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Summary

A number of changes have been reported to occur in
chromatin of quiescentcellsstimulatedto proliferate.
These changes, indicative of increased transcriptional ac
tivity, occur in the early prereplicative phase, several hours
before the onset of DNA replication, and are detectable not
only in chromatin, but also in isolated nuclei and in whole
cells. Most of the increased transcriptional activity can be
attributed to an increased activity of the nucleolus; how
ever, extnanucleolan genes are also important in the regula
tion of the cell cycle flow, from Goto S.

Introduction

The biochemical events that control the proliferation of
mammalian cells throughout the cell cycle can be divided
into 2 large groups: surface-related events and intracellular
events. The surface-related events, which consist mostly of
a bewildering variety of changes in the structure and func
tion of cell membranes, have been adequately reviewed
elsewhere (5, 35, 36). Intracellular events can be subdivided
into cytoplasmic and nuclear. Although our knowledge of
primary cytoplasmic events related to cell proliferation is
only fragmentary (4, 9, 47), a considerable amount of infor
mation has been accumulating in the past 15 years on the
cell-cycle-related changes occurring in the nucleus of mam
malian cells. This paper will deal only with nuclear events in
proliferating cells; however, before we proceed , a further
distinction is necessary. Nuclear changes related to cell
proliferation have been described in cycling cells (i.e. , con
tinuously dividing cells going from 1 mitosis to the next) and
inG@,cellsstimulatedtoproliferate.Althoughtherearea few
reports on structural and functional changes occurring in
nuclei and chromatin of cycling mammalian cells (20, 31,
37, 42), considerably more information is available on rest
ing cells stimulated to proliferate. In this paper we shall limit
ourselves to a discussion of the early changes occurring in
the nucleus and chromatin of G( cells stimulated to pnolifen
ate, that is, growth-related nuclear changes that take place
several hours before the onset of DNA replication.

Structural and FunctionalChanges in Chromatin and
Nuclei of Cells Stimulatedto Proliferate.Ten yearsago,
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Barker and Warren (2) reported that administration of estro
gens caused an increase in the template activity of chroma
tin isolated from rat uterus. Since then, several reports have
appeared confirming that, in quiescent cells stimulated to
proliferate, there is an early increase in chromatin template
activity. This is true for experimental animals, mammalian
cells in culture, and plants [for details see a recent review by
Basenga and Nicolini (3)]. Chnomatin isolated from cells
stimulatedtoproliferateshows otherinterestingchangesin
respect to chromatin from resting cells, for instance, an
increase in maximum positive ellipticity in the 250- to 300-
nm region of circular dichnoism spectra, and an increase in
the ability to bind certain intercalating dyes, such as ethid
ium bromide (32).

A number of criticisms have been raised against the use
of isolated chromatin for functional and structural studies,
generally by people who have little or no laboratory expeni
ence with chromatin. Most of these criticisms have been
made obsolete by the rapid progress made in elucidating
the structure of chromatin. However, in deference to those
colleagues who still believe that chromatin is an artifact, we
show in Table 1 that the changes described in chromatin of
stimulated cells (those mentioned above as well as others)
can also be detected in isolated nuclei, in nuclear monolay
ems,and in whole cells. Table 1 lists only the earliest reports,
but each finding has been repeatedly confirmed [see review
by Basergaand Nicolini(3)].

In fact, when nuclei and chromatin are compared in the
same cellular system, the changes are actually more stnik
ing (quantitatively) in nuclei than in chromatin. Thus,
whereas chromatin template activity may increase only 40 to
50% inWl-38cellsstimulatedtoproliferate,templateactiv
ity of isolated nuclei (or nuclear monolayers) in the same
system may increase 100 to 130%. Since we have found this
to be true also in temperature-sensitive AF8 cells (see be
low), we believe that chromatin changes in proliferating
cells, far from being antifactual, mirror nuclear changes.
Indeed, chromatin seems to lose, during its preparation,
something of the characteristics that distinguish the nu
cleus of a G0cell stimulated to proliferate from the nucleus
of a resting cell. Incidentally, all these changes, whether in
nuclei on chromatin, can be interpreted as indicating an
increased transcriptional activity (3, 27) and presumably
reflect different facets of the same process.

NucleolarChanges. Forthesestudies,we haveselected
a temperature-sensitive mutant of BHK cells, AF8 cells, a
line originally isolated by Burstin et al. (6). AF8 cells grow
normally at 33Â°;however, at 39.5Â°,they arrest at a step in the
cell cycle, which has been located in mid-G1, 6 to 8 hr before
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Functional and structural changes in chromatin and nuclei of G, cells stimulatedtoproliferateChangeReferencesChromatinTemplate

activityIncreaseBarker and Warren(2)Maximum
ellipticity in circular di IncreaseNicolini and Baserga(32)chroism

spectraBinding
of intercalating dyesIncreaseNicolini and Baserga(32)Thermal
stabilityDecreaseElgin and Hood(11)ViscosityIncreaseBaserga

and Nicolini(3)NucleiTemplate

activityIncreaseMauck and Green(28)Ellipticity
in circular dichroismIncreaseChiu and Baserga(8)spectraBinding

of intercalating dyesIncreaseRingertz and Bolund(39)Thermal
stabilityDecreaseRigler et a!. (38)

Table2Template
activity of nuclei isolated from quiescent temperature
sensitive AF8 cells stimulated toproliferateAdapted

from the papers by Kane et aI. (24) and Rossini et aI.(40)where
the details for the determination of nuclear templateactivityare

given.cpm

in RNA/ % a-Amani
Treatment ;.tg DNA tinresistantUnstimulated

6541Stimulated
6 hr at 33Â° 11765Stimulated
6 hr at 39.5Â° 9565Stimulated
12 hr at 33Â° 28775Stimulated
12 hr at 39.5Â° 68 45

Template activity of nucleoli was measured as described by
Schmid and Sekenis(43).Treatmentcpm

in RNA/@.tgDNAUnstimulated

Stimulated 1 hr at 33Â°
Stimulated 3 hr at 33Â°
Stimulated 12 hr at 33Â°
Stimulated 18 hr at 33Â°95

(90â€”100)â€•
202 (178-221)
290
250 (190-300)
260 (205-340)

A. Baserga et al.

Table 1

the onset of DNA replication (6, 24). When quiescent AF8
cells are stimulated to proliferate, the template activity of
nucleiincreases.At 6 hrafterstimulation(apointlocated
before the temperature-sensitive block), the template activ
ity of nuclei is increased both at 33Â°and at 39.5Â°.At 12 hr
afterstimulation(a pointlocatedafterthe temperature
sensitive block), template activity is increased at 33Â°but not
at 39.5 (24, 40). These data are summarized in Table 2,
where it can also be seen that most of the increase in
nuclear template activity is a-amanitin resistant.

Themeis nothing new in the conclusion that mRNAsynthe
sis is conspicuously increased in cells stimulated to prolif
erate. This knowledge goes back to the pioneer expeni
ments of Lieberman et al. (26) and of Busch and Smetana
(7). The evidence for an increased synthesis of rRNA in
stimulated cells varied from an increased incorporation of
radioactiveprecursorsintonucleolar(45,46)or cytoplas
mic mRNA (33, 44, 49), to an increased activity of RNA
polymerase I (22, 34) and to the effect of a variety of drugs,
which include actinomycin 0 (12, 13, 15), lucanthone (13),
and a-amanitin (28, 41). None of these evidences is wholly
satisfactory, and the credit must go to Nicolette and Babler
(30) and to Schmid and Sekeris (43) for being the first to
demonstrate an increased template activity in nucleoli iso
lated from quiescent cells stimulated to proliferate. Their
experiments were carried out, respectively, in the estrogen
stimulated uterus and in regenerating liven after partial hep
atectomy, and we have confirmed their results in quiescent
AF8 cells stimulated to proliferate at the permissive temper
ature (Table 3). Indeed, we have also shown that in AF8 cells
stimulated at 33Â°there is also an increase in the maximum
positive ellipticity of isolated nucleoli in the 250- to 300-nm
region of circular dichnoism spectra (Chart 1).

With the unequivocal biochemical demonstration that the
nucleolus is markedly activated in cells stimulated to prolif
erate (something that has been known for a long time to
traditional histologists), it is possible to believe that all the
quantitative changes thus far described in the chromatin
and nuclei of stimulated cells could be wholly on largely
attributed to the nucleolus. Since there is no question of the
prominent role played by the nucleolus in cell proliferation,
the rest of the discussion will deal with the evidence for the
involvement of extranucleolar chromatin in the control of
the cell cycle.

Table 3
Template activity of nucleoli isolated from quiescent AF8 cells

stimulated to proliferate

â€˜I Numbers in parentheses, range.

NonribosomalGenes In the Controlof Cell Proliferation.
Although there is evidence that nonribosomal genes are
involved in the control of the cell cycle in bacteria (25) and
in yeasts (18), the evidence for mammalian cells is scarce

and indirect. An increased accumulation of mRNA (poly
adenylate-rich sequences) in the cytoplasm of cells stimu
lated to proliferate has been demonstrated both by radioac
tive (1) and nonmadioactive methods (16, 23). In fact, Wil
hams and Penman (48), by cDNA-DNA hybridization tech
niques, have also shown a certain amount of diversity be
tween mRNA sequences in the cytoplasm of resting cells
and mRNA sequences in the cytoplasm of cells stimulated
to proliferate. This diversity, although modest, has been
confirmed in other cell systems (16).

We have taken a different approach to the problem of the
genes involved in the regulation of the cell cycle, namely,
that of somatic cell hybridization. By hybridizing mouse
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Adapted from the papers byCroceand Koprowski (10) andbyMingetal.
(29).Human

Chromo
ClonessomesAF8

xLNSVhA,
102,104,106,111,126,128,132,Only31357A,

101, 103, 107, 120,125,127,130,3plusl-7others133,
134,136.Mouse

Macrophage xLNSV13,41,62,81

2,6,7,11, 12, 17, 19,23,28,35Only77plusl-lOothers46,
47, 61 , 63, 75, 82, 87

0
E

V

Os

9)
0
x

peritoneal macmophages with LNSV cells,3 Croce and Ko
prowski (10) have shown that human chromosome C7 from
LNSV cells contains information that allows mouse perito
neal macrophages to grow at nonpermissive conditions.
This conclusion was based on the fact that all hybrid clones
contained (besides the mouse chromosomes) human chro
mosome C7, and 4 of the hybrid clones contained only
human chromosome C7. Mouse penitoneal macrophages
are bona fide G0cells that can grow only if a special growth
factor is added to the culture medium. After addition of the
growth factor, it takes 20 hr for mouse penitoneal macno
phages to enter DNA synthesis. We asked whether the same
C7 chromosome or another human chromosome may be
able to overcome the mid-G, block of AF8 cells cultured at
the nonpermissive temperature. We have mentioned before
that AF8 cells at 39.5Â°are blocked at a G1 point which is
located 6 to 8 hr before the onset of the DNA synthesis,
clearly a different point from the 1 where mouse peritoneal
macrophages are arrested. The selection procedure for AF8
x LNSV hybrids is based on the fact that AF8 cells do not

grow at 39.5Â°,LNSV cells do not grow in hypoxanthine
amethopterin thymidine medium, and the hybrids (as
rodent-human hybrids usually do) preferentially lose human
chromosomes. The chromosome(s) containing the informa
tion necessary for the growth of AF8 cells past the mid-G1
block will be preferentially retained. We have isolated 20
hybrid clones between AF8 and LNSV, and all of them con
tam (besides the hamster chromosomes) human chromo
some A3; 9 hybrid clones contained only human chromo
some A3 (29). A representative karyotype from such a hybrid
is illustrated in Fig. 1, while Table 4 summarizes our results
and those of Croce and Koprowski (10). The hybrid clones
containing the A3 chromosome are T-antigen negative (29),
whereas the mouse-human hybrids containing the C7
chromosome are T-antigen positive (10), in agreement with
the finding that C7 chromosome in LNSV cells contains the
SV4Ogenome(10).We canthereforesaythat 2 stepsof the
cell cycle (the G0-G1transition and a point in mid-G1) are

3 The abbreviation used is: LNSV cells, SV4O-transformed Lesch-Nyhan

fibroblasts.

Control of Cell Proliferation

10

260 280 300
nm

Chart 1 . Circular dichroism spectra of intact nucleoli isolated from tern
perature-sensitive AF8 cells. â€”, nucleoli from quiescent cells; - - - , nu
cleoli from cells 12 hr after stimulation by serum. The circular dichroism
spectra were taken as described by Huang and Baserga (21). Ellipticity is
expressed in degrees'sq cm/drnole of nucleotide residue (RNA + DNA).

FIG. 1. Karyotype of a hybrid cell between temperature-sensitive AF8
cells and LNSV cells. Chromosome 3 is the only human chromosome present
in this clone. All the other chromosomes are of hamster origin. The 1st 2
chromosomes of the top row are the X and V chromosomes. Aneuploidy and
iarious chromosome aberrations are often present in temperature-sensitive
AF8 cells.

Table 4

Human chromosomes present in hybrid clones resulting from the
fusion of LNSV cells with either mouse peritoneal macrophages or

temperature-sensitiveAF8 cells

controlled by genes that are located on different chromo
somes and, presumably, are different genes. If the SV4O
genome is responsible for the G@-G1transition, as sug
gested by recent evidence (17), there is no question that
the mid-G1 point is not under control of the SV4O genome,
since our hybrids are T-antigen negative. Incidentally, nei
themthe C7 non the A3 human chromosomes contain rRNA
genes. In human cells, rDNA sequences are located on
chromosomes 13, 14, 15, 21, and 22 (14, 19). This is, we
believe, the 1st formal demonstration that 2 different steps
of the cell cycle are under control of genes situated on
different chromosomes. It also indicates that the chromo
somal mapping of the genes controlling the flow of cells in
the cell cycle is now a feasible undertaking.

Conclusions

In conclusion, we can say that most of the quantitative
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changes described in the nuclei and chromatin of cells
stimulated to proliferate can be largely attributed to the
nucleolus. However, extranucleolam genes are also involved
in the regulation of cell proliferation, and the technique of
somatic cell hybridization (coupled with some elementary
biology) should allow us in the near future to identify the
various chromosomes (and genes) that regulate the flow of
cells from G0to mitosis.
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