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CURRENTS IN MODERN BIOLOGY 1 (1867) 9-13. NORTH-HOLLAND PUHLISHING COMPANY, AMSTEROAM

INITIATION AND COMPLETION OF MITOSIS IN HELA CELLS
IN THE ABSENCE OF PROTEIN SYNTHESIS
Clayton A. BUCK, Gale A. GRANGER and John J. HOLLAND

Department of Molecular and Cell Biology, University of California,
Irvine, California, USA

Received October 1968

Hela cells were found to enter and complete mitosis ln the presence of puromycin or uctlnomycxn D.

Daughter cells formed in th.

nuclear Daugh-

tet cells res'umpd protein syhthesls shortly after completing miio=: B AOWSVER, ithis resumption of pro-
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d here indicate that all cellular con-
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‘The inhibition of protein and RNA th
during mitosis is now a well documented phe-
nomenon (Johnson and Holland, 1885; Marcus
and Robbins, 1963; Monesi, 1964; Prescott and
Bender, 1962; Taylor, 1860; Terasima and Tol-
mack, 1663). The marked decline in proteir ayn-
thesis appears to be due ¢o {hie unavailability or
non-lunciioning of host cell messerger RNA,
since mitotic cells are able to produce virus
{JoMngon and Holiand, 1965), and polysumes can
no longer be found in their cytoplasm (Scharft
and Robbins, 1966). The cell must, therefore,
form and di fate a spindl move
and -disaggregate chromosomes, and separate
into two daughter cells in the absence of any de-
tectable RNA or protel thesis. Such a task
~requires that elthor some messenger RNA re-
main during mitosis to code for any enzymes
which msy be y {or the letton of
cell divinion, or that the cell be completaly pre~
programmed for mitosis. Evidence tc bc pre-
sented here indicates that HeLa cells are able to
lnlmmdcomhh itosis in the ab

8 of Hela cells were synchronized
by growth for 12 hours in Eagle's medium con-
taining 2 mM thymidine (Xeros, 1962). The mo-
nolayers were’ then washed with 372¢C Hank'e
balanced salt solution (BSS} and incubated for 10
to 13 hours in fresh 370C Eagle's medium with-
out thymidine. The monolayers were examined
perfodically and the mitotic cells harvested at
the peak mitotic index by vigorous shaking in
370C BSS. More than 90% of the cells collect-
ed in this ware in ge or later
stages of mitosis.

Table 1 shows that cells growing in Eagle's
mediur will enter and complete mitosis in the
presence: of puromycin and actinomyrin 1, In
fact, -treatment of synchronized monolayers
with elther actinomycin D or puromyein for 7¢
min prior to harvesting did not prevent the cells
from entering and completing mitosis. Cells
were cbserved geing through mitosis after treat-
ment of the monolayers with either of these in~

+hibitors for up to' two hours before the onsat of

ot
RNA or p is. Evid is also pre-
sented mt new R.NA synthesis is required in or-
der fo the newly formed daughter cells to re-
sume protein synthesis at normal levels,

* This lavuu’uw we supported by & grant from the
National Scilesce Fowadation (GB 2301) and from the
Mational ‘matitetes of Health, U.E. Public Health
hervios (OM 16121-01).

itosis. Harvesting mitotic' cells after such
prolonged treatment with inhibitors was not os-
sible as the treaiment loosened the entire mono-
layers. Note also that cells were able to com-
plete mitosie at 40C.

The above results might arize if mitotic calls
wera impermeable to puromycin. To tost this
possibility, cells were arrested and collected in
metaphase using 0.06 ug/ml of vinblustin sul-
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Table 1
Entry Into, and comp’:tion of mitosis by HeLa celis
incuated in the preserce of puromycin, actinomyein D
or at low temperatures.

Cell po. at  Ceil no. 60

to be refractile to the action of puromycia.

Fig. 1 shaws electronmicrographs of mitotic
eclls treated £8 in table 1. The mitotic cells
were harvested and centrifuged. Most of these
mitotic cells were in metaphase. One sample of
cells was immediately fixed in 2% osmium te-
troxide as a zero time control (fig. 1a)., The re-
of the cells were divided in hali, one

_— time of min after
Treatmant harvesting harvesting
X 10-4 X 10-4 P
None 120 210
Puromyein 109 gg/ml
after harvest 120 20
Actinomyela D 50 psg/ml 120 206

after harvest

Puromyeln 20 yg/nil 70
min pre~-harvest, 192 382
100 ig/ml post havest

Actinomyein D & ug/ml
70 min pre~harvest, 108 e
60 y1g/ml post-harvast

Incubated at 40C imme-

diztely aftor harvest * 65 £20

Interphase cells ware thymidine-synchronized, and
mitotic ceila collecied as described in the text. Acti-
nomycin D ar puromycin was added to the cells at the
designated time heforc, or immedlately after harvest-
ing. Total ¢2ll counts were made at the time of har~
vesting and 60 min later.
“ Cells incubated at 4°C were hervested and placed in
a test tube and imyaediately irnmersed in a 4°C water
hath so that they reached 49C within 20-30 seconds.

fate, then infected with poliovirus at a multiplic-
ity of 10 plague forming units (PFU)/zell ac-
cording to the procedure of Johnson and Holland
(1985). A total of 1.1x 108 irfected metaphase
arrest cells were pleced in piaque bottles. Puro-
myein (20 ug/ml) was added to the appropriate
bottles, and the cells incubated for £4 hours.
Vinblastin sulfate was present al all times. Ta-
ble 2 shows that puromycin was able k. act on
metaphase-arrest cells and provent vizus pro-
duction. Thersfore, mitotic cells o no! appear

half was incubated in Eagle's medium, and the
ather half was b in

20 pg/ml of puromyecin, After oue hour, both
samples were fixed and stained with lead citrate
and uranyl acetate. No differences were noted in
the cell® complettsig mitosis in the presence or
absence of puromycin. Fig. 1b clearly demon-
strates daughter cells separating in the presence
of puromycin. Note the characteristic nuclear
membrane forming around the daughter cell
chromatin.
i if} of functional

RNA are maintained throughout mitosis, then
resumption of protein synthesis in daughter cells
leaving mitosis might be i dent of new RNA,
synthesis. Conversely, il the resumption of pro-
tein synthesis is programmed primarily by new-
ly-pynthesized messenger RNA, then actinomy-
cin D should prevent the renewal of protein syn-
thesis in davghter cells. These posaibmtiel
were d in the followi : Mi-
totic cells were harvested, resuspendod ln con-
ditioned Eagle's medium, and distributed among
two sets of tubes, each tube receiving 100 cells.

One set was treated with actinomyecin D,

5 ug/ml, and the secornd set was untreated. A
third set of tubes containing 108 metaphase ar-
rested cella/iube in conditioned media was pre-
pared by treating monolayers with vinblastin
sulfate, 0.05 ug/ml, and harvesting the mitotic
ceils as described previously. At designated
times after harvesting, one tube from each set
was pulse-labeled for 20 minutes with 0.5 uC/ml
of C!4 phenylaianine (393 mC/mM). The indi-

Table 2

Effect of puromyein on poliovirus production by Hela cells arr

nsted in raitosis.

Treatment Number of cells Total plaque forming Plague forming units
per tune units of virus produced pur cell
6.05 pg/ml vinblastin 6 7
‘sulfato only 1.1 x 10 150 x 10 1360
0.05 ug/ml vinblastin
suifate plus 20 ug/ml 1.1 x 108 15 % 108 13

puromyein

Cells woro arrested in v :uais, haivested, and infected a5 doscribed In the text, Puromycin, 20 ug/ml, was added
to the upproprinte cells and vinblastin sulfate, 0.05 ug/ml was present in every tube st all times. Virus was hav
vosted and titored 24 hours after infection.
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Fig. 1, Daughter cells formed in the presence of puromycin, Hela cells were harvested aa explained in the text and

either (o) fixed Immediately, or () Incubated for 60 min in Eagle’s medium plus 2¢ 4g/mnl puromycin. Note in (1b)

that daughter cells have nearly separated and nuclear membranes have been formed in both daughter cells (arrow).
Magnification; 10200 x,



12 C. A. BUCK, G.A, GRANGE}; and J. 5. HOLLAND

nter| 58
4 phat

ot D traated irerpocie
L]

com X 1073

1

O traated ravotic
o metophiie ot

MIN AFTER HARVESTING ”

Fig. 2. Resumgtion of protein syn hesis in cclls leav-
ing mltosis in the and o

D. Celis were treated and harvested as previously de-
scribed. The cells were distributed in tubes at 2 con-
centration of 108/ml, Actinomycin D was In the appro-
priate tubes at a concentration of 5 gug/ml, At the
stated times, after incubatfon, the cells were given a
20 min pulse of CI¥ phenylalanine, sp. activity 393
mC/mM. Acti I treated cells were
given a 20 min pulse of phenylalanine after exposure to
5 ug/ml of actinomyein D for 120 mh-. The curves

tosis, and that a stable messenger is not neces-
sary for directing mitosis. Also, if messenger
RNA synthesis declines 2 hours or more prior to
prophase, then the loss of polysomes prior to
mitosis may involve little more than the natural
decey of messenger RNA. However, Salb and
Marcus (1965) bave presented evidence which in-
dizatee that an alferation of ribosomes may be a
factor in the decrease in protein synthesis of
mitotic cells.

Finally, it is of interest that mitotic Hela
cells complete cell division and daughter cell
nuclear membrane formation in about the normal
period of time, even at 40C, This finding, taken
together with earlier work on invertebrate cell
energy requirements for wmitosis (Mazia, 1961),
would suggest that a cell entering mitosis is in-
deed completely preprogrammed with macro-
mofecules and provided with available energy for
the completion of a complex, intricate and vital

It is interesting that Gross and Fry (1966),
have recently shown that sea urchin embryos
which have a long-lived messenger RNA do not
show a decline in protein synthesis during mito-
sis. This fs further evidence that mitosis does
not lead to cytoplasmic incapacity for protein

After this work was completed, other labora-

shown here are typieal les from § cont ex~ synt
periments. Similar results wera obtajned fn four other
experiments.

cated inhibitor treatment was continued during
labeling, The results of such an experiment are
shown In fig. 2. Notice that ‘daughter cells re-
cover significant rates of protein synthesis very
quickly after mitosis. However, treatment of
mitotic cells with actinomycinD prevents protein
synthesis In cells leaving mitosis from ever ris-
ing above the levels of that found in cells ar-
rusled in metaphase. Note also, that actinomyein
D has little effect on protein synthesis in inter-
phase cells. Indeed, the levels of amino aeid up-
take in actinomycin D and vinblastin sulfate
treated ceils eculd be accounted for entirely by a
small percent of cortaminating interphase celils.

These data would Indicate, along with those
of Went (1960), that Bpindle tubnste protein sub~

units and other y for
call division are synﬂmslzad prior to mﬂonll,
and that mitosi is, and r of

the daughter cell nuclnr membranes do not re-
quire the lyn!hesls ol new prateins. It follows
then that sy cell

membranas and other collular constituents found
during and immedtately after mitosis may be ag-
gregated from subunits synthes!zed prior to mi-

tories have published worx with other cell sys-
tems which also show that actinomycin, puromy-
¢in, and cyclohexamide do not block mitosis un~
less added hours before mitosis (Cummins etal,,
1966' Tobey et al., 1966, Tobey, personal com-~

fon), The of Tobey
et al., are in ag with our lusi
even though they used hamster cells with a dif-
ferent approach to cell cycle analysis, while we
used HeLa cells in synchrony.
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