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ABSTRACT many studies have demonstrated positive or negative correla-

Several in vitro phenotypic characteristics frequently asso-
ciated with neoplastic ceils were examined in a series of
spontaneous and benzo(a)pyrene-induced Syrian hamster
clonal cell lines which ditfered in their degree of tumorigenicity.
Nonparametric statistical analysis demonstrated cloning effi-
ciency in semisolid agar, enhanced fibrinolytic activity, de-
creased serum requirement for growth, decreased organization
of intraceliular actin, and increased cloning efficiency in liquid
medium to be correlated with tumorigenicity. These correla-
tions were not only qualitative but also quantitative. This sug-
gests that the factors determining the degree of tumorigenicity
of a cell can be cellular growth properties.

INTRODUCTION

One of the difficulties in studying neoplastic transformation
is the lack of one or several definitive phenotypic characteris-
tics which distinguish tumorigenic and normat cells. The iden-
titication of 1n vitro cellular properties highly correlated with
cancer inn vivo would be of value in the development of assay
systems for the detection of induced neoplastic transformation.
Accordingly, extensive effort has been expended by cancer
biologists to understand the relationship between the proper-
ties of both normal and transformed celis in culture and tumor-
igenicity 1n vivo. Several n vitro phenotypic transformations,
inctuding aiterations in cell morphology (22, 35), increased
saturation density (1, 14, 44), reduced serum requirement for
growth (14, 18, 39), anchorage independence (13, 15, 21, 25,
38). enhanced protec!yhic activity (20. 21, 23, 33), and alter-
ations in membrane structure (17, 19. 20, 27, 30). have been
associated with tumorigenicity. Recent observations suggest
that in vitro transformations may reflect different cellular prop-
erties, controfled noncoordinately, which distinguish normal
cells from their neoplastic counterparts (5, 7, 34). It is not
surprising, therefore, that exceptions exist for the correlation
of each of these phenotypic transformations with tumorigenicity
(22, 23. 26, 29, 37, 42). These exceptions may prove signifi-
cant in the understanding of the relationship between specific
phenotypic alterations and neoplastic transformation. Although
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tions between in vitro phenotypes and tumorigenicity, the cri-
teria for positive correlation frequently have been qualitative,
based upon both the presence of a specific phenotypic char-
acteristic and the production of tumors in a suitable host
following inoculation with a large number (e.g., 10°) of cells. It
remains possible that certain in vitro phenotypic characteristics
can be correlated quantitatively to tumorigenicity (/.e., corre-
lated with the inoculum size and time required to produce a
tumor). '

As an experimental parameter, tumorigenicity is often ditficult
to delineate since it is influenced, among other factors, by the
immunological response of the host. During our studies of
neoplastic transformation of GSHE® cells in vitro, we have
observed that several tumorigenic cell lines differed in their
degree of tumorigenicity, (i.e., the number ot cells required to
produce a tumor). Syrian hamsters are unique among rodents
in that they are rare and have a restricted geographical distri-
bution. All domestic stocks of these animals are known to be
derived from the progeny of 3 littermates found in a burrow
near Aleppo, Syria in 1930 (4). Although they have the capacity
to reject homografts with foreign transpiantation antigens as
well as do other mammails (10), Syrian hamsters appear unique
in their ability to accept homografts of malignant tissue and
even some heterografts of both normal and malignant tissues
(9). Spontaneous and carcinogen-induced primary tumors of
the Syrian hamster can be transplanted with a high frequency
of success to other hamsters, even when they arise from
ditterent stocks {(12). An unusual lymphatic drainage from the
skin of the hamster has been postulated (8) based upon the
observation that these animals have very loose skin, such that
tolds 2 inches deep can be pulled out from any part of the
trunk. Skin grafts exchanged between hamsters of the same
closed but randomly bred stocks ere usually accepted for long
periods of time, often indefinitely (2, 3). Even skin homograHs
transplanted to members of certan different stocks are ac-
cepted (8, 10). These and other ¢ xperiments have indicated
that Syrian hamsters are unusual in naving a very small number

of histocompatibility genes segreg: ting in the various hamster ¢

strains available (10-12). Therefo: 2, the majority of skin ho-
mografts exchanged between men bers of noninbred strains
behave as if they are isografts.

Since homografts ot malignant tis sues are readily accepted
in animals of this species, it was po;sible that the quantitative
differences we observed in the tumc 1igenicities of Syrian ham-

' The abtreviations used are” GSHE. gotd: 1 Syrian hamster (Mesocricetys
auritus)embryo. TO... num er ot celis tha' proc :ced tumors in 50 = of inoculated
animals PBS pnosphate-b #ered saline [0 14 1 NaCl 3 mm KCi'8 mm Na.HPQ,:
1M KH PO, (pH 7 4)]
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ster cell lines were attributable to differences in the growth
properties of the cells rather than to antigenic differences. In
this report, we have examined various phenotypic character-
istics frequently associated with neoplastic celis and demon-
strate that there exist significant correlations between tumori-
genicity and several in vitro growth properties of spontaneous
and benzo(a)pyrene-induced Syrian hamster transformed
clonal ceil fines.

MATERIALS AND METHODS

Cells and Growth Medium. GSHE cell cultures were estab-
hshed from 13-day-gestation fetuses collected aseptically by
cesarian section from inbred Syrian hamsters, strain LSH,
ssLAK (Lakeview Hamster Colony, Newtfield, N. J.}). Pools of

primary cultures from hittermates were stored in liquid mtrogen.
Secondary cultures were initiated from frozen stocks, and all

experiments were performed with tertiary or later cuitures. BHK
21 clone 13 (hereafter designated BHK 21 ¢l 13) cells were
obtained from American Type Culture Collection (Rockville,
Md.). BP6, BP6ET, BP6T-LC, BP12, BP12A, BP14, and BP17
cell ines (see Table 1) were established n this laboratory by
treatment of GSHE cells with benzo(a)pyrene. LMS s a mass
culture of GSHE cells that was grown continuously for 45 in
vitro passages Fol 1 to 4 are clonal cell ines which were
isotated from cultures of GSHE cells which previously had
escaped senescence (7) at passage 18. These clonal strains
were grown for an additional 6 to 15 passages after isolation
prior to charactenzation. The growth properties and tumori-
genicity of each cell line were measured at the same in vitro
passage levef.

The cell culture medium used was IBR modified Dulbecco's
Eagle s reinforced medium (Biolabs. Northbrook, i) supple-
mented with NaHCO . (0.22 g 100 m) and 1 or 10 . Rehatuin
tetal bovine serum (Reheis Chemical Co.. Kankakee, Il ) with-
out antimicrobial agents Cells were transterred by gentle tryp-
sinization with 0 1% trypsin solution {1:250, Grand Island Bi-
otogical Co.. Grand Island, N. Y.) for 5 min 37 . All cells were
tested by Microbiological Associates (Bethesda. Md ) and
tound free of Mycoplasma contamination.

Measurement of Growth Rates and Saturation Densities.
Cells were plated at a density of 10" cells. 60-mm Petry plate
in medium contaning either 1 or 10~ serum The number of
attached cells was determined 15 hr after plating. Cell counts
were determined with a Coulter counter (Coulter Electronics,
Hialeah, Fta.) following trypsimization of cell monolayers with 2
ml of 0.25% trypsin (1250, Grand island Biological Co.) con-
taining 0.1% EDTA. Cell counts were performed daily for 10
days. durning which time the medium was changed every 2
days Logarithmic growth was observed for at least 4 days. the
population doubhing times were calculated from this portion of
the growth curve. Saturation densities were measured 7 to 10
days after plating. (Accurate measurements of this parameter
were often difficult since some ceil bnes did not cease growing,
but rather, floated into the medium when high cell densities
were attained.)

Cloning Efficiencies in Liquid and Semisolid Media. To
determine the etficiency of colony tormation in hguid medium,
10" to 10" cells were plated in triplicate 100-mm tissue culture
dishes containing 8. 0 mi of medium supplemented with 107,
serum After 8 days incubation at 37 | the number of colonies
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Table 1
Syrian hamster cell lines
Origin

GSHE cells derived from 13-gday-gestation fetuses
Spontaneously derived, established cell line of
GSHE cells

Fol Four spontaneously derived cell lines of GSHE
cells, cloned at passage 2€ from fibrin:agarose
overlay plates (7)

Baby hamster kidney cell line isolated by Stoker
and MacPherson (43), obtained from American
Type Culture Collection at passage 51

Subclone of BHK 21/cl.13 isolated as a coiony
growing in semisolid agar

Cell ine derived from a morphologicaily trans-
formed clone of benzofa)pyrene-treated GSHE
cells

Subclone of 18 CI-10, a benzo(a)pyrene-trans-
formed cell line derived from GSHE cells (36)
foliowing isolation of a morphologically trans-
formed colony

Subclone of 18 CI-10, a benzo{a)pyrene-trans-
formed cell line derived from GSHE celis (36)
tollowing isolation of a morphologically trans-
tormed colony

Subclone of BP12, isolated as a coliony growing in
semisolid agar

Cell line derived from marphologicalily transformed
clone ot benzo{a)pyrene-treated GSHE celis

Tumor cell line derived from a fibrosarcoma, in-
duced by injection of ' 0° BP6 cells in a newborn
hamster

Subclone of BP6T cells solated as a small colony
in semisolid agar; colcny reached a size of less
than 25 cells and ceas-:d growing

Cell ‘hne deélgné(i&)ﬁv T
GSHE
LMS

BHK 21 '¢ch13

BHK-A

BP-14

BP6

BP12

BP12-A
BP17

8pP6T

BPET-LC

containing greater than 50 cells was determined following
fixatton with 100% methanol and staini g with 10% aqueous
Giemsa stain

The etficiency of colony tormation in s 2misolid medium was
measured by the procedure described by MacPherson and
Montagnier (25), as modified by Kakunac 2 and Kamahora (22).
Cells suspended in 4.0 ml 0.3% Difco ag ir suppiemented with
complete medium and 0.1 Bacto-Peptoie were plated in 60-
mm dishes over a layer of 0.6”. agar -ontaining complete
medium. The Bacto-Peptc ne supplement was required for ef-
ticient colony formation by hamster cells when suspended in
semisolid agar (24). Plates were incubated at 37° ina 5% CO;:
95% humiditied air atmosphere for 14 to 28 days. Colony
formation efficiency in semisolid agar was expressed as the
percentage of total celis which formed colonies containing at
least 50 cells.

Quantitation of Extracetiular Fibrinolytic Activity. To meas-
ure the release of extracellular plasminogen activator, 5 x 10°
cells were plated in 60-mm tissue culture dishes. After attach-
ment, the cultures were washed twice with PBS to remove
serum nhibitors of fibrinotysis. Two mi of Eagle's minimal
essential medium supplemented with 5% fetal calf serum
treated previously with acid (6) were then added, and the
cultures were incubated at 37° in a 5% C0,:95% air atmos-~
phere for 18 hr. The resuiting cell-free media obtained from
the cultures were assayed for fibrinolytic activity by the release
of soluble [ 'Hlfibrinopeptides from [*HYfibrin-coated plates (6).
Released radioactivity was expressed as a percentage of the
activity released by urokinase (Calbiochem, San Diego, Calif.);
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Tabte 2
Growth properties and tumornigenicity of Syrian hamster cell ines

Cloning eHiciencies in iquid and semisolid media were calculated as the percentages of inoculated cells which formed
colonies containing greater than 50 cells. Population doubling times in medium containing 10 or 1% serum were calculated
from growth curves during periods of exponential growth. Saturation densities were calculated from 7- to 10-day cultures
grown in medium containing 10% serum, as described in the "Materials and Methods. " Cells from some cell lines detached
at high cell densities; for these lines, approximate values are provided. Extracelluiar tibrinolytic activities were measured by
the degradation of [*Hlfibrin to soluble [*H}fibrinopeptides in a cell-free assay (6). The pattern of cistribution of intracefiular
actin was examined by specific immunofluorescence, as described previously (30, 31). Tumorigenicity studies were
performed in nonimmunosuppressed neonatal Syrian hamsters.

Cloning efficiency (%)” Population doubhing time (hr)

i — Saturation Actin cables
Liqud Semisohd density {cells  Fibrinolysis (% of cells
medium agar 10 serum 19, serum cm < x 10" (extracelular)” positive)® TDso
BP6T 85 85-95 123 161 55 42 x1° 0 =<10'
BP6 75 42 131 302 =50 47 9 13 5 x 10'
BP12-A 74 22 123 400 4.6 22 %2 23 5x 10
-~ BP6T-LC 23 20 . 12.9 29.4 3.5 35 1 22 3 x 10°
BP17 33 25 12.9 . 376 =50 48+ 07 20 1 x10°
BP12 60 3.9 123 67.7 >5.0 5309 7 1 x 10*
BP14 57 2.2 169 461 ~4.0 35+0.2 41 1 x 10
BHK 30 17 13.9 60.9 ~7.5 4 +1 56 3 x10°
21/cl13
BHK-A 26 0.8 1.2 81.0 >3.5 4 +1 53 >10°
“TBSHE 2-4 No 143 No 1.5 311+02 57-90 >10"
growth growth
LMS 2-5 No 198 No 2.0 42+02 57 >2 x 10°
growth growth

Fol 1 15 <0 0N1 17 a No 0.8 30 x5 35 >2 x 10"
- growth .
Fol 2 19 <0 oM 160 154 07 38 +4 68 >2 x 10°
Fol 3 17 <0 001 2049 128 07 ND-" 55 >2 x 10°¢
Fol 4 14 <0 001 217 Not o7 N D 55 52 x 10°

determined L7

? Means from a minimum of 3 determinations

" Total units of plasminogen activator activity present in 2 ml of medium incubated with.gélls for 18 hr
Percentage of cells demonstrating arganized achin cables spannimg the length of the cell at the plane ot focus ot the cell

edge
‘Mean = SD
"N D . notdone

1 unit of fibninolytic activity was defined as that which rei--ased
10+ of the radioactivity liberated by 100 units of urokinase in
2 hr at 37". Each unit of fibrninolyhic activity represents approx-
imately 0.2 to 0.3% of the available counts present on the
| 'Hifibrin-coated plates.

Visualization of Actin Organization by Indirect Immunofiu-
orescence. The pattern of distribution of intracellular actin was
examined by specific immunofluorescence (30, 31). Coverslips
with cells grown for 24 hr in medium containing 0.5% serum
were drained of excess medium and immersed in PBS contain-
ing 4.0% formaildehyde. Atfter treatment with absolute acetone
for 5 min at —10°, coverslips were incubated for 1 hr at 37°
with 10 ul of rabbit anti-actin antibody (gift of Dr. K. Burridge)
diluted 1:80 in PBS. They were then washed with PBS and
incubated for 1 hr at 37° with 10 ul fluorescein-labeled goat
anti-rabbit IgG diluted 1:10in PBS (Cappell Laboratories. Lan-
caster, Pa.) prior to viewing with a Zeiss microscope equipped
with a X863 epifluorescence Planapochromat tens. Cells were
scored for the extent of organization of intracellular actin at the
adherent plane of the cell, as determined by focusing on the
cell edge (30. 31). At least 100 cells were scored on each
covershp Coverslips were bhind scored by 2 persons, scares
always agreed to within 10 % .

Tumorigenicity Studies. Cells were trypsinized and sus-
pended in complete medwum at varying concentrations (10 to
10" /mtin loganthmic increments). and 0.1 mi was injected s.c.
into nonimmunosuppressed neonatal hittermates (1 to 3 days
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old) of outbred Syrian hamsters (Lakeview). A minimum of 4 to
6 animals was used for each determ:nation.

All animais were checked weekly for the appearance of
palpable tumors over a period of 4 to 6 months, and TDs, was
calculated. Pathological and histolog:cal examination demon-
strated that tumorigenic cells formed :nvasive anaplastic fibro-
sarcomas. inoculated animals were ohserved for one year.

Calculation of Coeftficients of Ranik Correlation (Nonpara-
metric Analysis). Determination of ihe correlation between
tumorigenicity and the various celiular growth properties was
achtevi'd by nonparametric statistical ¢ 1alysis. Computation of
the Kendall coefficient of rank correlat on, 7, between the TDs,
of only the tumorigenic cell lines and "heir respective growth
properties (see Table 2) was performe:' by using the formula

N

Nintgh = 1) - 7T ) {nln - 1) - 27T}

Where n = the number of ranks »>f the variables and
7T, and X" T, are the sums of correcti »n terms for ties in the
ranks. N measures how well the ranking >f the second variable
corresponds to the ordr - of the first i.nd is defined by the
formuia

N=4X"C -nn—1:

where C is the sum of counts following ranking. For further
detalls, see Sokal and Rohlf (40).
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The significance of the computed correlation coetticients
was examined by using a normal approximation to test the null
hypothesis that the true value of + was equal to O (no correla-
tion). For sample sizes <10, the 5 and 1% (2-tailed) critical
values for N (the numerator for 7) were obtained from Table
12.3 in Sokal and Rohlt (40).

RESULTS

Tumorigenicity of Syrian Hamster Cell Lines. All
benzo(a)pyrene-induced cell lines examined in this study were
tumorigenic in nonimmunosuppressed newborn hamsters. The
degree of tumornigenicity varied, however, between cell lines
(Tabie 2). For example, the BP6T cell line produced tumors n
100% of animals given injections of 10 cells s.c., whereas
other cell lines required as rmany as 10° cells to produce tumors
in 50% of inoculated -ammals. Even related subciones (e g |
BP12 and BP6) exhibited disparate values for TD.. (Table 2)

In summary, the degree of tumorigenicity among the ChchCBHy//

induced cell lines examined varied by nearly 4 orders of mag?
nitude. A

In contrast, normal hamster embryo cells (not treated,/\?mh
carcinogen) were generally nontumornigenic even after many in
vitro passages (7). In our laboratory, GSHE cultures €an be
grown for 10 to 20 passages prior to senescence. Nine of 10
cultures senesced by the 20th passage and were alw‘ays non-
tumorigenic. Over 110 animals were administered inocula of
10° to 107 celis from 20 different cultures from passages 6 to
20. and no tumors were observed one year after injection
{Table 3). Isolated colonies from GSHE cultures senesced in
vitro within a stmilar number of passages as did mass cultures
(60-80 total population doublings) (7). These clonal strains
resemblied the mass cultures with regard to their lack of the
transformed and tumorigenic phenotypes examined +in this
study ‘

Approximately 1 of 10 embryo cuttures continually passaged
in our laboratory has escaped senescence and become an
established cell line. These cell lines have been generally
nontumorigenic, even after as many as 45 passages in vitro
(Table 3). Of 5 spontaneously established cell lines studied,
only one became tumorigenic. After 34 1n vitro passages, this
cell line was capable of producing tumors tollowing inoculation
of newborn hamsters with 2 x 10' cells. These data indicate
that, whie rare, spontaneous neoplastic transformation of
GSHE cells can occur in cultures which escape senescence.
The spontaneously established Syrian hamster cell line BHK
21/¢l 13 (43) was also tumorigenic when tested at its 55th in
vitro passage (Table 2).

Correfation of Tumorigenicity and in Vitro Growth Proper-
ties. The wide variation in the tumorigenic potential of the cell
lines permitted an investigation of whether specific growth
properties could be correlated with tumorigenicity. The benzo-
(a)pyrene-induced cell lines as well as the spontaneously trans-
formed BHK celi lines and normal GSHE cells were examined
for various growth properties frequently associated with neo-
plastic celis in vitro (Table 2). To determine whether any of
these in vitro properties correlated with the quantitative aspects
of tumorigenicity, the data for tumorigenic cell lines were
subjected to nonparameiric statistical analysis (Table 4). The
Kendali coefficient of rank correlation, r. provided a measure
of association between 2 variables. positive deviation (maxi-
mum value = 1) from » = 0 was taken as an indication ot

MAY 1479

Correlation among in Vitro Properties and Tumorigenicity
Table 3
Tumongenicity of untreated hamst.:r embryo cells
No. of tumors/no. of an-

Passage No. of cells injected imals injected
6-7 1 %107 0/6
2 x 10° 0/17
1% 10° 0/4
10-14 1 %107 0/8
2 x 108 0/19
1 x 10° 0/17
15-18 1 x10 0/15
2 x 10° 0/6
1 x 10° 0/21
/—\12\10"’ 0/2
’/30—33 . x 10° a/6
/ Cx 10" 0/7
44-45 2 X 10° 0/11

Table 4

Correlation among in vitro growth properties and tumorigenicity of
Syrian hamster cell lines
Computation of the Kendall coefficient ot rank correlation, r, between
the TD., of the cell lines and their respective growth properties was
performed as described in the ~ Materials and Methods. "

Growth parameter L4
Cloning efficiency, semisolid agir 0.986
Fibrinolytic activity 0.754°
Generation time, 1% serum 0.754°
Cloning efficiency, liquid medium 0.638°
Organization of intracellular actin 0.570°
Saturation density, 10% serum 0.246
Generation time, 10% serum 0062

* Signiticantly correlated at the 99% confidence level {(p < 0.01).
" Significantly correlated at the 35% confidence level {p < Q.05).

positive correlation. The significance of this correlation was
tested by the use of a normal approximation to test the null
hypothesis that = = O (no correlation). The following sections
summarize the results concerning the correlation of specific in
vitro growth properties with tumorigenic potential.

Generation Time. The population doubling time of early
passage GSHE cells in medium containing 10% serum was
14.3 to 19.8 hr. Fol clonal isolates of GSHE cells also dem-
onstrated a similar range in population doubling times (16.0 to
21.7 hr). The tumorigenic cell ,nes had generation times rang-
ing from 12.3 to 16.9 hr. Tie generation time in medium
containing 10% serum was not corretated with tumorigenicity
(r = 0.062).

In medium supp!emented with 1% serum, early passage
GSHE cells had no measurable growth after 10 days, and late-
passage clonal isolates of GSHE cells exhibited either no
growth or extremely long population doubling times (>120 hr).
In contrast. ail tumorigenic lines did grow progressively in
medium containing 1% serum; the population doubling times
varied from 16.1 to 81 hr (Table 2). The generation times in
1% serum were found to be significantly correlated with tu-
morigenicity (- = 0.754).

Saturation Density. Normal GSHE cells grew to high cell
densities and occasionally formed multiple layers, yet distinct
plateaus in the saturation densities for these normal cells could
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be measured accurately (Table 2). The saturation dens:ties for
GSHE cells and the clonal strains ot GSHE celis ranged trom
0.7 to 20 x 10" cells cm’. All tumorigenic cell lines had
saturation densities greater than had normal GSHE cells. How-
ever, In contrast to the normal GSHE cells. the exact value of
the saturation density was often not measurable since at high
densities cells of these lines would detach trom the plates and
grow in suspensin. Saturation density was not correlated with
tumorigenicity (= = 0.246). however. this may be attributable
to the difficulties n quantitating this parameter. Notably, all
tumorigenic cell ines exhibited increased saturation densities
(=3.510 7.5 x 10" cells cm’) in comparison to normal Syrian
hamster cells.

Cloning Efficiency in Liquid Medium. Normal Syrian ham-
ster cells had low cloning efficiencies (2 to 5%) on a solid
substrate (polystyrene tissue culture dishes) when inoculated
in liquid medium at densities of 0 5to 2 x 10" cells 100-mm
dish (Table 2). Established clonal hnes of nontumorigenic
GSHE cells demonstrated enhanced cloning efficiencies (14 to
199%) in comparison to early passage GSHE cells, even at
lower inocula (0 5to 1 x 10" cells “100-mm dish). Tumorigenic
cell lines had increased cloning etficiencies (25 to 857%) at
lower cell inocula (100 to 200 cells. 100-mm dish). The cloning
efficiencies of the tumorigenic cell lines in liquid medium varned
slightly; this variation appeared correlated with tumorigenicity
(r = 0.638)

Colony Formation in Semisolid Agar. Normal Syriaa ham-
ster cells did not grow when suspended in semisolid agar. Over
7 x 10 cells from passages 3 to 2C were tested and no
colonies were observed Estabiished cional fines of GSHE cells
which esc..ped senescence grew in agar at late passages but
at a very tow efficien<v  All tumongenic ines exhibited colony
formation in agar, with the ethiciency ot coiaony formation rang-
ing from 0.8 to 95~ Analysis of the data from tum~rgenic cell
lines demonstrated o siinhicant correlation (- = 0 386) be-
tween tumorigenicity and the etficiency of growth 1in agar

It was possitie that cefl ines exhibiting a low efficiency of
anchorage-independent colony fermation were mixed popula-
tions ot cells, only some of which could grow n agar (all
tumorigentc lines were cloned. however. prior to charactenza-
tion) For this reason. colonies of cells growing 1n agar were
1solated from BP 12 ceils and BHK cells and designated BP12-
A and BHK-A, respectively Two results were obtained when
these isolated strains were retested for their etficiency of
anchorage-independent colony tormation The BP12-A strain
displayed increased growth efficiency. the BHK-A strain re-
mained unchanged. The tumorigenicities of these 2 lines were
determined and tound to be increased for BP12-A but not for
BHK-A, which supported the correlation between tumorigenic-
ity and anchorage-independent growth

Additionally, we noted that snme colonies which formed in
semisolid agar were smaller than 50 cells For example, BP6T
cells which grew with high efticiency in agar (95%. eftticiency,
colonies greater than 300 cells after 14 days) also demon-
strated a low trequency (apprOxnmately 1 ) of colonies com-
prised of 10 to 20 cells. Ope such colony (BP6T-LC) was
i1solated from agar and retested for anchorage-independent
cloning efficiency lts eftictency of ancho-age-independent
growth (20%) was reduced in comparison to BPET cells, but
most (>90%) of the colomes which formed were greater than

50 cells. The tumongenicity of this cell line was also reduced
(Table 2)

Togelher, these data indicate that the efficiency of anchor-
age-independent colony formation may be a cellular charac-
teristic which is significantly correlated with tumorigenicity in
vivo, as has been reported previously (15, 21, 38).

Fibrinolytic Activity. The normal GSHE cells did not have
measurable extraceltutar tibrinolytic activity elevated above
background [3.1 £ 0.2 units (S.D.)]. Fol clonal isolates of late-
passage GSHE cells had significantly elevated activity, con-
sistent with their origin as colonies which gave detectable lysis
in the fibrin.agarose overlay (7). Al transformed lines had
elevated fibrinolytic activity, although this activity was often
less than twice the background level of activity (Table 2). The
more tumorigenic cell lines (TD-, in the range of 10' to 10?)
had demonstrably much higher fibrinolytic activity than had the
less tumorigenic lines. Analysis ot the data demonstrated a
signiticant correlation (r = 0.754) between tumorigenicity and
tibrinolysis.

Organization of Intracellutar Actin Cables. Normal GSHE
cells demonstrated a high percentage (! 7 to 90%) of cells with
organized actin cables spanning the le 1\gth of the cell. Clonal
lines of late-passage GSHE also demor strated organization of
actin, although to a somewhat reducec degree (22 to 68%).
This change may be associated with the origin of the Fol lineg
as cells with enhanced hibrinolytic activit + (7, 31). Additionally,
less tumorigenic cell lines (e g , BP14 : nd BHK) had demon-
strable organization of actin in a large roportion of cells. In
contrast, several of the highly tumorigeni : cell lines (e.g., BP6T
and BP6) exhibited a dramatic decrease in the percentage of
cells with organized actir. The loss of *1is organization was
correlated with tumoriger ity (= = 0.57()

DISCUSSION

The Syrian hamster cel’ system offers teatures usecful for
studies of in vitro cellular properties associated with tumori-
genicity First, the norma' cells exhibit a iow frequency of
spontanecus transformaticn and are nontumorigenic even ag
targe inocula (>107 cells/newborn hamster). Second, clonally
derived neoplastic cell lines can be generated following treat.-
ment with carcinogens; such cell ines may vary greatly in their
degree of tumorigenicity. Some cell lines are highly tumori.
genic, requiring only 10 cells or less to produce tumors,
whereas other lines may require 10* to 10° cells. This study
describes our preliminary attempts to correlate these quanti-
tative ditferences in tumorigenicity with in vitro growth proper-
ties.

As summarized in Table 4, anchorage-independent cloning
efficiency, elevated fibrinolytic activity, reduced serum require-
ment for growth, increased cloning efficiency, and loss pf
intracellular actin organization appear to be :n vitro phenotypeg
associated with tumorigenicity in the cells examined in this
study. These correlations were not only qualitative but algg®
quantitative. This suggests that the factors determining the
degree of tumorigenicity of a cell can be ce’'ular growth prop-".
erties. )

As discussed in the "Introduction,” the immunological re.
sponse of the host may alsc exert an influence on the tumori.‘
genicity of a cell line. The results from these experiments, -

CANCER R' SEARCH VOL. 3g °



oo

however, suggest that in assaying the tumorigenicity of trans-
formed GSHE cells with the newborn Syrian hamster, the
immunological response of the host may not be an overriding
factor. The highly significant degree of correlation between
certain growth properties and tumorigenicity (e.g., for growth
in soft agar, » = 0.986 and p = 0.01) suggests that, in this test
system, the factors controlling tumorigenicity are the growth
properties of the cells rather than their antigenicity in the host.

In agreement with previously published work (15, 21, 38),
anchorage independence appeared to be the in vitro growth
property most highly correlated with tumorigenicity in vivo
(- = 0986 and p = 0.01). Interestingly, 2 other posiive
correfations, enhanced fibrinolytic activity and altered actin
organization, are phenotypes which previously have been cor-
related with anchorage-independent and.’or tumorigenic cell
hines (21, 23, 30-32). The results described in the present
article with Syrian hamster cell lines thus agree with other
reports of a relationship among cell shape or anchorage de-
pendence and cellutar growth control (16, 30, 41). It has been
suggested previously that correlations among the different in
vitro phenotypes may be indicative of their relationship (e,
coordinate control) (28, 31, 32) However, nonselective anal-
yses of virally induced transformants (34) and the independent
temporal acquisition in vitro of transformation-associated traits
(5, 7), as well as the known exceptions to the phenotypic
correlations, have indicated a noncoordinate contro! of differ-
ent transformed cellular properties. The resuits of this study.
which indicate that a spectrum of phenotypic changes may
corretate with the quantitative aspects of tumorigenicity. per-
haps can provide additional insight concerning this problem.

For a cell line to produce a tumor upon njection of only a
small number of cells e.g. 10'-10", the cells must be able to
survive and grow from a low cell density under adverse condi-
tions It is possible that the efficiency of tumor formation i1 vivo
i1s governed by several cellular functions rather than the pres-
ence or absence of specific phenotypic characteristics. Such
a control mechanism would not require that every tumor cell
exhibit all phenotypic characteristics associated with cancer;
thus, exceptions such as those detected by qualitative corre-
lation studies would be expected if, however, certain pheno-
typic. characteristics confer advantages upon the tumor celt
with regard to its growth as a neoplasm in vivo, 1t would be
expected that, upon examination of several cell lines, such
characteristics would tend to demonstrate positive quantitative
correlations with tumorigenicity. Finally. some celiular charac-
teristics might be strictly required for tumorigenicity, these
characteristics woutd exhibit excellent correlations with tumor-
igenicity In accord with the last prediction, current results in
the Synan hamster system syggest that anchorage independ-
ence may be required for tumorigenicity of these cells (5. 7,
13). Perhaps the additional in witro correlates described in
these and other studies, such as decreased serum depend-
ence, elevated fibrinolytic activity, and altered membrane struc-
ture (all of which vary widely among transformed lines and have
exceptions) represent cellular funchons which contribute to
efficient growth ot the cell as required for a neoplasm.

The Syrian hamster system thus offers the possibility of
studyving cellular growth and survival mechanmsms involved in
tumor formation In addition to being tumorigenic. most of the
transformed celi hnes described i this study are invasive and
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form metastases. Other tumorigenic cell lines derived from
Syrian hamster embryo cells form noninvasive, benign tumors.”
Therefore, these celi lines ofier a useful system for the com-
parison of benign and malignant neoplasms. Extension of these
preliminary studies to include other in vitrc phenotypic char-
acteristics associated with the neoplastic state, as well as an
examination of GSHE cells transformed by other chemical,
physical, and viral agents, should permit a critical assessment
of the in witro cellular properties correlated with the in vivo
neoplastic and malignant states.

ACKNOWLEDGMENTS

We thank Sue Conlon for technical assistance.

REFERENCES

1 Aaronson S A and Todaro. G ‘3asis for the acauisihon o! makgnant
potenttal by mouse cells cultivated in witro. Science, 162 1024-~-1026,
1968

2 Adams. R A Recent experiments with skin grafting in Syrian hamsters.
Transplant Bull, 5 24-26. 1858 R

3 Adams, R A Patt. D 1. and Lutz B R. Long terin persistence of skin
homogralls in untreated hamsters “ransplant. Bull , & 41-42, 1956

4 Adler. S Ongin ot the Golden Har\ster Cricetus aur-atus as a Laboratory
Animal Nature (Lond ), 162 256. 1t 48

5 Barrett. J C . Crawtord, B D. Graly, D. L., Hesler L. D, Jones, P. A.,
Benednt. W F . and Ts'o. P O P Temporal acq-isition of enhanced
tibrinolybc activity by Syrian hamster embryo cells foll owing treatment with
benzo(a)pyrene Cancer Res . 37 3:15-3823, 1877

€ Barrett.J C.Crawford. B D.and T- 0, P O P. Quarttation of hibrinolytic

activity of Synan hamster fibroblasts using ‘H-labeled fibrinogen prepared

by reductive atkylation Cancer Res , 37. 1182-1185, 1977

Barrett J C. and Tso. P O P Ev:dence for the frogressive nature of

necplashc transtormation i vitro Proc Nati Acad S U S A /5 3761-

17651978

8 Bilhngham. R E . and Hideman. W H._ Studies or the \mmunological
responses of hamsters 1o skin homografts Proc R. So« Lond B Biol. Sci.,

143 216-233. 1958

g Bilinghdam R E |, and Hildeman, W H Studies of transplantation immunity
in hamsters Ann N Y Acad Sci. 73 676-686, 1958

10 Bihngham, R E . Sawchuck. G. H, and Silvers. W. K. Studies on the
histocompatibiity genes ot the Synian hamster Proc. Natl Acad Sci. U. 8.
A 46 107/3-1080, 1960

11 Bilingham, R E . Sawchuck, G H, &and Silvers, W. H. The induction of
tolerance of skin homogratts in Syrian hamsters. Transplant. Bull,, 26. 446-
449, 1960

12- Bihngham, R E, and Sivers W K Syrian hamsters and transplantation
immunity Plasl Reconstr Surg . 34 3:3-353, 1964.

13 Dimayorca. G . Greenblatt, M | Trauthen. T., Soller, A, and Giordano, R.
Mahgnant transformation of BHK ... clora 13 celis in vitro by nitrosamines:

a conditinnal state Proc. Natl Acad Sci. U. S A, 70: 46-49, 1973.

t4 Dulbecco. R Topoinhiition and serum requirement of transtormed and
untransformed cells Nature (Lond.), 227 802-806, 1970.

15 Freedman. V. H, and Shin, S. CeHutar tumorigenicity in nude mice: corre-
lation with cell growth in semi-solid medivm. Cell, 3 355-359, 1974,

16 Folkman, J, and Moscona, A. Role of celf shape in growth control. Nature
(London), 273 345-349, 1978

17 Galbmore, P H., McDougall, J. K., and Chen, L. B. In vitro traits of adeno-
virus-transformed cell lines and their relevance to tumorigenicity in nude

mice Celi. 10 669-678.1977.

18 Holley, R W., and Kiernan J. W ""Contac! inhibition " of cell division in 3T3
celis Proc Natl Acad Sci. U S. A, 60 300-304.19€8.

19 Hynes. R O Cell surtace protens and malignant transformation. Biochim.
8iophys Acta. 458 73-107, 1976.

20 Hynes. R O Role of surface alterations in cell transtormation: the impor-
tance of proteases and surtace proteins. Cell, 1. 147-156, 1974.

21 Jones P A . Laug W E., Gardner, A, Nye, C. A, Fink, L. M., and Benedict,
W F In vitro correlates of transtormation in C3H/10T'~ clone 8 mouse
cells Cancer Res . 36 2863-2867. 1976

27 Kakunaga T and Kamahora, J Properties of hamster imbryon.c cellis
transtromed by 4-mtroquinohre-1 onide n witro and ther correlaticn with the
matignant praperties of the cells Biken o 17 313-332, 1968

~

"5 C Barrat manuscnpt in preparation

1509



23

24

T 25

26

27

28

29

30

32

i3

“J. C. Barrett et al

Laug, W. E . Jones, P A, and Benedict W F  Reiationship between
hbrinolysis ot cultured cells and mahyn.«ncy J Nati Cancer tnst 54 173-
179. 1975

Leavitt, J. C, Crawford B D, Barrett. J C ., and Tso P O P Regulation
of requirements tor anchorage independent growth of Syrnian hamster tibro-
blasts by somatic mutation. Nature (Lond ). 269 63-65 13,7
MacPherson, |, and Montagnier, L Agar suspension culture tor the selec tive
assay of cells transformed by polyoma virus Virology. 23 291-294 1964
Mott, D M., Fatisch, P H., Sant. B P . and Soro!. S Lack ot correlation
between fibrinolysts and the transformed state of mammahan cells Biochem
Biophys Res. Commun , 61 621-627. 1374

Nicolson, G L. Trans-membrane contro! of the receptors on normal and
tumor celis . Surface changes associated with transformation and malig-
nancy Biochuim Biophys. Acta, 458 1-72, 1376

Ossowski, L., Quigley. J. P Kellerman, G M and Reich, E Fibrinolysis
associated with oncogenic transformation—regquirement of plasnunogen for
correlated changes in cellular morphoiogy. colony formation in agar, and
cell migratton J. Exp Med . 138 1056-1064, 1973

Pearlstein, E . Hynes, R O., Franks, L. M, and Hemmings. V J Surface
proteins and fibrinolytic activity of cultured mammanan cetls Cancer Reas |
36 1475-1480. 1976

Pollack, R , Osborn. M _ and Weber. K Patterns of nfqmnzallon ol actin and
myosin in normal and transformed cultured cells Proc Natt Acad Sci U
S. A, 72 994-998. 1975

Pollack, R., and Riftkin, D Actin-containing cables within anchorage-de-
pendent rat embryo cells are dissociated by plasmin and trypsin Cell, 6
495-506. 1975

Pollack, R., Risser, R . London. S, and Rifkin, D Ptasminogen activator
production accompanies loss of anchorage regulation in transtormation of

primary rat embryo cells by SV-40 Proc Natl Acad Scr U S A, /1
4792-4796, 1974
Reich, E Tumor assoctated fibrinolysis Fed Proc . 32 2174-2175 1973

34

w
w

36

37
38
39

40

41
42

A3

44

Risser R and Pollack. R. A non-selective an lysis of SV40 transformation
of mouse 373 cells. Vuology, 59 477-483, 1. 74

Sanford. K, Barker, B E Woods, M W Furshad. R, and Law, L. W.
Search for “indicators * o' neoplastic conver: on in vitro. J. Natl. Cancer
Inst 39 705-733, 1867

Schechtman, L M. A mar malian system for t-e mechanistic study of |. in
vitr neoplastic transforma’son by chemical car sinogens and It The uptake
and tate o exogenous nucleic acids Ph D. thes 5. Johns Hopkins University,
Baltimore, Md . 1975

Shields. R Transtormation and tumongenicity. Nature (Lcnd.), 262. 348,
1976

Shin. $ . fFreedman. V H  Risser, R., and Poilack, R Tumornigenicity of
virus-transtormed cells in nuce mice is correlated specifically with an-horage
independent growth in witro FProc Natl Acad. Sct U. S A, 11 4435-4439,
1975

Smuth, H S . Scher, C. D., &and Todaro, G. J. Induction of celi division in
medium lacking serum growth factor by Sv4Q Virology. 44 359-370,
1971

Sokal, R R., and Rohif. F. J. Correlation In: Introduction to Biostalistics,
pp. 279-283. San Francisco, W. H. Freeman and Co., 1973.

Steinberg, B . Pollack, R, Topp. W.. and Botchan, M Isolation and char-
acterization of T antigen-negative revertanis from a line ot transtormed rat
cells containing one copy of the SV40 genome. Cell, 13 19-32, 1978.
Stiles, C D . Desmond, W ., Chuman, L. M., Sato. G., and Saier, M. H., Jr.
Relationship of cell growth behavior i1 vitro to tumorigenicity in athymic
nude mice Cancer Res., 36. 3300-3305, 1976.

Stoker, M . and MacPherson, | Syrian hamster fibroblast celt line BHK21
and its dernvatves Nature (Lond ), 203 1355-1357, 1964.

Todaro. G , Green, H . and Goldberg, B. Transtorr ation of properties o' an
established celt ine by SV40 an«t polyoma wirus. Proc. Nati Acad. Sci. U. 8.
A 51 66-73 1964

CAMNCER RESEARCH VOL. 39

haeg




