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ABSTRACT

The growth and reproduction complex (grc~) strains of rats have a

70-kilobase deletion in the major histocompatibility complex (MHQ-

linked grc-GIC region that is associated with embryonic death, develop
mental defects, and an increased susceptibility to chemical carcinogens. To
study further the effects associated with the deletion, fibroblastic cell lines
from grc~, grc*, and grc*'~ rat embryos were developed: BIL-derived cell

lines are congenie for the MHC and grc, whereas R16-derived cell lines are

congenie for the grc alone. In early passages, all cell lines expressed the
MHC class I antigen RT1.A, had a diploid chromosome number, and did
not display anchorage-independent growth or in vivo tumorigenicity. The
grc~ cells [median population doubling time (PDT), 47 h] grew more
slowly than the grc* (PDT, 30.5 h) and grc*1- (PDT, 33 h) cells. All cells

underwent crisis, but the crisis stage began earlier and lasted longer in the
grc~ cells. The established grc~ cell lines (PDT, 32.5 h) grew faster than the
grc* (PDT, 48.5 h) and grc*'~ (PDT, 54 h) cell lines. Two of the three
BIL-derived grc~ lines that survived crisis became anchorage independent

in tissue culture and tumorigenic in histocompatible Fl rats (highly ma
lignant fibrosarcomas) at passages 33 and 48, respectively; by contrast,
none of the R16-derived grc~ cell lines transformed. None of 8 grc* or 8
grc*'~ cell lines that survived crisis displayed anchorage-independent

growth or tumorigenicity under the same conditions up to passage 50. All
of the established cell lines, including the two tumorigenic ones, expressed
MHC class I antigens. Southern and Northern blot analyses of BIL-

derived cell lines before and after crisis showed that they all constitutively
expressed ][-;Â«â€¢>and Kb and that no cell line showed rearrangement,
amplification, or overexpression of c-myc, H-ras, K-ras, Rb, and p53 either

before or after crisis. These observations indicate that: (a) the homozygous
grc' deletion is necessary but not sufficient for in vitro transformation; (b)

another genetic factor(s) required for transformation is linked to, or pos
sibly in, the MHC; and (c) passage through crisis, spontaneous transfor
mation, or carcinogen treatment does not alter the cellular expression of
MHC class I antigens or of several oncogenes and tumor suppressor genes.

INTRODUCTION

Studies in humans and in animals have shown that neoplastic trans
formation is a multistep process (1-6) involving dominantly acting
cellular oncogenes (7-10) and recessively acting tumor suppressor

genes (1, 2, 8, 11, 12). The development of the neoplastic phenotype
in cell culture systems Â¡salso a progressive multistage process (4) as
shown by in vitro multistage chemical carcinogenesis studies (13-16)

and by in vitro cell transfection studies using oncogenes or oncogenic
viruses (5).

Rodent primary embryonic fibroblast cells are normal diploid cells
that, after a variable number of divisions in vitro, enter a crisis phase
where cell growth ceases or greatly declines. By serial passage in
vitro, permanent cell lines can be established from the cells that
survive crisis (17-20). The established cell lines have presumably

developed a preneoplastic phenotype, and they can be further trans
formed by chemical, physical, or viral agents (5, 21). Immortalization
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and malignant transformation of primary rat embryonic fibroblast
cells can also be achieved by transfection with one or more onco
genes, respectively (5).

The grc3 in the rat is a group of genes closely linked to the MHC

(22, 23). Inbred and recombinant strains with deletions of approxi
mately 70 kilobases in this region (grc~) (24, 25) have a variety of

abnormalities: embryonic death (30% of homozygous offspring); de
velopmental defects (decreased body size); fertility defects (male ste
rility and reduced female fertility); and increased susceptibility to
chemical carcinogens (26-28). We propose that the grc~ strains have

lost the genes that play an important role in maintaining normal
cellular growth and development and that some of these genes may
have the properties of tumor suppressor genes.

In the present study, two sets of embryonic fibroblast cell lines have
been developed from strains congenie for the MHC + grc or for the
grc alone in order to define their growth characteristics, to gain some
insight into the genetic basis of transformation in vitro compared to in
vivo, to study their responses to chemical carcinogens, and to examine
their expression of MHC class I antigens and of some prototypic
oncogenes and tumor suppressor genes.

MATERIALS AND METHODS

Animals. The rats were from our colony in the Department of Pathology,
University of Pittsburgh (Table 1), and their derivation has been described in
detail (28). The BIL/1 and BIL/2 strains differ at both the MHC and the grc,
and all have the same non-MHC genes (from the BIL strain). The R16, R33,

and R34 cell lines differ only in the grc, or a part thereof, and all have the same
non-MHC genes (from the ACP strain). All of the strains are monitored with
allele-specific monoclonal antibodies (29, 30).

Preparation and Characterization of Cultures. To obtain grc~ and grc+l~
embryos, grc~ females were mated with heterozygous males. The grc~ embryos

could be differentiated from their heterozygous littermates by measuring their
body length (the grc" embryos are smaller) and, thereafter, by phenotyping the

MHC of the embryonic cell lines using flow cytometry. The grc* embryos
were obtained by mating grc* animals. Embryos of 20-day gestation were

obtained from anesthetized females under sterile conditions, decapitated, and
eviscerated; the remaining carcass was minced finely with scalpels in Petri
dishes. The tissue pieces were resuspended in Dulbecco's modified Eagle's

medium (G1BCO, Grand Island, NY) supplemented with 10% NCS (GIBCO),
L-glutamine, vitamins, penicillin G, streptomycin, and amphotericin B (GIB-

CO) and seeded in T75 flasks (Corning Glass Co., Corning, NY). Examination
of cell growth in different serum concentrations (data not shown) led to the
selection of 10% NCS as optimal. The cells were incubated at 37Â°Cin a

humidified incubator with 10% C02, and the medium was changed every 3 to

4 days. When they reached confluence, the cells were trypsinized (0.05%
trypsin/0.53 mM EDTA, GIBCO) and passaged regularly at a reseeding density
of 3 X IO6 cells/T75 flask. Both the passage number and the number of

population doublings (number of generations) were recorded. The cells were
checked by mycoplasma agar plates (GIBCO), and no mycoplasma contami
nation was found. They were phenotyped with biotinylated, allele-specific
monoclonal antibodies using the avidin-fluorescein isothiocyanate method and
flow cytometry (Epics flow cytometer; Coulter Co., Hialeah, FL). The mon-

3 The abbreviations used are: MHC. major histocompatibility complex; grc, the growth

and reproduction complex; Rb, retinoblastoma; NCS, newborn calf serum; mAb, mono
clonal antibody; PDT, population doubling time; DMSO, dimethyl sulfoxide; MNNG,
W-methyl-W-nitro-W-nitrosoguanidine: DMBA, 7,12-dimethylbenzanthracene; RFLP, re

striction fragment length polymorphism.
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CELLS FROM grc CONGENIC RATS

Table 1 Genotypes of inbred and recombinant rat strains used in ihis study0

RTlspecificitiesStrainBILBIL/l''BIL/2rRI6R33R34Al/n1naaaBI/a1aaaaDI/a1aaaaE

grc-lu

-/+_H

+-U

++derived

celllinesl/n1/1afaR16R33R34

" The derivation of the animals that provided the cell lines is given in Ref. 28. All

strains are inbred in excess of F20.
h I/I segregan! from the BIL X BIL intercross.
rn/n segregan! from the BIL X BIL intercross.

oclonal antibodies used were mAb 42 (anti-RTl.A"), mAb 163 (anti-RTl.A1),
mAb 211 (anti-RTl.Aa), and mAb 70 (anti-RTl.E") (30).

Growth curves (31) were constructed by using cells seeded into 24-well
plates at 3 X 1()4 cells/well for early passage cells or 2 X IO4 cells/well for

permanent cell lines. The average cell density was plotted on a log scale against
time on a linear scale, and the PDT was calculated using a segment of the
growth curve where the cells were in exponential growth according to the
equation:

PDT = Log (AVA1,)

where l is time in hours, XÂ¡is cell number on one of the first few days, and X2
is cell number on one of the later days. The effect of serum concentration on
the PDT was tested in medium containing six different concentrations of NCS
(0, 2.5, 5, 10, 15, 20%). Plating efficiencies (number of colonies/number of
cells seeded) were determined by seeding cells into 85-mm Petri dishes at low
densities (103-104/dish) and incubating them for 10 to 14 days. Following

fixation in absolute methanol and staining with Giemsa, colonies containing 32
or more cells were counted. Finally, karyotyping (32) was done on cells in the
log phase of growth that were treated with 0.5 n-g/ml Colcemid (GIBCO) for
1â€”3h (depending on the growth rate of the cell line). Chromosomes in at least

20 metaphases/sample were counted, and the gross chromosomal morphology
was examined.

Tumorigenicity Assays. Growth in soft agar (33) was performed using 2 x
IO4 trypsinized, viable cells that were suspended in 2 ml of 0.3% Bacto Agar
(Difco, Detroit, MI) dissolved in Dulbecco's modified Eagle's medium con

taining 20% NCS. The cell suspension was layered on 1.5 ml of 0.5% agar
dissolved in the same medium in 6-wcll plates. After 30 days, the sizes of the

colonies were measured microscopically using a micrometer.
The in vivo tumorigenicity of the cell lines (34) was tested by s.c. injection

of 10h viable cells in 0.2 ml each into the interscapular region and into both

flanks of 1-month-old, histocompatible rats: the 1/1, n/n, and l/n cells were

injected into BIL rats; the R16, R34, and R16/R34 cells were injected into(R16
X R34)F1 hybrid rats; and the R33 cells were injected into (R16 X R33JF1
hybrid rats. The inocula were always checked for viability by parallel growth
in vitro. The animals were followed for 3 months, and the times at which
tumors appeared were recorded. The tumors were removed aseptically, mea
sured, and fixed in 10% buffered formalin for light microscopy and in 2.5%
gluteraldehyde for electron microscopy.

Carcinogenicity Studies. The carcinogens were MNNG and DMBA (Sig
ma Chemical Co., St. Louis, MO) dissolved in cell-culture-grade DMSO

(GIBCO). Their cytotoxicity was tested to establish the optimal experimental
conditions. Twenty-four h after seeding, the medium was replaced by fresh

medium containing the carcinogen at 6 different concentrations (0.1, 0.315,
1.0, 3.15, 10.0, 31.5 fig/ml); the concentration of DMSO used to dissolve the
carcinogens was always less than 0.86%. Controls performed in parallel were
the DMSO solvent only (0.86%) and the culture medium only. The cells at
37Â°Cin 10% CO2 were exposed to MNNG for 24 h or exposed to DMBA for

72 h. Three days after treatment, the cells were trypsinizcd and counted, and
the relative survivals (survival as a percentage of solvent control) were plotted
against the concentrations of the carcinogen on a log scale. The optimal
concentrations for MNNG and DMBA were 1.0 and 3.15 fig/ml, respectively,
and these concentrations were used in the multiple treatment regimen.

For testing the effects of the carcinogens on all of the different cell lines, the
cells were seeded into 6-well plates at a density of 1.5-3 X 10s cells/well for

early passage cells or 3 x IO4 cells/well for established cell lines. Twenty-four

h after seeding, the cells were exposed to MNNG for 24 h or exposed to DMBA
for 72 h; thereafter, the medium was changed. For multiple treatments, the cells
were allowed to recover from carcinogen-induced toxicity following each

exposure, during which time only the medium was changed. When the cells
reached confluence again, they were passaged and treated until five cycles of
treatment were performed. The growth characteristics (growth curves, popu
lation doubling time, and scrum dependence), MHC antigen expression, and
anchorage-independent growth were evaluated at 14â€”18passages after carcin

ogen treatment.
Morphological Studies. For light microscopic examination, the tumors

were fixed in 10% buffered formalin, processed for paraffin embedding, and
stained with hematoxylin and eosin, Masson's Irichrome, reticulin stain, or

periodic acid-Schiff with and without diastase digestion. Immunohistochemi-

cal staining for desmin and vimentin was performed using the peroxidase
anti-peroxidase technique (Vectastatin Elite ABC kits; Vector Laboratories,
Burlingame, CA). For electron microscopic studies, 1-mnv1 sections of tumor

tissue were cut, fixed in 2.5% glutaraldehyde at pH 7.4, embedded in epoxy
resin, and stained with uranyl acetate and lead citrate.

Tissue culture cells were collected using a Cytospin 2 instrument (Shandon
Inc., Pittsburgh, PA), and for light microscopic examination, they were air-

dried and stained with toluidinc blue. For electron microscopic examination,
the cultured cells were centrifuged at 1000 rpm and resuspended in 2.5%
glutaraldehyde. Following 1 h fixation, the tube was centrifuged, the fixative
was removed, and the cells were resuspended in a 2% solution of Difco
Bacto-agar in 0.1 Msodium cacodylate buffer at 1()0Â°C.The resuspended cells

were immediately centrifuged and allowed to cool until the agar solidified. The
plastic microfuge tube was cut with a razor blade; and the pellet was removed,
placed in cacodylate buffer, and processed as a tissue block and stained with
uranyl acetate and lead citrate.

Molecular Analyses. In order to determine whether the expression of MHC
genes and of various oncogenes and tumor suppressor genes was altered in any
of the cell lines both before and after crisis, genomic DNA from the various cell
lines was extracted by the procedure of Kunnath and Locker (35) and total
RNA was isolated from cultured cells using RNAzol (Cinna/Biotecs Labora
tories, Houston, TX). The EcoRI-digested genomic DNA was analyzed as

described previously (36). The total RNA (10 /ng) was electrophoresed on a
1.5% agarose gel containing 6% formaldehyde and blotted onto a nitrocellu
lose membrane. The probes labeled by random priming using an oligolabeling
kit (Pharmacia, Piscataway, NJ) were hybridized as described previously (36).
They were: 5'pMK, a 230 nucleotide probe derived from a rat 77,-likc gene

(36); a rat tumor necrosis factor a probe4; pAG64c, a general mouse MHC

class I probe (gift of Dr. Peter Rigby); a human K-ra.s probe (American Type
Culture Collection, Rockville, MD); and mouse c-myc, H-ras, p53, and Rb

complementary DNA probes (gifts of Dr. Benito Lombardi).
Nomenclature of Cell Lines. Each cell line came from a single embryo

and was given the name of the strain from which it was derived (Table 1). This
name is followed by specific descriptors: the serial number in parentheses to
denote uniquely the line; and the passage number of that line denoted by p. If
the cell line was treated with a carcinogen, the first letter of the carcinogen used
comes after the passage number at which the line was treated, and this is
followed, in turn, by a passage number indicating the number of passages of
the carcinogen-treated cells at their time of use.

Statistics. The unpaired, two-tailed Mann Whitney U-test was used to

compare population doubling times and plating efficiencies. P < 0.01 was
taken as the level of significance.

RESULTS

Cell Growth and Characterization before Crisis. In primary
culture, the cells began to grow on day 2 and reached confluence
around day 7; they were maintained by serial passage thereafter. All
cells in early passages were fibroblastic and flat and there was no
difference between grc~ and grc+ cells by phase-contrast microscopy
(Fig. I, A and C). The plating efficiencies were: grc" cells; 1.6%;grc+
cells; 4.1%; and grc+'~ cells, 3.2% (P > 0.2). The grc~ cell lines grew

4 Kirisits et al., unpublished results.
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CELLS FROM grc CONGENIC RATS

Fig. 1. Phase-contrast microscopy of BIL rat
embryonic fihrohlasts (A-D). A, grc+ cell line n/n-

(16) before crisis showing normal fibroblastic mor
phology. B, the same cell line as in A, but after
crisis; it maintains its fibroblastic morphology. C,
grc' cell line 1/1(5) before crisis, showing normal

fibroblastic morphology. D, the same cell line as in
C but after crisis, showing transformed morphol
ogy. Toluidine blue staining of Irypsinized cell lines
(Â£,F) shows that the grc+ cells n/n(16)p31 are
adhesive and in close contact (Â£),whereas the grc~

cells l/l(5)p45 are not (f ); X 100.

T/]KÂ¿e:'â€¢-...;

\tÃ¯*tfrÂ£&Sm

', y

il ;Y.->
i Xi^ sfrfZfr

more slowly (PDT, 47 h) than did the grc+ (PDT, 31 h) or grc+/~

(PDT, 33 h) cell lines (P < 0.002); all cell lines had a modal chro
mosome number of 42; and none of the lines displayed anchorage-

independent growth or in vivo tumorigenesis (Table 2). All cell lines
expressed the MHC class I antigen RT1.A, but RT1.E was not ex
pressed (Table 3).

Crisis Stage. Crisis was manifested in all cell lines by slowed
growth, change in shape to very large and flat cells, and death of some
cells. The grc' cells, which were passaged every 4-7 days at a split

ratio of 1:2, entered crisis at median passage number 10.5 (Table 2).
During crisis, these cells grew extremely slowly and took 2 or 3 weeks
to reach confluence. After a 2-3-month period, they came out of the
crisis stage at median passage number 20.5. The grc+ and grc+'~ cells,

which were growing faster and were passaged twice a week at a split
ratio of 1:3 or 1:4, entered crisis later than the grc~ cells: at median

passage number 14.5 and 15.0, respectively (P < 0.001). The mor
phological changes during crisis were less severe than in the grc~

lines. During crisis, the cells were passaged every 7-10 days, and both
grc+ and grc^'~ lines came out of crisis in 4â€”6weeks at median
passage number 21, which was the same as the grc~ cells (P > 0.6).

Cell Growth and Characterization after Crisis. The number of
cell lines that survived crisis varied: 3/5 1/1;3/5 n/n; 4/6 1/n; 3/3 R16;
2/2 R33; 3/3 R34; 1/1 R16(a/n); 3/3 R16/R34. The plating efficiencies
were 13.5% for the grc~ lines and 7.4 and 7.8%, respectively, for the
grc+ and grc+'~ lines; they did not differ significantly from those
before crisis (P > 0.03). The grc~ lines grew much faster (PDT, 32.5
h) than the grc+ (PDT, 48.5 h) and grc+>' (PDT, 54 h) lines (P <

0.002), which is the reverse of the situation before crisis, and showed

variation in chromosome number (Table 2). In addition, the grc lines
needed less serum than the grc* and grc+'~ lines: they grew optimally
in 2.5% NCS, whereas the grc+ and grc+'~ lines still required 10%

NCS for optimal growth (data not shown). Two of the three 1/1lines
that survived crisis underwent spontaneous malignant transformation,
as shown by loss of contact inhibition and rounded morphology,
whereas none of the n/n or 1/n lines transformed (Fig. l, B and D). The
n/n(16) cells grew in cohesive clusters, were polygonal, and had a
small nucleus with a prominent nucleolus and a low nucleancytoplas-

mic ratio (Fig. IE). By contrast, the 1/1(5) cells grew as single cells
without contact inhibition; they were polygonal, had a large nucleus
with prominent nucleoli, were occasionally binucleate, and had a high
nuclear:cytoplasmic ratio (Fig. IF).

The n/n(16) cell line remained morphologically similar by electron
microscopy before (p7) and after (p33) crisis (Fig. 2, A and B). The
cytoplasm was abundant and had much dilated rough endoplasmic
reticulum. The cells grew in close contact, but no intercellular junc
tions were seen. The 1/1(4) cell line was examined before (p30) and
after (p54) transformation. Before transformation, the cells were sim
ilar to the n/n strain (Fig. 2C). After transformation, the cells devel
oped morphologically malignant characteristics: a large irregular nu
cleus; prominent nucleolus; a high nuclear:cytoplasmic ratio; and
numerous cilia on the cell membrane (Fig. 2D).

All the established cell lines were tested for anchorage-independent

growth and in vivo tumorigenesis up to passage number 50. Anchor
age-independent growth and in vivo tumorigenesis developed in two

of three 1/1cell lines (1/1(5) at passage 34 and 1/1(4)at passage 48) but
not in the three n/n or the four 1/n cell lines (Table 2). The cloning
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CELLS FROM grc CONGEN1C RATS

Table 2 Cell lines established and their growth characteristics

Population
doubling

RT1 specificities time (h)Passage
no.

(generation no.)Modal chromosome no.Anchorage-
independent

growthIn
vivo

tumorigenesisAfter

crisisCell

line"1/1

(4)1/1
(5)1/1
(30)R16(13)R16

(14)R16
(15)n/n

(16)n/n
(17)n/n
(33)R33
(8)R33
(9)R34
(19)R34
(20)R34(21)1/n

(1)1/n
(7)1/n
(27)1/n
(36)R16(a/n)(12)''R16/R34(24)R16/R34

(25)R16/R34
(26)Beforecrisis

A E grc(p3-5)fc/

- -474350a

- -465147n

u +313031a

u +3028a

+322933II

n -lu -/+323330a/n

-lu -1+34a
- -/+ 323437Aftercrisis

(p24-32)332641323(13442455451525935465854603743455654Beginningofcrisis'711(11)11(11)10(11)9(10)11(12)9(10)13(13)14(16)13(17)15(16)15

(22)17(20)14(15)15(16)15(15)12(12)14(21)17(20)15(18)15(16)13(14)15(16)End

of
crisis'20

(20)22(22)21

(23)20(21)22

(22)20(21)20

(20)21
(23)20(25)23

(28)24
(29)19
(22)21
(24)26(34)22

(22)19(19)23(31)26

(30)23
(26)18
(20)20(22)19(2(1)Beforecrisis

(p5-9)424242424242424242424242424242No.(passage)64

(P32)42
(p27)44

(p23)41
(p22)43
(p24)42

(P29)42
(p32)52
(p29)42
(p28)42
(p26)42
(p25)42
(p26)42
(p26)42(p31)42(p31)42

(p27)54
(p25)42(p22)45

(p25)%

inmode526550394870734070907585801005090757085Beforecrisis
(p7-14)000000000Aftercrisis(passage)+

(p45)+
(p33)()(P56)(1

(p49)0(p51)(1

(p52)0

(p54)(1
(p56)(1
(P53)0
(p46)(1
(p52)0
(p50)(1
(p50)0
(P49)0

(P57)(I(p51)(1

(p54)0
(P54)0
(p50)(1
(p53)0(p50)0(p46)BetÃ¶recrisis

(p2-6)000I)0000000Aftercrisis(passage)+

(p48)''+
(p34)''0

(p56)0(p48).0

(p53)0(p51)0(p50)()(P50)0(p54)0(p55)(1

(p55)0
(p50)OÃ„49)Â»

(P52)0

(p52)0
(p48)0
(p49)0
(P48)0
(p50)0
(p54)0(p53)0(p51)

" By phase contrast microscopy, the cells were all fibroblasts.
h p, passage number.
c Sixty % of BIL-derived cell lines and 100% of R16-derived cell lines survived crisis.
'' Fibrosarcoma. Each of the three injection sites measured approximately 50 X 30 X 30 mm at days 18-21 after injection into B1L rats. Maximal growth of I/I (4) occurred in 42

days and that of I/I (5), in 20 days.
*'Heterozygous male used to propagate the R16 strain (see "Materials and Methods").

Table 3 Expression of MHC class l anlief n RTÃŽ.Abefore and after crisis"'1

PercentageexpressionCell

line1/1(4)I/I

(5)I/I
(30)R16(13)R16(14)R16(15)n/n

(16)n/n
(17)n/n
(33)R33
(8)R33
(9)R34
(19)R34
(20)R34
(21)l/n(l)1/n

(7)1/n

(27)1/n

(36)R16(a/n)(12)R16/34

(24)R
16/34(25)R
16/34 (26)RTI.A

mAbi

163a

211n

42a

211a

211Un

16342163421634216342a/n

21142ala

211Before

crisis57466339334279868222204530475060455857706167848537061Aftercrisis549075876762682493783278469792874943808346402578394242

" Two I/I, two n/n, and two 1/n cell lines did not survive the crisis phase.
h mAb 70 (anti-Eu) did not react with any RTI.E" cell lines.

efficiency in soft agar was 10% for the 1/1(4)line and 20% for the 1/1(5)
line. The tumors Â¡nthe histocompatible BIL strain following injection
with the 1/1(4)or 1/1(5)cell lines grew very rapidly to approximately 50
X 30 X 30 mm: in 20 days for 1/1(5) and in 42 days for 1/1(4).They
were extremely aggressive fibrosarcomas that consisted mainly of
spindle cells with irregular nuclei and prominent nucleoli. The mitotic
activity was high (>5 mitoses/high power field), but no mÃ©tastases
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were found. Collagen was identified using the trichrome and reticulin
stains, and intracellular glycogen was identified by the PAS stain.
Immunohistochemical staining for desmin was negative, ruling out a
smooth muscle origin for the tumor.

None of the R16-derived cell lines developed anchorage-indepen

dent growth or in vivo tumorigenesis. All three types of established
cell lines, including the two tumorigenic lines, expressed the MHC
class I antigen RTI.A but not RTI.E (Table 3). Cell lines derived from
tumor expiants also strongly expressed RTI.A (92% positive for 1/1-
(4)-derived tumor cell line and 86% positive for 1/1(5(-derived tumor

cell line). No class II antigens were expressed by these fibroblastic
cell lines (data not shown).

Treatment with Chemical Carcinogens. Treatment of both early-
passage (p5-7) and established (p30, p31) cell lines with MNNG or

with DMBA resulted in an increasing toxicity from 0.1 to 32 fig/ml.
The survival curves of the grc~, grc+, and grc+/~ cells were similar,

but the early passage cells (before crisis) did not survive carcinogen
treatment (data not shown). In order to determine whether the growth
patterns of the various established cell lines could be altered such that
they would progress to the next stage of malignancy, cell lines 1/1(4),
1/1(5),n/n(16), n/n(17), R16(13), R16(15), R34(19), R16/R34(24), and
R16/R34(26) after crisis were treated with MNNG or DMBA, and
their population doubling times, anchorage-independent growth, and

colony size in soft agar were measured. Five serial treatments were
given because it has been reported that the expression of transformed
phenotypes often requires repeated exposure to chemical carcinogens
(37), and the doses of carcinogen used, 1.0 and 3.15 |u.g/ml for both
MNNG and DMBA, were based on the cell survival curves. The
carcinogen treatment did not significantly affect the population dou
bling time, growth in different concentrations of serum (data not
shown), or the expression of MHC class I antigens (Table 4). The 1/1(5)
line, which already displayed anchorage-independent growth, formed

much larger colonies in soft agar after carcinogen treatment, however
(Fig. 3). There was no change in morphology of the cultured cells after
carcinogen treatment by light and electron microscopy.
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Fig. 2. Electron micrographs of cell lines exam
ined before and after crisis. A, grc+ line n/n(16)p7

before crisis. The nuclei are small, the cytoplasm
contains relatively few organdÃes, and very few
villi project from the cell surface. B. The grc+ line

n/n(16)p33 after crisis. The nuclei are large, irreg
ular, and have prominent nucleoli; and the cyto
plasm has abundant organdÃes. C, grc' line 1/1(4)-

p30 after crisis but before transformation. Their
morphology is similar to the n/n(16) cell line in B.
D, grc~ line l/l(4)p54 after transformation. The nu

clei are more irregular, there are many long slender
microvilli, and the cells lose their cohesiveness.
X1680.

.Â«fÂ»

Table 4 Expression of MHC class I antigen RT1A on established cell lines before
and after carcinogen treatment

Percentajge expressionMNNG

treated(fig/ml)Cell

linegrc-

1/1(4)
1/1(5)grc*n/n

(16)grc

*'-

1/n (7)RT1.A

mAb/

163Â«

42II

n 163
42Untreated54

90684943Solvent43754766621.061854581743.157082568281DMBAtreated(fig/ml)1.0

3.1584

62
568169

54.

a

" Cell line died.

Molecular Analyses. Southern and Northern blotting was done to
determine whether there was any alteration in the cellular expression
of MHC class I antigens or of several oncogenes and tumor suppressor
genes following crisis or following transformation. Such alterations in
the expression or the structure of MHC class I genes (38-40), c-myc
and ras oncogenes (41-45), and Rb and p53 tumor suppressor genes
(46-50) have been observed in different types of malignancies. The
Â£coRI-digested DNA and total RNA from the two tumorigenic grc~

cell lines 1/1(4) and 1/1(5)were analyzed before crisis (passages 5-7),

after crisis (around passage 30), high passage number (around passage
50), after treatment with the carcinogens MNNG or DMBA, and after
derivation from tumor expiants. The grc+ cell line n/n(16) and the
grc+/~ cell line l/n(7) served as controls.

The mouse general class I probe pAG64c detected strong MHC
class I transcripts and numerous RFLP bands in both the 1/1and n/n

o
C
u
9O"
fi

90-,

80-

70-

60-

50-

40-

30-

20-

10-

n n
11-20 21-30 31-40 41-50 51-60

Diameter of Colonies (mm x IO'2)

Fig. 3. The effect of carcinogen treatment on anchorage-independent cell growth in the
grc~ 1/1(5) line after crisis. 1/1(5)at passage 31-33 was untreated (â€¢),treated with 0.86%

DMSO (M ), or given five serial treatments with the carcinogen MNNG (D) or DMBA
(D). Soft agar assays were performed after 14-18 cell passages following treatment, and

the diameters of 100 colonies from each group were measured.

cell lines and showed that each cell line had a distinct RFLP pattern.
There was, however, no discernible change in either the transcripts or
the RFLP patterns of the cell lines at different stages of growth. The
5'pMK probe, which was derived from a TL-like gene within the grc

region (36), hybridized to a 5.8-kilobase band in n/n and 1/n, but not

in 1/1cells, as expected; Northern analysis using this probe did not
detect any transcripts. A rat tumor necrosis factor a probe hybridized
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to a 3.7-kilobase DNA band in all cell lines examined, but it did not

detect any RNA transcripts.
Southern analysis with the c-myc probe detected a 17-kilobase

band; with the H-ra.v probe, 14- and 23-kilobase bands; and with the
K-ras probe, 2-, 4.7-, 9.1-, and 10-kilobase bands. The RFLP patterns
were identical in all cell lines tested. Only an \\-ras transcript was

detected by Northern analysis. There was no indication of amplifica
tion, rearrangement, or overexpression of these genes when the two 1/1
cell lines were compared with the n/n and 1/n cell lines. There was ho
rearrangement or deletion in the Rb orp53 loci: thepJJ probe detected
1.7-, 3.6-, 3.8-, and 10-kilobase bands and the Rb probe detected 3.8-
and 15-kilobase bands in every cell line examined. All cell lines

constitutively expressed a small amount of the Rb gene mRNA, but no
p53 transcript was detectable.

DISCUSSION

The MHC-linked deletion in the grc~ strains is a necessary condi

tion for spontaneous in vitro transformation of cell lines, but whether
it is sufficient in itself probably depends upon either the size of the
deletion or an additional gene in the MHC region. Resistance to
chemical carcinogens (the rcc+ locus) in vivo segregates with the grc

in two unique sets of recombinant congenie strains (28) that have
different nonMHC genes; hence, spontaneous transformation of the
cell lines derived from these animals is a function of the grc or
MHC-grc region only. In addition, both susceptibility to carcinogens

in vivo and transformation of the derived cell lines in vitro are reces
sive traits, so the crucial gene affecting transformation may be a tumor
suppressor gene. The inability of the carcinogens MNNG and DMBA
to induce transformation in the grc+ and grc+/~ cell lines further

supports the hypothesis that the loss of a gene in the deletion rather
than the activation of an oncogene is the critical factor in transforma
tion.

The BIL-derived cell lines carrying the grc~ deletion, which trans

form spontaneously, are congenie for both the MHC and the grc,
whereas the R16-derived grc" cell lines, which do not transform, are

congenie for the grc only. In addition, 60% of the BIL-derived cell
lines survive crisis, whereas 100% of the R16-derived cell lines sur
vive. The deletion in the BIL-derived strains is approximately 70
kilobases (25), but its size in the R16-derived strains is not known.
Thus, there could be an additional gene that is lost in the BIL-derived
grc' cell line but is not lost in the R16-derived grc~ cell line. Alter

natively, there could be a gene in the MHC of the BIL-derived cell line

that acts as a positive stimulus to malignant transformation, i.e., as an
oncogene, that is absent in the R16-derived cell line. We favor the

former hypothesis, since some evidence from in vivo susceptibility to
chemical carcinogens suggests that two closely linked genes may be
involved in the rcc+ locus (28). The susceptibility of Fl hybrids

between strains susceptible and resistant to chemical carcinogens is
25-40% of the susceptibility of the grc~ homozygotes. This observa

tion suggests that at least two genes may be involved in the rcc locus
and that different deletions are present that complement each other in
the Fl hybrid leading to an increase in susceptibility over that ex
pected from the action of a single recessive gene.

There was no significant change in MHC class I antigen expression
on any of the cell lines, both grc~ and grc+, before or after crisis, after

spontaneous transformation, or after carcinogen treatment in vivo.
This observation suggests that such a change does not reflect the
growth potential of the cell, including its tumorigenicity. The literature
in this field is mixed. Some studies show that many rodent and human
tumors have a marked reduction in expression of MHC class I anti
gens that is correlated with reduced immunogenicity (38-40, 51, 52).

Concomitantly, in some systems reexpression of MHC class I antigens

following transfection with a class I gene led to rejection or reduced
growth of the tumor (53-57). By contrast, a variety of other reports
(58-60) does not confirm this correlation, and our experimental re

sults concur with this lack of correlation. In addition, in our experi
mental system immortalization, spontaneous transformation, and car
cinogen treatment did not alter the expression or the structure of
several prototypic oncogenes and tumor suppressor genes. Thus, the
process of transformation and tumorigenicity is a subtle and complex
one, and there does not appear to be any clear correlation between
specific cellular changes and the activity of a specific gene.

The grc~ cell lines before crisis, both BIL and R16-derived, grow
more slowly than the grc+ and grc+/~ cell lines, and this pattern

occurs in the intact animal as well. Thus, the loss of the dw-3+ gene,
which affects body size, along with the rcc+ gene, which affects

resistance to chemical carcinogens, in the deletion that occurs in the
grc~ strains manifests itself in the same way both in vivo and in vitro.

It also suggests that a second gene that may affect in vitro transfor
mation would map to the right of dw-3+ (28) and would be lost in the

BIL deletion but not in the R16 deletion. The nature of these genes is
not known, but some of them may affect the receptors for various
growth hormones. Endocrinological (22, 61) studies show some ab
normalities in grc" rats and electron microscopic (62-64) studies
show membrane defects in grc~ rats.

In summary, MHC-linked genes play an important role in both

normal and abnormal growth. The segment of the chromosome car
rying the MHC and its linked region has been highly conserved
throughout evolution, and it controls similar phenomena in a variety
of species (65). Its role in the control of growth may lie in the presence
of tumor suppressor genes and of genes that affect a unique step in the
transformation process (and possibly also suppressor-type genes), the

loss of which is a critical event in the induction of the neoplastic
process.
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