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ABSTRACT

Tne_effect of serum onfthezgrowth properties of non-transformed
Balb 3T3 A31 and SV40-transformed Balb 3T3 A31>wasrstudied. The concentra;
tion of serum in‘the growth medium of non-transformed cells had little
effect on the initial population dbub]ing time, but did requlate the cell
density at which the'population7became quiescent in G]. The doubling time
of trénsformed cells, however, was.increased significantly as the concentra--‘.
tion of serum was decreased below 4%. This effect on the growth of trans- |
formed cells was seen at serum concentrations so low that non-transformed
cells did not comnlete one population doub]ing. _Flow microfluorimetric
ana]ysis.of,these popu]ationS‘indicated that the primary effect of different
serum concentrations on'the_non-trénsformed cells was to modulate the average
residence time in G]§ whereas, all the cell cycle phases ofvthe transformed
cells were affected by serum, At saturation densities, the non-transformed
cells became quiescent in G], but the transformed cells still traversed the
cell cycle and their saturation density appeared to be a baiance between cell
. prodnction and cell death occurring primarily ia the G] phase of thé cell

cycle.
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INTRODUCTION

The growth properfies of mémmalian Ce]]s in;cu]tUre'are_thought to
reflect thé cokresponding ﬁroperties 13_3139_(1,v22); -Cell lines that
have "tight" growth regulatory properties in'cbltﬁ}e generé]]y do not give
tumors when injected back into animals (1).' Balb 3T3 A31 mouse fibroblast
cells exhibit “tfght" growth control in culture, but when transformed by
SY40 virus their growth potential in culture under a given set of conditions
increases as does theif'ability to form tumors in animals (1). These
observations suggest that an‘uhdersfanding of the mechanisms‘for tﬁé regula-
tion of growth of mammalian cells in culture will bévrelevant to growth
control in vivo. |

One of the elements that has been shoWn to play a roll in the regd]ation
of growth of mammalian cells in culture is serum. Holley and Kiernan (9)

found. that the concentration of serum in the gfowth medium determined the

“ final cell density of both transformed and non-transformed mouse 3T3 cells

in culture. This final cell density or saturation density waé much higher
for transformed cells than non-trénSformed.ce11s at a given serum concentra-
tion. Nilausen and Green (14) demonstrated that when ﬁoh-tr&nsfdrmed mouse
fibroblasts reached their saturation density cell cyc]e‘traversevwas arrested
in G]. This block, however, is-revérsib]e and cell cycle traverse can be
stimulated by the addition of fresh serum (25). .Faétors other than serum
concentration can regdlatevcelT growth by restricting passage through G
(17,20,24) ahd it has been postu]ated that the.growth of non-trans formed

cells is controlled by a restriction point in G] that is sensitive to

.sbboptimal growth conditibns (]5)Q

‘The effect of limitation of serum or other medium components on the
growth -of transformed cells has not been clearly defined. There is some

evidence that as a population of transformed cells reaches its saturation



s
density, and presumably depletes some medium components; the mitotic index
drops (6). Paul (11) has demonstrated that with svaTs cells Tow levels of
Teucine inhibit cell cycle traverse, but, 1n contrast to non- ~transformed
cells, the transformed cells were not arrested in one phase of the cell cycle.
| In this report we describe the effect of serum on the doub]ing time of
Balb 373 A31 and a closely derived SV40 virus transformed line,}FNE. Our
results indicate that limitation of serum has less effect on thebinitial
p0pu]ation doubling time of Balb 3T3 A31 than on FNE. Furthermore, serum
requlates the growth of Balb 3T3 A3]‘by increasing the average residence
time in G], but regulates FNE growth by lengthening the average -residence

time of all phases of the cell cycle.

MATERIALS AND METHODS

Cell Culture Techniques

~

The cells used in this study:were obtained from Helene Smith of the
Naval Biomedical Laboratory, Oak1and Ca]ifornia Ba]b'3T3 A31 washcloned
prlor to use in these experiments to give the der1vat1ve Balb 3T3 A31 HYF
FNE is a der1vat1ve of Ba]b 313 A3l ‘which has been transformed with SV40
v1rus It is produc1ng SV40 T-antigen and unlike Balb 3T3 A3l is h1gh1y

tumor1gen1c when 1nJected as a suspension in newborn Ba]b/c m1ce] |
It was passaged nineteen times as described below before use in these
‘experiments. | |

Both cell lines were earried_in'loo mm'p]astic dishes (Falcon,rOxnard,
- Ca]if.) and incubated in a 10% CO2 incubator at,37°.. The cells were groWn
in Vogt and Du]becco's modification of Eagle's medium (27), containing 10%

newborn calf serum (GIBCO, Santa Clara, Calif.). The cells were transferred

1 Smith, H., persona] communication.
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when reaching cdhf]uency by removal from the dishes with 0.05% trypsin
(Difco, 1:250; Detroit, Mich.) in 25 mM Tris buffer, pH 7.4 containing 140
mM NaCl, 5 mM.KC1, and 0.7 mM NaZHPO (1soton1c Tr1s buffer) . The seeding

-

density was 1/10 of the .saturation dens1ty

Growth Curves

The growth of the cultures in media containing different concentrations

of calf serum was monitored by determining the increase in the number of

cells per'culture dish as a function of time. On day 0 four 35 mm plastic
dishes were seedea for each time point to be taken. The dishes were seeded
with 5.0 X 104_cells in 1.5 ml of test medium. At each time point the cells
were removed from the dishes by treatment with 2.0 ml 0.01% trypsin in
isotonic Tris buffer for 20 min" at 37°. The number of cells per dish'was
determined by cqunting an.alfquot of the trypsin solution in.a-CouIter
cdunter model Fn (Coulter ElectrOnics, Hialeah, F]orida). The values were

corrected for coincidence counting and averaged.

Autoradiography

To determine the percentage of the population in S at each time point,
the cu]tures were pulsed for 15 min with 1 uCi/ml 3H thym1d1ne (201 C1/mM

New Eng]and Nuc]ear Boston, Mass ). At the end of the pu]se.the_cells were

.washed on the dish 2 t1mes in isotonic Tris buffer, sWO]]en with 0.075 M KC1

and flxed with methano] acetic acid (3:1)(19). After air drying the dishes
were coated with -Kodak Nuclear Track Emulsion NTB-2 (Eastman Kodak, Rochester,

N.Y.), exposed in the dark at room temperature for 14 days, developed, and

Aefixed The cells were stained with crystal violet and the percentage of

labeled nuclei was determined by counting a tota] of 2000 cells for each

time point.



F]ow Mlcrofluor1metnx

The amount of DNA per individual cell was quant1f1ed by sta1n1ng

e_ the ce]]s with acriflavine (26) and measur1ng the amount of fluorescence ‘
per cell by f]ow m1crof1uor1metry (10) These measurements were done in
collaboration with Drs. Joe Gray and Marvin Van Dilla of the Lawrence
Livermore Laboratdry. In this'technique, the stained cells are passed
individually through the beam of an argon-ion laser (Spectra-Physics,
Mountain View, Calif.) tuned to 488 nm. The puise of‘fluorescent light
was filtered to reduced scattered light and detected by a photomultiplier
tube positioned at right angles td the laser beam. The resulting signal
is emplified e]ectrdnjcaT]y and recorded in the memory df a pulse height
ana]yzer.(Northern Scientific, Middletown, Wisconsin). As the data
accumulates it generates a histogram as shown in Figure 1. The data was
stored on magnetic:tape and processed by a program written_for:a'Sigma 2
computer (Xerox, Rochester, N._Y.).2 As seen in Figure 1 the integration
of these p]ots‘gives the percentage of cells in the'populatidn in G]; S,
and G, p]us'M(GZ+M). The'prdcedure used to obtain the proportion of the

population in each of the phases is described in a sebarate report (2).

RESULTS .
Effect of Serum on the Growth of Balb. 3T3 A31 HYF and FNE

Figure 2 shows that the growth of Balb 3T3 A31 HYF and FNE is dependent
on the concentration 6f serum in the medium. As the serum concentration
increased, the doubling time of the population decreased (Tabie 1) and the
saturation density increased. The doubling times in Table 1 were computed

from the cell counts using a-ieast squares curve: fit program. 'Only values

2 Wong, S.. K. Wiley and A. Salmon, unpublished procedure.
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that had cokre]étion coefficients greater than 0.97 are reported. .The initial
doubTing time of Balb 3T3 A31 HYF af serUm»cohgéntrations.below 8% was
difficult to determine because of tﬁe'sma]lfamoqni of growth seen with these
_sérum COncentkations; and:aboyé‘B% the effe§f ;f §eEdm éoncentration |
on the initiaT-doﬂb]ing time was minfma]. The dbub]ihg"time of FNE,
on the other hénd, was clearly depenhent on the concentration of serum
in the medium. - Accurate population doubling times for FNE cou]d be measured
at serum concentrations as']ow as 1%. A comparison of the doub]ing'times'
of Balb 3T3 A3l HYF and FNE at serum concentrations above 8% indicates
that the two cell lines have the same minimum doubling time. Throughdut,
the course of these experimehts, the cultures were‘monitored microscopically
for cells floating in.the medfum'as an indication of cell death. The on}y
evidence'thét cell death was occurring was with FNEvafter it had reached

. its saturation density.

Cell Cxp]e~Diétributions After Two Days Growth in Medium Containing

Different Serum Concentrations

Flow microfluorimetry (FMF) can determine the distribution.of a
population in the cell cyc]é by measuring the DNA content of individual
cells. Cells that are in GT have half the aﬁount of DNA of cei]s that
“are in G, or mitosis. Cells that are in S have DNA contents between fhét
of G] cells and 62 cells depending on how far through S they have progressed;
‘Assuming a random distribution of cg]]s around the cell cyc]e, the propor-
tion of fhe cells in a particular phase of the ce]]vcycle is a fynction'of
the avefage résidence_time in that phase. Using the doubling time of the

population and the distribution of cells in the various phases, the average
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res1dence tlme of each phase can be ca]cu]ated (12) The techn1que assumes
a neg]1g1b1e death rate which appears to be true for Ba]b 3T3 A31 HYF and |
'FNE growing logar1thm1ca11y (see above). We have used ‘this procedure to
: determlne how different serum concentrat1ons in the growth medium affect
the,average residence time of the two popu]at1ons in the 1nd1v1dua]'phases
of the cell cyc]e. _ | ‘v _ .

The FMF distributions of Balb 3T3 A31 HYF after two days.'of growth in
medium c0ntaihing different serum concentrations are shown in Fig. 3. It |
was not possib]e to ana]yze-fhe cells before day 2 because the cell cycle
distributiohs were still affected by the state of the population prior to
setting up the experiment'(3). Table 2 gives the vaTues for the integrated
areas under the DNA histograhs. These calculations gave values for the
percentage of the popu]ation.in S that agreed within 5% of those obtained

3H-thymidine fol lowed by autoradiography

‘by incorporation of a 15 min pulse of
.to detect DNA synthesizing cells. * As the serum concentration decreased
below 8% the percentage of the population in.G] increased while the other
phases decreased. At low serum concentrations there were essentially
no ce]]s in S. v3H~thymidine incorporation fo}]owed-by autoradiography of
oei]s growing in medfum'containing less than 2% serom confirmed thatvless
than 3% of the cells were synthe51z1ng DNA on day 2. |

There appeared to be some cells with a DNA content of GZ+M ce]]s even
~at low serum concentrations. It should be pointed out, however, that
binucleated or aggregated ce]]s would be recorded as having a:DNA-content
equiva]ent-to G-+M cells. However, if aggregation or. mu1t1nuc]eatlon were
affect1nq the results, peaks representlng higher mu1t1p1es of GZ+M should
be.present in the histograms shown in Fig. 3. The absence of these peaks
_suggests that the'Gz+M peak is not oontaminated with a significant amount

of aggregates or multinucleates.



The growth of Balb 3T3 A31 HYF was logarithmic on day 2 only in medium

‘containing 8% serum or greater. Using the doubling time of 16 hr for these |

logarithmic populations (Table 1), the-averége“residenée time of cells in

~each of the ce1] cycle phases was ca]cu]ated for the d1fferent growth conditions.

These values are given in Table 2 and 1nd1cate that a]though the doub]1ng
times were identical for a range of serum concentrat1ons, the average residence
times varied. As.the serum concentration increased, the value for Gi '
decreased andAthe value for S increased. The average residence time for
G2+M remained appfoximate]y eonstant.v | | |

Figure 4 gives the FMF dietributions of FNE growing in mediUm'with
different concehtrations of serum. Integrations of the areas under the
histograms gave the va]ues in Table 3 for the distribution of cells in the
cell cycle. Unlike Balb 3T3 A31 HYF, FNE even in med1um with very low
serum cehéentrat1ons had a s1gn1f1cant number of cells in all phases of
the cell cycle. As an example, apbroximately 10% of the population waé
in S when the serum‘eoncentration was dnly'o.l%. This was confirmed by
3H-éthymidine incorporation‘fo]]owed by autoradiography. As seen in F1g 2,
FNE grew logarithmically at serum concentrat1ons as ]ow as 1%. When
the,average residence time of the cell cycle phases was- calculated for the
logarithmic populations it was apparentlhhat as the doubling time increased

the length of 511 phases increased.

Cell Cx;]e D1str1but1ons at Saturat1on Dens_ky

Using FMF we ana]yzed the ce]l cycle d1str1but1ons of . cultures of

. Balb 3T3 A31 HYF and FNE at their saturation density in medlum containing

different concentrations of serum. Balb 3T3 A31 HYF was predomlnately
(>93£) in G] at saturation density regardless of the concentration of

serum in the med1um. 3H-thym1d1ne incorporation followed by autoradiography
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1nd1cated that less “than 0.5% of the populatlon was making DNA at any of
the. serum concentrat1ons FNE gave cell cycle dlstr1but1ons at saturation
densities in med1a with different levels of serum as seen in F1g 5. Even

though the cultures had stopped increasing in dens1ty there were still

cells in all parts of the cell cycle. The cells were_were still incorporating .

3H-thymidine into DNA at all serum concentrations.

-'As_mentioned above when cu]tufes of FNE reached saturation density some
cells could be seen in the,med%um. These cells were'not viable when b
replated ihto‘fresh medium and when analyzed using the FMF technique

they had DNA contents equivalent to G] cells,

DISCUSSION |
The doub]ihg fime of a population of cells is dependent on fhfee
variables: (a)_the length ofjthe.ce11 cycle; (b) the fraction of the
population traversing:the cyc]eg_qnd (c) the rate of cell loss (4). A
number'of\models haye been proposed using these variables to explain the
growth ‘properties: of mammelien cells. Preseott (18) has'suggested that
the growth rate of cells in culture is determined primarily by the length
of G] 'Smith‘and Martin (21), on the other hand, have recently proposed
~ that the doubling t1me of a population in a given environmental s1tuat1on :
is dependent on the probab111ty of cell cycle trans1t Both of these
models propose that the length of S, G2 and M are constant, desp1te the
evidence that lﬂ_!l!g_at least the length of S and 62 does_vary (5.. 1).
Understandingpthe mechanism of growth control becomes particujarly
important when considering mq]ignant cells. Analysis of the growth
properties'of malignant cells ig_gjxg_suggests that they do not necessarily
grow with a shorter doublfng time than pormal cells, buf_appear to be able

to grow under conditions where normal cells will not (11). Under such



conditions the,fraCtion of proliferating cells (13) is‘hfgh'in,the case
of malignant cells; but low with normal cei]s. |

~In the eXperiments'reported here we have analyzed the growth properties
of Ba]b'3T3 A31 HYF, a non-transformed mouse f%breblast with 1ow'tumorigenic
potential, and a high]y'tumorigenic derivative, FNE, in media containing
growth 1imiting'amounts of serum. As seen by Holley and Kiernan (8) serum
concentration primari]y affects the cell density at which a popu1atibn of'
noh-transformed cells becomes quiescent. This stringent effect on the‘
saturation density makes analysis of the'effect of serum on the ratevof
population growth diffichf. However, in other experiments (3) we have
used‘a’G] synchronized popu]atibn'to show that the level of serum in the
medium has little effect-on the time of transit from G, through S to :"
62 and M, but does have an effect on the fraction of the popa]ation capable
of being stimulated. These experiments suggest that the primary effect ef‘ 
serum on the gr6Wth of Balb 3T3 A31 HYF is in determiningvthe fraction of
| the bdpulation capable of cell cycle transit. A secondaky effect of serum/
may be on other variables determining the growth properties of the popula-
tion, but these effects must be sma]] and are d1ff1cu1t to separate from
the primary effect of serum. These experlments are con51stent with the
model of Smith and Martin (21) and suggest that serum acts by determ1n1ng
the probability of cell cycle transit. | '

The doub11ng time of FNE, on the other hand, is very much dependent
upon the concentration of serum in the medium at concehtratiohs of serum
below 4% (Tab]e']). These -effects do not seem to be due to ce]] loss since
microscopic observation of the cu]tufes did not reveal a significant increase-

in floating deadlcells as thevdoub]ing time increased At‘concentrations
of serum where the doub]1ng tlme is Iengthened the average re51dence time

in each of the cell cyc]e phases is also lengthened (Table 3). As the
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conéentration of serum in the medium drobped to 0.4% or ]owef, the pOpujatfon
| accquTated in G, It is”important to note that theSé effects of serum )
on the length of individual phases’of»the‘¢é11 cyc]e of FNE were seen
at serum concentrations so low that Bélb_3T3vA31 HYF dfdﬂnot grow significantly.
Thus, it is possible that serum may affect the average }esidenée.time_
of_Baib 3T3 A31 HYF in the celilcycle phases other than Gy, but at concentrationé
where this efféct'may occur the popu]ation hgs become quiescent in G].
The cell cycle distributions at the saturation density of Balb 3T3 A31
HYF indicated that no matter Qhat thé concentration_df serum in the medium,
the cells stopped growing by becoming'qUiescentvin‘G]. FNE, on the other
hand,vdid not become quiescent at its saturation density; but contfnued to
traverse the cell cyc]e.; Microscopic observations ihdicated-that at
saturation density dead floating cells were accumu]ating. FMF analysis
Qf the‘floatjng cells indicatéd_that death had occurred predominately in G].
- These studies indicate that at serum concentfations'Where Balb 3T3 A31
" HYF can grow significantly there is 1itt]e'éffect of serum on thedeUbling
time of the population. Thevprimary‘effect fé on determining the saturation
. density at whiéh the population becomes quiescent.” When this cell line is
transformed with SV40 virus, the transfofmant groWs ét lTower serum concen-
trations, buthith.doubling times that are dependent on serum concentration.
These longer doubling times are thé resﬁ]t of lengthening the averége

residence time in each of the cell cycle phases.
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Tab]e'I: o »
Effect of Serum on the Population Doubling
Time of Balb 3T3 A31 HYF and FNE

" Doubling Time (hr)*.

% Serum . Balb 373 A3] HYF ORNE
qo - R
2.0 - B
4.0 | - 20
6.0 - R
8.0 16 16
10.0 16 16

16.0 16 6

20.0 16 . -

* The doubling times were computed from the cell counts

using a least squares fitting program (see text).
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| | Table II.
Effect of Serum on the Cell Cycle Distribution of Balb 3T3 A31 HYF

‘G] | S - 'GZ+M
- Average . Average Average
% of Residence % of Residence % of Residence.

% Serum Population Time (hr) Population Time (hr) -Population Time (hr)

0.4 9.9 - 0 R

1.0 937 - 1.7 - s -

2.0  95.6 - 0 - 44 -
4.0 80.1 - 6. - 128 -
6.0  59.5 - 118.0 - 2.4 -
8.0 50.9 6.8 24.1 40 5.0 5.2
0.0 48.6 6.4 28.9 2.9 225 4.7
6.0  42.8 5.6 3.0 5.0 2.2 5.4
200  38.6 5.0 38.2 6.2 23,2 4.8




Table III.

Effect of Serum on the Cell Cycle Distribution of FNE

% of
% Serum Population Time (hr) Population Time (hr)

G

1

Average
. Residence

'

% of

S

Average
Residence

% of

Average -
Residence

‘Population. Time (hr)

0.1
0.4
1.0
2.0

4.0

6.0
8.0
10.0
16.0

34,

6
.8
6

21.0
1.4
9.6
5.9
6.6
6.6
6.2

9.6
10.0
22.6
28.1

223

25.9
27.5

24,7

27.1

12.0
| 8.5
4.9
4.2
4.5
4.2
4.5

55.9
40.2

- 18.0
9.1
5.5
5.9
4.9
5.2
5.3
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FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

~ Figure 4.

Figure 5.

Tdealized DNA histogram obtained by analyzing a non-synchronous

populatioh.

Growth of Ba]b 373 A31 HYF and FNE in medium conta1n1ng d1fferent

concentrat1ons of new born ca]f serum,

DNA histograms of populations of Balb 373 A31 HYF harvested two
days after seeding in med1um conta1n1ng the 1nd1cated serum v

concentratlon

DNA histograms of populations of FNE harvested two days after

seeding in medium containing the indicated serum concentration.

DNA histograms of populations of FNE harvested six days after

seeding in medium containing the indicated serum concentration.
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CELL CYCLE DISTRIBUTIONS OF BALB 3T3 A3l

~ HYF DURING LOGARITHMIC GROWTH
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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