, in which a majority of cells could grow

Table 2—Growth of Liver Cells in Soft Agar*

Colony-forming efficiencyt

Duration (°/o)
in culture Times
Line (mons) tested Average Range
Normal
ARL 6 40 4 0.8 0.1-1.7
ARL 12 12 1 0
ARL 14 5 1 0
ARL 15 5 1 0
ARL 16 3 2 0
ARL 17 4 2 4.7 3.6-5.7
Carcinoma
HTC >24 10 73.6 52.8-90.1
RH 35 >24 3 55.8 33.0-68.3
NDI-RHCI 12 1 58.4

* Cells were seeded in an overlay composed of 0.36% agar and 20% FBS in WE on top
of an underlay containing 0.5% agar and 20% FBS in WE. The number of clumps of
colony size was immediately counted for subtraction in determining colony formation. The
overlay was fed 0.5 ml serum-free WE on Days 3 and 6, and the colonies were counted
on Day 9.

1 An aggregate of eight cells or greater was considered to be a colony, since this number
would result from a minimum of three rounds of cell division during the assay interval.
Therefore, the colony-forming efficiency was (No. of colonies on Day 9 — No. of aggregates
on Day 0)/No. of viable cells seeded x 100.
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Table 3—Colony-Forming Efficiency in Soft Agar Following Carcinogen Treatment”

Interval of treatment Interval of treatment
of ARL 6 line of ARL 14 line
Treatment 4 wks 8 wks 4 wks 8 wks

Stock (untreated) 1.7 0.0 1.8 —
Control (DMSO) 1.5 0.1 0.0 0.0
AFB, 3.5 2.6 3.8 4.1
DMBA 0.5 11 0.0 0.0
DMN 0.0 4.7 0.0 0.0
AAF 0.8 1.0 0.0 0.0
Positive control HTC 711 52.8 68.3 101.0

* Four or eight weeks at 10* M of carcinogens and 0.1% DMSO.

(Table 2). The growth potential in agar of these normal lines and experi-
mentally treated cells was always tested in conjunction with a carcinoma
line as a positive control. Treatment with AFB, consistantly produced an
increase in colony-forming cells (Table 3), and DMN appeared to do so in
one experiment.

Concanavalin A (con A) agglutination has been suggested to be a
reliable marker for neoplastic hepatocytes in tito * and in culture % We
have found that rat liver cells dissociated either with or without collage-
nase were agglutinable with con A *® in agreement with Kapeller and
Doljanski,*® but at variance with the findings of Becker * on liver cells
prepared in a different manner. Also, cultured liver cells were aggluti-
nable (Table 4) as Borek et al** reported. However, Katsuta and Ta-

Table 4—Concanavalin A Agglutination of Normal and Carcinoma Liver Lines*

Average percent agglutinationt

Line Times tested Con A alonet Con A plus MMP%
Normal

ARL 6 3 70 =14 6

ARL 12 1 55 0

ARL 14 1 48 0

ARL 15 1 73 0
Carcinoma

HTC 3 31 =10 6

RH35 3 47 = 14 0

NDI-RHCI 2 61 13

* Cells were harvested with 0.5 mM EGTA in Ca?~ Mg2*-free Hank's balanced salt
solution. A 1 ml agglutination mixture containing 0 to 60 ug con A and 0.5 X 10° cells
was gently agitated for 15 minutes. An aliquot was counted in a hemocytometer for the
number of unagglutinated single cells and the degree of clumping (1 to 4+). The number
of unagglutinated cells was used to calculate the percent agglutination.

1 (No. single cells 0 ug per ml con A — No. single cells 60 ug per ml con A)/No. single
cells 0 ug per ml con A X 100.

$ Con A at 60 ug/ml was the highest concentration used. Methyl-a-D-mannopyranoside
at10~2 M was used as a specific inhibitor of con A-mediated agglutination.
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kaoka” and Roth et al*® were unable to agglutinate normal lines. The
basis for this difference in findings on the agglutinability of normal cells is
unclear, but it has been established that liver cells have con A recep-
tors ***" and are, therefore, potentially agglutinable. The demonstration
of agglutination in the present cells may be due to the methods of
maintaining and handling the cells. For example, Borek et al.** stated that
vitamin A treatment would increase agglutinability. Vitamin A is present
in the medium WE * that was used in these studies.

There was no increase in the con A agglutination of carcinogen-treated
cells at 4 or 8 weeks. However, the agglutinability of hepatocellular
carcinoma lines was generally lower than that of the control epithelial-like
lines (Table 4). It has been repeatedly confirmed that the carcinoma lines
which grew regularly in agar with efficiencies of 50 to 90% were less
agglutinable than control lines which, at best, had a colony-forming
efficiency in agar of 5.7% (Table 2). Therefore, high con A agglutinability
was neither a feature of malignant hepatocytes nor a sensitive marker for
transformation of liver epithelial cells. Although these results differ from
other observations on liver cells systems,-** they are similar to the finding
of Glimelius et al*® that in a human lymphoid cell system there was no
systematic correlation between the neoplastic state and sensitivity to con
Al

Another change which was studied following carcinogen treatment was
the frequency of 8-azaguanine-resistant mutants (AG") (Table 5). This
mutation results in a deficiency of hypoxanthine-guanine phosphoribo-
svltransferase and thereby prevents mutant cells from incorporating the
toxic purine analog. The rat liver epithelial cells were quite sensitive to 8-
azaguanine. but interestingly, rat liver fibroblasts were completely resist-

Table 5—Frequency of 8-Azaguanine-Resistant Mutants in a Rat Liver Line Following
Carcinogen Treatment*

Number of AG " cells/ 10% colony-forming cellst

Treatment ARL 6 ARL 14
None (stock ARL 6) 53 147
DMSO (Control) 108 0
AFB, 148 1320
DMBA 75 0
DMN 153 0
AAF 268 —

* Eight weeks at 10 *M of carcinogens and 0.1% DMSO.

1 Cells were seeded at 10* cells/sq cm; 60 ug/mi 8-azaguanine in WE was started 1 day
after inoculation and refed every 2 days. At 12 days, the cultures were fixed and stained
for counting visible 8-azaguanine-resistant (AG") colonies. The percentage of colony-
forming cells was measured by inoculating flasks at 20 cells/sq cm in WE containing 10%
FBS.
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ant.*® In our epithelial lines, there were up to 150 AG" cells/10° colony-
forming cells. With carcinogen treatment, this level was increased by
AFB, DMN, and AAF. Since there are always spontaneous mutants in
these and other lines, such a result could be due to selection of pre-
existing mutants or the induction of new mutants. Regardless, it clearly
indicates an effect of the carcinogens which was not random, since it
always involved an increase in AGT cells by carcinogens. Therefore, it
seems hopeful that this property may be used to study the effects of
carcinogens on rat liver cells.

In summary: These studies have confirmed the induction of morpho-
logic changes by carcinogens and have established an association with
other phenotypic changes. But it remains to be demostrated that the
quantity of morphologically altered cells corresponds to the level of other
quantified changes and that the morphologically altered cells are, in fact,
neoplastic. The testing of clonal isolates will be required to establish the
latter correlation. Nevertheless, the inducibility of quantifiable phenoty-
pic changes offers some opportunities for the study of mechanisms of
carcinogenesis.

Relation of Carcinogen Effects to Cell Cycle Sensitivity

There is considerable evidence that carcinogens induce a greater onco-
genic response in dividing cells than in nondividing cells.®-®! In particu-
lar, liver cells stimulated to proliferate are more suspectible to malignant
conversion than resting liver cells.®* Whether this is due to a require-
ment of cell division to fix a mutation or reflects a sensitivity of certain
phases of the cell cvcle can only be resolved by cell cycle studies. Cell
culture studies have vielded conflicting suggestions that maximal sensi-
tivity to transformation may occur in the late G,* or S*” phases. The
sensitivity of the liver epithelial cells to mutagenesis was studied using a
procedure for minimizing and enriching cells in DNA synthesis which did
not involve metabolic inhibition. Cultures rendered quiescent by 1%
serum feeding contained only 20% of cells in DNA synthesis.®® Stimula-
tion of such cultures with medium containing 10% FBS resulted in an
increase at 13 hours to over 50% of the cells in DNA synthesis. Treatment
of paired quiescent controls in which cells were distributed in G, and early
G, (not shown) and stimulated cultures with a 20-minute pulse of 3 mM
MMS produced greater cell killing in the stimulated controls and a higher
level of mutagenesis (Table 6). This suggests that during DNA synthesis
in the S phase there is both greater sensitivity to the toxic action of
carcinogens and increased susceptibility to their mutagenic effects. This
finding complements that of Marquardt *” of enhanced transformation in
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Table 6—8-Azaguanine-Resistant Liver Cells Following Carcinogen Treatment* of Cultures
With High and Low Levels of DNA Synthesis

Percentcells in S phase Colony-forming efficiency AG'cells/10° treated

Culture during treatment following treatment colony-forming cellst
Quiescent 18 9.5% 32
Stimulated 53 4.4% 330

* Methyl methanesulfonate at 3 mM for 20 minutes.
1 Determined as described in Table 5.

the S phase. However, Bertram and Heidelberger ® have reported that
late G, was the phase most susceptible to oncogenic effects of carcinogens.
The ultimate goal of identifving cell cvcle differences is to relate the
observed differences to the induction of a molecular event. It still remains
to be determined to what molecular event (e.g., the degree or tvpe of
damage inflicted or the lack of opportunity to repair it) the observed
results were due. If this can be determined, apparent discrepancies will be
resolved.

Conclusions

Results from a number of laboratories indicate that rat liver epithelial
cultures offer special properties for the study of chemical carcinogenesis
and that the study of neoplastic conversion in these cultures will have
relevance to the problem of epithelial carcinogenesis.
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Figure 1—Control subline (ARL 14) after 2 weeks of exposure to 0.1%
DMSO. The epithelial cells are tightly adherent in islands with smooth
outlines. (Phase contrast, X 100) Figure 2—AFB, subline (ARL 14)
after 2 weeks of exposure to AFB,, at 10¢ M. The cells are pleo-
morphic and nonadherent and islands no longer have a smooth con-
tour. (Phase contrast, X 100)
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