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CELLS

TAKEO KAKUNAGA AND IUNTAR0 1< AMAHORA
Department of Tumor \;iruses. Research Institute for. Ajicrobial Diseases, Osaka Uni\. ersit ,,
Yamada-kami, Suita, Osaka

(Receiv"d Septembe, 28,1968)

BIKE\ JOURNAL \101. 11,313-332, 1968

uMMAm' The properties of malignantly transformed hamster embryonic cells
by, 4-nitroquinoline-I-Oxide (4NQO) and their correlations with the malignant

properties of the cells \\, ere Investigated. The properties studied were cell in orphol-
ogy, focus formation, colony formation in soft agar medium, doubling time, length
of each phase of the initotic cycle, cloning efficiency, and resistance to the c to toxic
effect of 4NQO. Of these properties, the colony forming ability of cells in soft agar
correlated well \\, it IT the transplantability of the cells into host animals, \\, hile other
properties did ITot always correlate so well. The colony forming ability of trans-
formed cells in soft agar medium appeared to serve as the basis for aiT in vitro assay
system of the malignancy of 4NQO-transformed Ilamster embryonic cells.

Various clTaracteristics of 4NQO-transformed cells were also discussed with
respect to their Tellabilities as indicators of malignant transformatioit of cells in vitro.

INTRODUCTION

In previous reports we have demonstrated that
treatment of the cell population of a primary
culture of hamster embryos with 4-nitroquino-
line-I-Oxide (4NQO) induced malignant trans-
formation of the cells \\, ithin several culture

passages (KANTAHORA and KAKUNAGA, 1966a,
1966b, 1967). The criteria for transformation
which were used in these experiments \\, ere
alteration of cell morphology, Irregular pattern
of cell arrangement, indefinite life span in the
culture and ability to grow and form tumors
upon transplantation into host animals. These

criteria have been also used in many experi~
merits on transformation by tumor \, iruses.
But they, seem to be unsum. cient as common
criteria for assessing the malignant transfor-
mation of cells in vitro because there has been
no clear demonstration of a correlation bet-

ween these properties and the malignant pro-
perties of cells in vivo, as indicated by SANFORD
(1965). itloreover, it is difficult to estimate
quantitative alterations in these properties.
The transformation system by 4NQO in vitro
which we found, seems useful in studies on an
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indicator of malignant transformation of cells
in vitro, since it is possible to obtain cells of
common origin with various degrees of man-
gnancy. If a quantitative assay system for
assessing transformation, directly reflecting
changes associated with neoplasia of 4NQO-
transformed cells were available, it would be

very useful in studies on the mechanism of
malignant transformation of cells by 4NQO in
vitro.

This paper reports the properties of 4NQO-
transformed cells and the correlation of these

properties with the malignancy of the cells.
Studies on a common indicator of malignant
transformation of animal cells in vitro are also
described.

MATERIALS AND METHODS

medium. The cell concentration was about 3 XIO'

to 105 per cm* of growtlt surface. After 24 hr in-
cubation the medium was replaced by 5 inI of agar
medium with or without 4NQO. The agar medium
consisted of EMEM, 596 calf serum and 10% trypto-
phosphate broth in 0.8% Noble agar (Difco). The
final concentration of 4NQO was 5 xiO~' to I x
10~' itI. The cultures received additional overlays
of 2 inI of nutrient agar after 7 and 14 days. After
21 days incubation 2 inI of agar medium containing
neutral red at a concentration of I : 8000 was added

The plate was scanned for foci at a low in agriifica-
tion with an inverted microscope on the 22nd or
25th day. For detailed histological observation, the
agar \\. as carefully removed and the cell sheet was
fixed with methanol and stained \\, ith Giemsa.

I. Cell cultures

Hamster embryonic cells were cultured and sub-
cultured as described previously (KANAHORA and
KAKUNAGA, 1967). Unless otherwise specified, all
culture was carried out in plastic dishes (Falcon
Plastics, Los Angels, Canf. U. S. A. ) at 37'C in a
humidified incubator with 7% Co* in the air. The

usual growth medium was Eagle's minimum essential
medium (EMEM) supplemented with 10% calf

4NTH. I~IV were cell lines which orl-

ginated from hamster embryonic cells independently
transformed by 4NQO and serialIy cultivated in
bottles. SVTC was the cell line of hamster em-

bryonic cells transformed by SV, , in vitro in our
laboratory.

serum.

2. Morphologica! experi, ,, e, Its

Microscopic studies were made on the morphology
of clones formed in plastic dishes. Cultures were
trypsinized and the cells were seeded sparsely so as
to give rise to well separated colonies in 60 mm
plastic dishes. Ten to twelve days after seeding,
cultures were washed, fixed with methanol and
stained with Giemsa.

4. Colo, Iyfo, mati0, ! 111 soft agri,

The procedure was based on that described by
ATACPHERSON and MONTAGNiER (1964), CRAwrORD
at a!., (1964) and GOTo and SAT0 (1965). The
assay procedure finally adopted \\, as as follows. Agar
medium was prepared by diluting melted stock agar,
consisting of 5% Noble agar (Difc0), 2% Bacto-
peptone, 0.5% NaCland 0.25% Na*HP0, -12H, Qin
water, with EMEM supplemented by 11 96 calf

Cultures of actively growing cells were
harvested \\, ith 0.2596 trypsin, centrifuged, suspended
in EMEM \\, ith 1196 calf serum, counted in a he-
matocvtometer and diluted with the same medlurn

in appropriate concentrations of cells. More than
96% of the cells in suspension were single. Melted
stocked agar at 44'C was mixed with the cell suspen-
sion to give an appropriate final concentration of
agar and cells. One inI of agar medium containing
cells was poured on to a base layer of 5 inI of 0.5%
agar medium. After the top layer containing the
cells had set at room temperature, the cultures were
incubated at 37'C. Colony counts were made on
cultures with or without staining with neutral red
a : 40000) with the aid of a low power microscope.
In cultures containing many colonies an estimate of
the total number was obtained by counting the
number in a known area of the dish. The observed

variation \\, ithin each set of cultures was within the

limits of sampling error

3. assay of focus formation

Hamster cells were well dispersed by pipetting or
by filtering a cell suspension in the medium through
several layers of gauze. Cultures were prepared
in plastic dishes of 60 mm diameter in growth

serum
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5. Mensi, reine, It of do"6th, g tt',"e

The doubling time of the cells was calculated from
the growth curve by measuring the cell concentration
in the growing culture at various times with a hema-



tocvtometer

6. Mitotic 1'11de\ o11d leiigtl! of eocl, stage of the milo!,'c
cycle

A'litotic indices \\. ere measured by counting the
number of cells in mitosis among 1000 cells. In
this experiment, cells showing a single group of
clearly discernible chromosomes \\'ith no nuclear
membrane \\, ere considered to be in metaphase

Analysis of the durations of the \, anous phases of
the cell life cycle \\, as carried out b}. pulse-labeling of
H"-thymidine and chasing methods (STAx>:ERs aiTd
TILL, 1960 ; SISi<EN, 1964 ; BASERCA, 1965). For
this, cells \\, ere plated on glass co\, erslips in dishes,
and cultures at the logarithmic phase of growtlt \\ ere
exposed to H"-thymidine in medium at 37'C for
30 ntin at a concentration of 0.05 PCIntl. Cells \\, ere
then rinsed twice \\. ith cold phosphate-buffered
saline, pH 7.0 (PBS), and reincubated in fresh pre-
warmed medium containing 10~' M of unlabeled
thymidine at 37'C. At intervals of I to 21tr, the
cells on coverslips \\. ere taken out, rinsed \\. Ith cold
PRS, fixed witlt nTetl, ano1, and extracted \\, ith 21,
perchloric acid at 4'C for' 40 min. Dipping auto-
radiography \\ as carried out with 1<0dal{ NTB-2
emulsion \\. itit an exposure period of 5 days. The
cells \\. ere then stained \\. ith Giemsa solution. One

ITUndred metaphase cells \\. ere examined to determine
the perceittage of metaphase cells labeled \\. ith 5 or
more grains, the average bacltground being about I
grain!nucleus. Under the conditions employed. the
grain bacl<ground \\. as usually negiigible and very
few labeled cells sho\^ed fewer than 5 grains. AC-
cording Iy, only cells \\. Ith 5 or more grains \\. ere
regarded as labeled in counting. The percentage of
labeled mitosis \\, as plotted against the time after
exposure to tlle isotope. The total generation time
and the IengtlT of each stage of milotic cycle \\. as
estimated from this graph.

\^ere fixed \\. ith methanol and stained 11 to 14 days
after plating.

8. Trailsp!antabi7ity of cells Jilto all, '"fats

TITe ability of cells to gro\\, as tumors in vi\. o was
estimated by determining the 5096 tumor inducing
dose of cells (TD, ,). Cells were transplanted by sub-
cutaneous injection of 0.5 inI of cell suspension into
the back of 34 week old golden ITamsters. Cell
suspensions \\, ere prepared by trypsinization of CUI-
tures, \\. ashing, counting and resuspension In EA, IEM.
Cells \\. ere generally diluted serialIy tenfold from lo'
to 10". Groups of 2 to 4 animals of a local breed
were inoculated \\, ith each dilution. Tite animals

^. ere palpated at a \\. eel<Iy inter\, als and were ob-
served for at least 6 montlTs for possible development
of tumors.

RESULTS

7. Resistance to cytotox, 'c effects of 4NQO

The resistance of cells to the cytotoxic effects of
4NQO was estimated by determining cloning effi-
ciency. in culture medium containing 4NQO as
described previously (KAMAHORA and KAKUNACA,
1967). For cloning of normal hamster cells and
4NQO-treated cells at early time in cultivation the
X-it radiated (5000 r) rat embryonic cells \\, ere used
as a feeder layer. 4NQO at a final concentration of
3 XIO~' A1 \\. as added I day after the cells \\. ere
plated for cloning, and not removed until the plates

I. Mo, ?frology
To examine the morphology, of 41. ;QO-

transformed hamster embryonic cells and to
investigate the relationship between the inor-
phology of the cells in culture and their
transplantabilityin vivo, many clones of 4NQO-
transformed and normal hamster embryonic
cells \\, ere isolated and their clonal morphology
and transplantability into host animals were
examined.

Clones isolated from secondary cultures of
normal namster embryonic cells could be clas-
sined into two main in orphological groups.
One group consisted of fibroblastic cells (Fig.
I), and the second group of clones were
coith. 11.1-11k. colts (Fig. 2). B. th g". uus of
clones were thin and generally formed mono-
layers without marked overlapping or piling up.
The cells of these clones did not produce tumors
when implanted into adult hamsters.

4NQO-transformed cells also consisted of

two in orphological types, fibroblast and GPi-
theIial-like cells, and their clonal morphology
was classified into 4 groups on differences in
cell density and growth pattern. Clones of
the first group were dense like those suggested
by many authors to be typical of cells trans-
formed by on cogenic viruses (SANFORD at al. ,

KAKUXACA, T. at al. Properties of 4NQO~tm"^formed cells 315



FIGURE I-9 Clonal morphology of normal and 4NQO-transformed (4NTH)
hamster embryonic cells inculture. Fixed \\, ith methanol and stained \\, Ith
Giemsa

FIGURE I and 2. Clones isolated from secondary cultures of normal cells
growing in thin monolayers \\. ithout overlapping and piling up of cells.
Fig. I ; fibroblastic. Fig. 2 ; epithelial-like.

FIGURE 3 Clone 4NTH-11-6. MDrphologically typical transformed cells
with dense piling up of cells
FIGURE 4 Subclone 4NTH-11-2.6 derived from clone 4NTH-11-2.

Random growtlT pattern \\, ith frequent overlapping and piling up of cells.
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FIGURi: 5 Clone 4NTH-I-6. Slowly growing epithelial-like cells with
overlapping of cells ai. d non-oriented growtlT pattern even in clones with
fe\\, cells. Note large size of individual cells.
FIGURE 6 Clone 4NTH-111-26. Cells randomly spread in thinare

monolayer witlT loose structure

FIGURE 7 Clone 4NTH-11-2. Well-oriented compact bundles of cells
with slight piling Lip of cells
FIGURE 8 Clone 4NTH-I-3. Note inorphological characteristics of
normal cells ; \\. ell-oriented bundles of cells in monolayers witlT no piling
up of cells
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FIGURE 9 Clone 4NTH-111-3. Note similarity to 1.0rmal cells showed in
Fig. I. Morphologically indistinguishable from normal cells.

FIGURE 10 Colonies of 4NQO-transformed cells formed in soft agar medium.
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1961 ; IFNSEN at a1. , 1963 ; ToDARo at a1. , 1963 ;
DEFENDi and LEHMAN, 1965 ; SANFORD, 1965).
These clones showed a heavily piling up at the

with dense strands or nodules. Thecenter,

clonal morphology of this group, i. e. that of
4NTH-11-6, 4NTH-11-2-6 and 4NTH-I-6
clones is showed in Figs. 3-5. in clones of
the second group, e. g. 4NTH-111-26, cells
mainly grew in monolayers but with random
orientation, and loose structure (Fig. 6).
Clones of the third group such as those of
4NTH-11-2 showed a compact well-oriented
growth pattern with slight piling up (Fig. 7).
Those of the fourth group, for example those of
4NTH-I-3 and 4NTH-111-3, were strictly
monolayers without overlapping or piling up
of cells. They were in orphologically indi-
stinguishable from normal cells (Figs. 8 and 9).

Table I shows representative experiments
on the relation between clonal morphology and
transplantability to hamsters. Transformed
cells of the first inorphological group such as
4NTH-11-6, 4NTH-11-2-6 and 4NTH-I-6

,
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TABLE I Clonal moil, ho/ogy nitd tm"sp/antab^^^Iy I'Mto onz'inn/s of normal and 4NQO-tmn$101med
hamster cells

Clones

Normal-I

Normal-11

4NTH-11-6

4NTH-11-2-6

4NTH-I-6

4NTH-111-26

4NTH-11-2

4NTH-I-3

4NTH-111-3

Clonal morphology

Random
Pillng Liporientation

+ : slight 2+ : moderate 3+ : marked
b No. of animals witlT tumors I No. of animals inoculated
c Not done

a - : no

^"

2+

2+

2+

+

TABLE 2

Transplantability

No. of cells in DCulatcd per animal
106 104

3+

2+

2+

Number of 4NQO-traitnormed cells znOcu/ated and number offocz/ormed

Cells

013"

013
ND

ND

ND

313

313

313

313

+

4NTH-I-2

4NTH-11-2

No. of transformed
cells Inoculated

per plate"

I\TD"

ND

313

212

212

212

113
112

113

4NTH-111-3

a Appropriatc numbers of normal hamster cells of a secondary culture were InIx d 'tl t f d it
a total number of 3 XIO' cells inoculated per plate.

b Average of 5 to 8 plates

c Counted under an inverted phase-contrasted microscope without stainin
of Counted after staining with neutral red.
e Numbers in parentheses are the numbers of indistinct foci which were iridist' ' I bl f

overlapping of normal cells.

10

50

250

1250

50

250

1250

50

250

1250

No. of foci formed per plateb

Days after inoculation

322

10"

3 (2)"

17 (5)

133 (14)

676 (15)

O (3)

O (8)

O (38)

O (4)

O (5)

O (5)
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21'

6 (3)

26 (2)

180 (12)
ConHuent

O (3)

O (20)

O (58)

O (7)

O (3)

O (4)



clones showed high transplantabi!ity. It was
surprising that not only the cells of the second
and third in orphological groups, i. e. 41*;TH~
111-26 and 41. ;TH-11-2 cells, but also those of
the fourtlT group, 41. ;TH-I-3 and 4NTH-111-3
cells, produced tumors in animals at coinpara-
tively 10\\, cell doses. The in orphological
properties of transformed cells, such as the
random orientation and piling up of cells in
the culture, did not correlate directly \\, it I\ the
malignant properties of the cells in vivo.

2. Focus/or"Jan'oil

In parallel \\, ith the in DTPhological experi-
merits, the ability of +NQO-transformed cells
to form foci in cultures like Rous sarcoma cells
(ATANAKER and GROUPE, 1956; TEMiN and
RUBiN, 1958) was examined. The transformed
cells \\, ere trypsinized, suspended in medium
at serial fivefold dilutions, mixed with a sus-
pension of normal ITamster embryonic cells,
and plated in dishes. As shown in Table 2,
the 4NQO-transformed cell clone, 4NTH-I-2,
which had high transplantability into host
animals and showed random orientation and

piling up in clonal morphology, produced dis-
CTete, clear foci on a sheet of normal cells.
The ITUmber of foci per plate \\, as found to be
nearly proportional to the number of trans-
formed cells inoculated. On the other hand,
4NTH-11-2, \\, hich \\, ere transplantable and
showed a clonal morphology, of \\, GII-oriented
growth with little piling up of cells, formed
such Indistinct foci that it was impossible to
distinguish them from the non-specific over-
lapping of cells observed in cultures of normal
cells only. 4NTH-111-3, \\, hich showed
malignancy, in vivo and showed no random
orientation or piling up in clones, also failed
to produce clear foci.

Next, the possibility of direct assay of
transformation of cells by 4NQO was studied
in the following two manners. First, 4NQO
dissolved in liquid medium at final concentra~
tion ranging from 10~' to 10~' M was added on
a sheet of primary ITamster embryonic cells,
and I-2 hr later the agar was overlayed with or

without removing the 4NQO. Second, pri-
mary cultures of hamster embryonic cells \\, ere
treated \\, ith 41*:QO at final concentrations of
5 x 10~' M for 8 days. Previous experiments
showed that this treatment induced malignant
transformation of cells after several culture
passages (KAMAHORA and KAKUNACA, 1966a and
b, 1967). Then the cultures \\, ere washed
several times with PBS and agar was overlayed.
I. !o clear foci of transformed cells could be
observed in either of these experiments.

3. Goloi!y1011/1at!o11 171 soft rigm' 711edi'u"I
In preliminary experiments we found that the

cells of one 4NQO-transformed cell line were

able to grow and form colonies in soft agar
medium. Thus we investigated whether this
ability to form colonies in soft agar medium
was a property common to all 4NQO-trans-
formed cells and \vlTether suitable culture

conditions could be found so that on plating
of a mixture of normal cells and transformed
cells only the transformed cells formed colonies
with ITigh efficiency.

Table 3 shows the results of experiments in
which normal cells and two lines of 4NQO-
transformed cells were tested for colony forma-
tion in soft agar medium \\, itIT agar concentra-
tions in upper layer of 0.25 to 0,507, . Normal
cells formed extremely small colonies and no
colonies of more than 0.08 mm in diameter in

soft agar medium \\, hen the agar concentration
was higher than 0,275%. The cells of two
4NQO-transformed cell clones, on the other
hand, formed large colonies of more than
0.08 mm diameter as well as small colonies

(Fig. 10). It un^ remark, bit that 4NTH-11-2,
a clone with somewhat similar morphology to
that of normal cells, formed distinct colonies.
The number of colonies formed in agar in-

creased with decrease in concentration of agar
in the upper layer. Agar concentrations of
less than 0,250y, , \\, ere technicalIy impossible
due to the How of the agar layer. Even with
an agar concentration of 0.250%, breakage of
colonies due to the fio\\, of the agar layer was
occasionally observed. The optimal
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TABLE 3 Conceittrott'on of agar tit upper layer and co/offy formation of nomad/ and 4NQO-traits-
107'med cells

Cells

Normal cells

Colony
diameter

(mm)

4NTH-I-6

0.05:^ <0.08

008:= <0.15

0.15 =;

4NTH-11-2

a Counted 14 days after plating
b Average of 4 to 5 plates

005;= <008
0.08^ <0.15

0.15 ;=

O. 250

TABLE 4

medium

0.05:= <0.08

008= <0.15
0.15 :^

No. of colony formed per plate~ b

295

3

o

Agar concentration in upper layer (%)
0350032503000275

Number of cells titoct, lated and platthg <6'ICt'e"cz'es of 4NQO-transformed cells i" soft agar

1604

1940

1805

Clone of
transformed

cells

66

o

o

1389

1642

1859

1895

491

64

26

o

o

811

1565

1718

1646

460

61

24

o

o

4NTH-I-2

No. of cells inoculated I plate

Transformed cells

933

1417

1386

690

390

49

30

o

o

0400

10,000

2,000

2,000
400

400

80

80

8

8

o

883

976

1170

523

297

23

17

o

o

Normal cells

4NTH-111-3

802

910

697

544

129

25

a and b As in table 3

c Calculated as follows

Average number of colonies formed in soft agar medium I plate

o

o

8,000

o

9,600

o

9,920

o

9,992

10,000

No. of coloniesit, ' Plating efficiencye
of transformed cellsper plate

(Average%)(Average)

441

26

9

10,000

2,000

400

80

16

324

4305 .2

874.3

758.4

65.0

1526

7.2

17. O

0.5

1.1

o
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Average number of cells inoculated I plate

o

8,000

9,600

9,920

9,984

43.1

43.7

37.9

16.3

38.2

9.0

21.3

63

13.8

o

980.4

171.8

35.2

4.2

0.6

9.8

8.6

8.8

5.3

3.7

XIOO



centration of agar in the upper layer was
considered to be 0,300!,",, since with this con-
centration of agar How of the agar layer was
slight and colonies of more than 0.08 mm
diameter were formed by 4NQO-transformed
cens but not by normal cells. Extremely
small colonies, of about 0.05-0.08 mm diameter,
were formed by normal cells as well as by trans-
formed cells, and the number of these colonies
varied considerably in different dishes and dif-
forent experiments, whereas the number of
larger colonies was relatively constant. In
following experiments, therefore, extremely
small colonies were not counted, and the
colonies formed were divided into 2 group

according to their diameter to obtain a rough
estimate of the size of the colonies formed.

Thus, for convenience, colonies of 0.08-0.15 mm
diameter were termed " small colonies " and
those of more than 0.15 mm were named

" large colonies
The effects of other culture conditions, such

as the concentration of serum and the period
of incubation on colony formation were also
investigated. Colony forming efficiency was
not greatly affected when the concentratioiT of
serum was varied from 7 to 157, , while at
lower concentrations, plating efficien^, In-
creased with serum concentration. Colonies

increased in number and size day by day and
reached a maximum about 12 to 15 days after
plating the cells into the agar.

Table 4 shows the results of experiments in
which mixtures of normal cells and 4NQO-

transformed cells were plated in soft agar
medium. The presence of a large number of
normal cells did not interfere the colony forma-
tion of transformed cells but tended to increase

plating efficiency of transformed cells probably
due to a feeder effect. \\Ihen the transformed

cells were plated at inoculum sizes ranging
from 4 x 10' to 104 per plate with an appropriate
number of normal cells to give 10' total cells
per plate, the plating efficiency of the trans-
formed cells was generally constant and a linear
relationship was observed between the number
of colonies formed and the number of trans-

formed CGMs inoculated. The results also

indicate that the soft agar method is sensitive
enough to detect a fairly small number of trans-
formed cells among a large number of normal
cells. In the following experiments, the in-
oculum size of cells was 10' per plate. It
should be noted that ' ' in orphologically
normal " transformed cell, that is 4NTH-111-3
cells, formed colonies in soft agar medium,
though these were relatively small.

To investigate the relation of the colony
forming ability of transformed cells in soft
agar to their transplantability in animals, the
TD. , and colony formation in soft agar medium
were simultaneously estimated with various
4NQO-transformed cell lines. As shown in
Table 5, cells witlT a small TD , tended to
form many, large colonies. Generally the
number of large colonies formed was inversely
proportional to the TD, ,. The 507, tumor
inducing colony former dose was calculated
using the number of colony forming cells as a
unit of TD, ,, i. e. , multiplying TD, , by the
colony forming efficiency. The 507, tumor
inducing, large colony former dose were itearly
constant ranging from 10' to 3 x 10', while the
5070 tumor inducing, total colony, former dose
varied widely from 2xlO' to 5xlO'. it is
clear that a highly significant correlation exists
between transplantability of the 4NQO-trans-
formed cells in vivo and their ability to form
colonies, especially large colonies, in soft agar,
and that all strains of 4NQO-transformed cells

so far tested are distinguish able from normal
cells by the soft agar suspension method even
if their morphology is similar to that of normal
cells.

Since the size of the colonies formed in soft

agar medium was found to be significant in
relation with the malignancy of the cells, the
nature of the " large " and " small " colonies
formed in soft agar medium was investigated.
Individual colonies were harvested from the

soft agar layer of plates in which 4NTH-I
cells had been seeded 12 days previously.
Large colonies (termed 4NTH-I-L) were

picked up by capillary pipette, while small
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colonies (4NTH-I-S) were harvested by pipett-
ing the upper agar layer, from which all large
colonies had been removed, into PBS, and
filtering the mixture through a layer of gauze.
Colonies were broken up into single sepa-

TABLE 5 Nunzbei. and $22e of colont'es formed in soft agm. andji/tj, per cent tumor dose of trans-
10n, led cells

Cells

4NTH-I

4NTH-11

4NTH-InaJ

4NTH-111b"

4NTH-111 I tc-1'.
4NTH-IV

SVTC'

rate cells by treatment witll trypsiiT or by
pipettingin Ca- and A1g-free PBS. Then cells
were suspended in medium, diluted or con-
centrated to give a definite concentration of
cells, and their TD. , and colony formation in

TD it

a Fifty % tumor inducing cell dose
b Counted 14 days after plating cells
c Average of 8 to 10 plates.
d Represents 50% tumor inducing, large colony former dose
e Represents 50% tumor inducing, total colony former dose
I After 96 days culture
g After 129 days culture
h Derived from tumor produced by subcutaneous iruection of 4NTH-111 cells
i Hamster embryonic cells transformed by SV, , in vitro

,. 8 '10'

I. 4 XIO'

6.8 XIos

I. 9 '10,

7.5 x 102

I. O XIO"

5.3 x 105

No. of colonies I plate", "

Large
size

2781

172

o

15

1686

o

8

Small
size

TABLE 6 Number and size of colonz'es101'med tit soft agar and/iftj, percent tumor 2ndMCI'"g ceil dose
o14NQO-tin"$101Med cells

1765

2353

740

1567

2113

65

1820

Total

TD, , XIargert TD, , x totale
size colony colony

forming forming
efficiency, efficiency

4546

3525

740

1582

3799

65

1828

Cells-'

+NTH-I

4NTH-I-L,

4NTH-I-SI

4NTH-I-L, -L

4NTH-I-L, -S

+NTH-I-S, -L

4NTH-I-S, -S

134

245

TD it

285

127

a, b, c, d and e As in table 5
I See text
g Not done

218

4935

50320

29596

912

6500

96884

4.8 xi02

I. 6 x 102

,. 8 '102

2. 0 XI02

N D"

2.5 xi02

2.4 x 103

No. of colonies formed per plate", "

424

Large
size

326

2781

3231

1575

3070

2844

3111

672
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Small
size

1765

2125

2964

2881

3112

2305

2712

Total

TD, o x large" TD, , x totale
colonysize colony

formingforming
efficiency efficiency

4546

5356

4539

5951

5956

5416

3384

134

52

156

61

218

86

445

135

78

185

135

812



soft agar medium \\, ere Teexamined. Then the lowing cloning experiments. A1any individual
TD-o and colony formation in soft agarmedium large and small colonies \\, ere picked up from
of th, jarg. (4NTH-I-L-L) and ,mall (4NTH- colture^ ,f 4NTH-I wits, and th. cell^ ^. pyrot-
I-L-S) colonies formed in the cultures of ed from each colony, were cultivated in dishes
4NTH-I-L cells, and the large (4NTH~I-S~L) containing liquid medium, until the number
and small (4NTH-I-S-S) colonies formed in of cells from each colony amounted to 5 x 104.
the cultures of 4NTH-I-S cells were Tetested Then the cells \\, ere replated into soft agar
in the same manner. The results are presented medium to observe their colon^ formation.
in Table 6. 4NTH-I-L, 4NTH-I-L-L, Cell clones incapable of forming large colonies
4NTH-I-L-S and 41*;TH-I-S-L cells showed in soft agar medium were obtained from some
almost similar TD-, \, alues and colony forma- small colonies but not from large colonies.
tion in soft agar medium. However, 4NTH-

4. Dowb/^}4g ti'?lie, Initoti'c 27!der and length ofI-S and 4NTH-I'S-S cells Ilad less trans-

each phnse of the 7111'toil'c cJJc/eplantability and colony forming ability than
their parents, i. e. 4NTH-I and 4NTH-I-S cells Table 7 summarizes results on the doubling
respectively. These results indicate that the time, initotic index and the Iengtlt of eacl} phase
cells derived from large colonies all have the of the initotic cycle in normal and 4NQO-
ability to form large colonies \\, ith a constant transformed hamster cells. The initotic index

high efficiency while some cells derived from of all cells tested remained constant for 481\r,
small colonies can form large colony, and some so the cells seemed to proliferate asynchronously
cannot. Small colonies formed in cultures of and exponentialIy under the experimental
cells derived from large colonies were not conditions.

The doubling time of transformed cells wasIntrinsical!y small colony formers but were
cells witlT the ability to form large colonies. almost equal to, or slightly shorter than that of

These conclusions are supported by the fol- normal cells in the early period after trans-

TABLE 7 DOMbfi"g tame, "12'to12'c I'Mdex and length of each singe of Mittotz'c cj, c/e I'" noi'"Iai and 4NQO-
tm".:101'med hamste, ' cells

Cells

Normal

Normal

4NTH-I

4NTH-11

4NTH-11-2

4NTH-11-2

4NTH-11-2

4NTH-Ina

4NTH-111b

SVTC

Days in
culture

Doubling"

(hr)

10

51

188

127

98

158

363

64

91

127

time

a Doubling time estimated from growth curve
b NIItotic index determined on 1,000 cells

c Length of each phase of initotic cycle determined by measuring number of labeled metaphase cells after pulse
labeling with H'-thymidine

d Not done.

24.4

46.0

17.5

21.0

20.6

20.4

14.6

23.8

21.8

22.5

Niltotic"
Index

(%)

2.8

1.6

3.6

3.0

3.4

Duration of eaclt phase of initotic cycle" (hr)

G, G,

4.4-4.7

9.4-9.9

2.6-2.8

3.7-3.9

3.4-3.6

3.8

3.2

3.0

3.1

S

9.0

10.3

7.9

9.5

9.0

2.5-2.6

50-5.2

4.1-4.4

32-3.4

3.0

4.0

2.5

3.0

2.5

__NDit-

1.5

3.0

2.5

3.0

M

6.8

9.3

9.0

9.5

0.7-1.0

0.6-1.1

0.7-0.9

0.7-o. 9

0.8-1.0

Total
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17.4

24.8

13.9

17.1

15.9

06-0.8

O . 9-I . I

07-1.0

08-1.0

11.6

18.4

16.6

16.7
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formation and decreased with the period of
cultivation in contrast to normal cells in which

the doubling time after 51 days culture was
twice that after 10 days culture.

On the other hand, the length of the initotic
cycle of transformed cells after some 4 months
of cultivation was almost the same as that of
normal cells after a short period of cultivation.
On continuous cultivation of transformed cells,

the length of the initotic cycle decreased while
that of normal cells increased. Since trans-

formed cells in the early period of cultivation
examined in this experiment showed colony
formation in soft agar medium, as indicated in
Table 8, it seems likely that variation in the
length of the initotic cycle does not reflect
malignant transformation of the cells and that
the decrease in the length of initotic cycle of
transformed cells after long cultivation is due
to selection of cells with a shorter initotic cycle

which are dominant in growth under the
conditions of cultivation.

The doubling time estimated on the basis
of the growth curve differed from the length
of initotic cycle determined by autoradiographic
studies. The difference was large in normal
cells, especially after long cultivation and
small in the transformed cells. This difference

is probably attributable to the presence of
undividing cells in the population of the size
of the proliferating pool.

The initotic cyde is subdivided into 4
phases; (1) a postmitotic phase called GL;
(2) an S phase, during which DNA is syn-
thesized; (3) a premitotic phase called G, ;
(4) mitosis extending from the beginning of
prophase to completion of telophase. There
were no differences in the lengths of each phase
of the initotic cycle in normal and transformed
cells when the total length of the initotic

TABLE 8 CIO"titg <6'1cz'errcy, resistance to cytotoxz'c effect of 4NQO and colony fomzing ribz'fity 271 soft
agar med^tm of normal and 4NQO-trait^formed cells

Cells

Normal cells

,,

4NTH-11

,,

Days in
culture

,,

,,

4NTH-11-2-4

4NTH-11.26-5

4NTH-11-9-3

4NTH-11-26-5

4NTH-11-9-3

,,

11

35

59

46

67

110

263

263

263

263

505

505

Cloning efficiency (%)"

a Fourteen days after seeding cells. Average of 6 to 8 plates
b 4NQO added to culture medium 24hr after seeding cells
c Ratio A1B represents the degree of resistance of cell to the cytotoxic effect of 4NQO
d Calculated as follows

Average number of colonies formed in soft agar medium per plate x - - - -- -

(A)

0.42

0.50

0.19

0.6

0.6

19.8

60.3

31.9

52.5

61.2

68.5

88.9

in presence ofb
4NQ0 3 x 10~BAI

(B)

0008

0.02

0002

0.03

0.03

2.88

24.2

10.6

10.9

7.5

32.8

40.5
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Colony formingd
efficiency In soft

agar

(%)

0.02

0.04

O. 01

0.05

0.05

0.14

0.40

0.33

O. 21

0.12

0.48

0.45

o

o

o

0.2

0.6

6.5

16.5

25.4

24.3

47. O

54.2

52.7



cydes were similar. Variation in the total
length of the initotic cycle depended upon
variations in the length of the G, phase, i. e. ,
during continuous cultivation the length of
the G, phase of transformed cells decreased
and that of normal cells increased, whereas the
lengths of other phases did not change ap-
preciably.

5. Clonal!g chide"cy and resistance to the
cytoto"!'c ofect of 4NQO

Normal hamster embryonic cells had cloning
efficiencies of 0.42,0.5 and 0.19% after 11,
35 and 59 days culture, respectively. In the
presence of 4NQO at a final concentration of
3 x 10~' M, their cloning emciencies
reduced to about 0.01-0.04 times normal.

There was no increase in the degree of resistance
to the cytotoxic effect of 4NQO in these cells
within their life-span.

The cloning efficiency of the cells was \, ery
similar to that of normal cells 66 days after
treatment with 4NQO, and treated cells were
still as susceptible to the cytotoxic effect as
normal cells, whereas they had the ability to
form colonies in soft agar and to grow as tumors
on subcutaneous inoculation into adult it amsters

(KAMAHORA and 1<AKUNAGA, 1967). 4NQO-
treated cells showed some degree of resistance
after 110 days culture and this resistance in-
creased with continued cell cultivation.

Next, the cloning efficiency, resistance to
the cytotoxic effect of 4NQO, and colony
forming ability in soft agar of the 4NQO-
transformed clones, 4NTH-11-2-4.4NTH-11-
26-5 and 4NTH-11-9-3 derived from the same

pool of hamster embryos were tested after
293 and 505 days culture. These clones
showed various degrees of resistance to the
cytotoxic effect of 4NQO and of colony forming
ability in soft agar medium but ITigh cloning
efficiency. Thus, there seems to be no direct
relation between the cloning efficiency, re-
sistance to the cytotoxic effect of 4NQO and the
colony forming ability in soft agar medium of
4NQO-transformed cells.

with further continued cultivation of clones,

4NTH-11-26-5 and 4NTH-11-9-3, their re-
SIStance to the cytotoxic effect increased with
increase both in cloning efficiency and colony
forming ability in soft agar.

DISCUSSION

The method of suspension of cells in agar was
first reported by SANDERs and BURFORD (1964)
and IVIACPHERsoN and LIONTAGNiER (1964)
who found that hamster cells transformed by
polyoma virus were capable of forming colonies
in semi-solid agar medium whereas untrans-
formed cells did not form colonies. Sub-

sequently, this technique has been applied in
various experiments (CRAWFORD at a1. , 1964;
STOKER and SussMAN, 1965 ; BORENFREUND at
a1. , 1966; ICHIKAWA at at. , 1966; TJ6TTA at a/.,
1968). However, the precise relation of colony
forming ability to the malignancy of the cells
has not been established. In the present
experiments it was found that 4NQO-trans-
formed cells \\, ere able to form colonies in soft

agar medium, and this property correlated well
with their malignant properties in vivo. In
addition, this property seems to be useful as
a basis for a sensitive and quantitative assay
of the number of cells transformed by 4NQO.
A good method for assay of transformed cells
should be as follows; I) it should be based on
properties which reflect changes directly as-
SOCiated with malignancy of cells, 2) it should
exclude variable factors such as those affecting
the development of tumors in animals, 3) it
should be highly sensitive and quantitative,
4) it should be rapid. Two methods, i. e. , the
soft agar suspension method and the focus
formation method, seem nearly to satisfy these
conditions. The former, as indicated by the
present results, seems suitable for assay of
4NQO-transformed cells. It should be noted

that growth in soft agar medium is not a par-
ticular characteristic of 4NQO-transformed

cells. S\;TC, a line of hamster embryonic
cells transformed by S\',, in vitro, also formed
colonies in soft agar medium, though the ratio
of colony forming ability to the TD differed

\\, ere
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from that of 4NQO-transformed cells and it

remains to be proved whether SVTC cells can
be assayed quantitativeIy like 4NQO-trans-
formed cells by the agar suspension method.

Another method available for quantitative
assay of transformed cells in vitro, Is the focus
assay method, which has been generally used
for measurement of transformation by Rous
sarcoma virus and other avian Ieucosis viruses.

It is based on in orphological changes of trans-
formed cells. 4NQO-transformed cells, such
as 4NTH-11-2 cells and 4NTH-111-3 cells,
which were inorphologically indistinguishable
from normal cells, did not produce clear foci,
whereas 4NTH-I-2 cells, \\, hich differed in
morphology from normal cells, produced dis-

of the 4NQO-tinct foci. The presence

transformed cell line, which showed focus
formation, prompted us to examine direct
focus formation by ITamster embryonic cells
treated with 4NQO dissolved in agar medium
or by cells pretreated with 4NQO for 8 days.
No foci were formed by these cells. These
findings suggest that culture passage may be
required for the process of fixation or expres-
SIon of the transformed state of cells.

4NQO-transformed cells showed \, anous
types of clonal morphology. The 4NQO-
transformed cell clone, 4NTH-111-3, which
has transplantability as demonstrated by SImul-
taneous inoculation into animals, showed an
apparently normal clonal morphology. Two
transformed clones with high malignancy in
vivo were also in orphologically similar to
normal clones, though it was possible to distin-
guish these transformed cells from normal cells
by careful examination of their morphology.
DEFENDi at a/. (1963) also obtained cultured
cells which grew as monolayer sheets but had
malignancy in vivo. These findings indicate
that the in orphological changes of cells Induced
by 4NQO may not be truly representative of
" malignant changes " ; they may be additional
or transitional phenomena, though in orphol-
ogical changes have been most widely employed
as criteria of malignant transformation of cells

SANFORD at al. also reported thatIn vitro.

there was no correlation bet\\, een inorphological
changes and malignant conversion of cells
cultured in vitro (SANFORD at at. , 1961a, 1961b,
1963 ; SANEORD, 1965).

There are three possible causes of differences
in morphology of transformed cells : (1)
there may be differences in the cell types that
are transformed, (2) there may be differences in
the mode of interaction between chemical

agents and each cell type, (3) cell variants may
occur and become established during con-
tinuous cell cultivation. The finding that a
subclone 4NTH-11-2-6, derived from the clone
4NTH-11-2, showed an appreciably different
growth pattern from 4NTH-11-2 points to the
last possibility.

The doubling time and Iengtll of the initotic
cycle of 4NQO-transformed cells soon after
transformation were not greatly different from
those of rapidly growing I\ormal cells under
experimental conditions in which cells were in
the log phase cf growtll and were not affected
by " contact inhibition ". This finding is in
accord with earlier finding that the cycle time
of tumor cells \\, as coinparable to that of their
normal counterparts, that is the cells of the
animal from which the tumors originated
(BASERCA at a/., 1962 ; BASERCA and KisiELESKi,
1962; BERTALANFFY and LAD, 1962; KILLMANN
at at. , 1963 ; POST and HOFFMAN, 1964; REi-
SKIN and MENDELsoHN, 1964; BASERCA, 1965).

In some instances transformed cells may

proliferate faster than normal cells, but it is
likely that this is necessarily so, and that the
growth rate of transformed cells is not due
exclusively to an acceleration of the proliferative
process but involves other parameters of CGI-
Iular kinetics, suclT as the fraction of the cells
participating in the proliferative pool, the
amount of cell loss through death or migration,
and the loss of contact inhibition of cell division.

This concept was partially supported by the
finding that the difference between the doubling
time, estimated by cell counting, and the
length of initotic cyde, calculated from the
labelcd initotic index, was larger in normal
cells than in transformed cells even when both
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cells ITad similar lengths of initotic cycle.
Cloning efficiency and resistance to the

cytotoxic effect of 4NQO were not closely
correlated with colony forming ability in soft
agar medium when these properties were
examined with 4NQO-transformed cells soon
after transformation. On continuous cultiva-

tion of transformed cells, the cloning efficiency
and resistance increased. Similar phenomena
were observed \\, itI\ clones of transformed cell.

These results suggest that transformed cells
give rise to more resistant cell variants with a
selective advantage in culture as a secondary
change after transformation. In previous
papers, we reported that 4NQO-transformed
cells were resistant to tlTe cytotoxic effect of
3.4-henzpyrene (KAMAHORA and 1< AKUNAGA,
1967). From these findings, it is improbable
tllat the resistance to the cytotoxic effects of
carcinogens can be an indicator of malignant
transformation of cells.

In conclusion, the alterations in the in orphol-
ogy, focus forming ability, length of the initotic

cyde, cloning efficiency and resistance to the
cytotoxic effect of 4NQO seem to be unreliable
as in vitro indicators of malignant transforma-
tion of cells by 4NQO. Colony forming ability
of cells in soft agar medium appears to serve as
a marker of malignancy of cells transformed by
4NQO. It is uncertain why only the colony
forming property of 4NQO-transformed cells
correlates well witlT the malignant properties
of the cells in vivo while other properties of
4NQO-transformed cells tested did not. It
is also unknown why 4NQO-transformed cells
can grow in soft agar medium under the con-
ditions employed. These problems require
further study. In connection with the latter
problem, it is interesting that chick embryo
fibroblasts transformed by Rous sarcoma virus
do not have a particularly IlIgh cloning effi-
clericy, and cannot survive in culture, but they
produce colonies in soft agar medium and
tumors when implanted into host animals
(TEMiN and RUBix, 1958; RUBiN, 1966a and
1966b).
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