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cdc2 Gene Expression at the G, to S Transition in

Human T Lymphocytes

YUusuke FurRukawa, HELEN P1wNICA-WORMS, TIMOTHY ]. ERNST,
YuzUurRU KANAKURA, JAMES D. GRIFFIN*

The product of the cdc2 gene, designated p34‘d”2, is a serine-threonine protein kinase
that controls entry of eukaryotic cells into mitosis. Freshly isolated human T
lymphocytes (Gy phase) were found to have very low amounts of p34°“? and cdc2
messenger RNA. Expression of cdc2 increased 18 to 24 hours after exposure of T cells
to phytohemagglutinin, coincident with the G, to S transition. Antisense oligodeoxy-
nucleotides could reduce the increase in cdc2 expression and inhibited DNA synthesis,
but had no effect on several early and mid-G; events, including blastogenesis and
expression of interleukin-2 receptors, transferrin receptors, c-myb, and c-myc. Induc-
tion of cdc2 required prior induction of c-myb and c-myc. These results suggest that cdc2
induction is part of an orderly sequence of events that occurs at the G; to S transition

in T cells.
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cle. Originally identified as the product of
the cdc2 gene of Schizosaccharomyces pombe
and the CDC28 gene of Saccharomyces cerevi-
siae, p34°/“?is now known to be the catalyt-
ic subunit of the mitosis-regulating protein
kinase complex known as maturation pro-
moting factor (MPF) or growth-associated
H1 kinase (). In growing HeLa cells, the
amount of p34°“? remains constant
throughout the cell cycle, but p34°“? H1
kinase activity increases dramatically as cells

progress from G, to mitosis (2). The regula-
tion of p34°/? function is incompletely
understood but is believed to be modulated
by associated proteins, such as p13*““! and
cyclins. Also, the phosphorylation of
p34°9°? fluctuates as a function of the cell
cycle (2-4) and full activation of p34°*? in
mitotic metaphase requires that residues in
the adenosine triphosphate (ATP) binding
site be dephosphorylated (2, 5).

In fission yeast, cdc2 is required both at the
G; to M (Gy-M) transition and in Gy at
“Start” (6). The requirement, if any, for
p34°“?in the G, phase of the cell cycle in
higher eukaryotes has been difficult to as-
sess, partly because of the lack of suitable cell
cycle control mutants, although a potential
role for p34"d‘"2 at the G;-S transition has
been postulated (7). Microinjection of anti-
bodies to p34°“? into serum-stimulated rat
fibroblasts caused cells to arrest in G, but
had no effect on DNA replication (8). How-
ever, the function of p34°?? may be differ-
ent in G, than G,, and p34”d"2 could be less
susceptible to antibody neutralization in G,
and S because of a difference in intracellular
localization or associated proteins.

Early events in cell cycle control have been
studied in hematopoietic cells because these
cells spontaneously arrest in Go during the
process of differentiation. T and B lympho-
cytes can be induced to reenter the cell cycle
in response to specific antigen or mitogenic
lectins, whereas myeloid cells are terminally
differentiated and remain in Go-G; (9). To
investigate the role of p34°?“?in G, cell cycle
control in human cells, we have examined
the expression of cdc2 in T cells after lectin
stimulation and have used antisense oligo-
deoxynucleotides to modulate cdc2 expres-
sion.

The DNA content of freshly isolated
blood T cells was analyzed by flow cytome-
try after staining with propidium iodide. As
described previously (10), all T cells were
found to be in Gy, but in response to the
mitogenic  lectin  phytohemagglutinin
(PHA) they could be synchronously in-
duced to undergo blastogenesis (the mor-
phological changes of the Go-G; transition)
(after 8 to 12 hours), begin DNA synthesis
(after 18 to 24 hours), and initiate mitosis
(after 24 to 48 hours). The expression of
«dc2 mRNA (11) was evaluated by Northern
blotting (Fig. 1A) and reverse PCR (poly-
merase chain reaction) (Fig. 1B) in T cells
tor up to 96 hours after stimulation. Before
PHA stimulation, cdc2 mRNA was undetect-
able, and it first became detectable at 15 to
18 hours by reverse PCR and at ~24 hours
by Northern blot. The expression of p34<4<?
was simultaneously evaluated by immuno-
blotting with a monospecific polyclonal
antibody to a human p34°“? fragment (12).
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Resting T cells contained very low concen-
trations of p34°“? (Fig. 1C). In some ex-
periments, an immunoreactive band migrat-
ing at a position corresponding to 34 kD
was observed in resting T cells (Fig. 1C);
however, this band was inconsistently de-
tected in different experiments and was not
detected with some batches of the speci

antiserum. In all experiments, p34°“Z mi-
grated as a doublet or triplet at a position
corresponding to 32 to 34 kD. Increased
amounts of p34°“? were detected after 24
hours, and by 36 hours the amount of
P34°4“Zwas ten times as great as that present
in cells before stimulation (Fig. 1C). The
identity of these 32- to 34-kD proteins as
authentic human p34°%? was supported by
their specific precipitation with p13*“’ cou-
pled to Sepharose beads (13) and comigra-
tion with recombinant human p34°%Z (14).
Thus, in quiescent G phase T cells, expres-
sion of cdc2 was either low or nonéxistent,
but after stimulation, 2 mRNA and
p34°%? were specifically induced at a time
corresponding to late G; or early S phase.
After 15 to 24 hours, <5% of cells had
entered S phase under these experimental

Fig. 1. Expression of cd2 mRNA and protein in T
cells after PHA stimulation. T cells were

from peripheral blood by E-rosetting and plastic
adherence. Cells were cultured at 2 x 10° to
5 X 10° cells/ml in RPMI 1640 medium (Gibco)
with 10% heat-inactivated fetal bovine serum
(FBS) and phytohemagglutinin-P (PHA) (Well-
come) at a concentration of 1 pg/ml. (A) Induc-
tion of «dc2 RNA. Total cellular RNA was isolated
at various times and 15-pg samples were subject-
ed to 1.2% agarose formaldchyde gel electropho-
resis and blotted onto nitrocellulose. The cdc2
mRNA was detected with a 0.9-kb Kpn I-Pvu II
fragment of human «dc2 cDNA as a probe (11). A
murine B-actin cDNA was used to reprobe blots
to control for variations in amount of RNA
loaded. JOSK-I is a human monocytic leukemic
cell line (25). (B) Detection of cdc2 mRNA by
PCR. RNA from 2.5 X 10* cells was reverse
transcribed (1 hour, 37°C) with 200 U of Mo-
loney murine leukemia virus reverse transcriptase
and a 3’ antisense primer (corresponding to nu-
cleotides 574 to 597) as template. Resulting
cRNA ts were amplified by PCR (40
cycles) with 2.5 U of Taq polymerase and 24-base
primers flanking a 427-bp sequence coding for
amino acids 11 to 153 (26). A portion (10 pl) of
the 100-pl reaction volume was separated in a 2%
agarose gel and stained with ethidium bromide.
Molecular size markers (expressed in bases) were a
Bst NI digest of pBR322. (C) Induction of
p34°“Z Protein extracts (25 pg per lane) were

scparated by 10% SDS—polyacrylamide gel elec-

conditions. In order to confirm the expres-
sion of cdc2 at G;-S, T cells were stimulated
with PHA in the presence of 1 mM hy-
droxyurea, which causes cell cycle arrest at
G;-S through inhibition of DNA synthesis
(15). Hydroxyurea had no effect on the
PHA-induced expression of «dc2 RNA or
p34cdc2'

To assess the functional significance of the
induction of p34°“? in lectin-stimulated T
cells, we attempted to inhibit p34°4?
expression with an 18-base antisense oligo-
deoxynucleotide complementary to codons
—3 to +3 of the cd2 mRNA. As controls,
sense and nonsensc ¢dc2 18-base oligomers
were used, and for comparative purposes,

antisense, sense, or nonsense oligomers for -

codons 2 to 7 of the c-myb mRNA, codons 1
to 5 of the c-myc mRNA, codons —5 to +1
of tubulin mRNA, codons —1 to +5 of
cyclin B mRNA, and codons —1 to +5 of
CD5 mRNA were also evaluated. Both c-
myb and c-myc antisense oligomers have
been shown to block entry into S phase of T
cells in suspension culture, whereas sense or
nonsense oligomers have no effect (16).
Antisense cdc2 oligomers, but not sense or
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trophoresis on a minigel apparatus (Schleicher & Schuell) and transferred to a nitrocellulose membrane.

Immunoblotting was

antibodies to rabbit immun

rmed with a 1:1000 dilution of monospecific rabbit antiserum to
recombinant human p34°4?(12), and blots were developed with alkaline phospha

tase—conjugated goat

ulin G (Promega). Human p34°%2 from Sf9 cells infected with a

baculovirus encoding p34°“? was used as a positive control (p34°“ lane) (14). The identification of

the 32- to 34-kD bands as authentic human p34°4“?was supported by their

hour sample after treatment with p13*““"-coupled

from the 72-
beads as described (13) (p13°““! lane) (13).

As a control for protein loading, the upper half of the blot was separately stained for expression of the T
cell membrane protein CD6 with monoclonal antibody 2H1, which detects a 110- to 130-kD protein

(27). Sizes are shown in kilodaltons.
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nonsense oligomers, reduced the induction
of p34°%2 at 24 to 36 hours by 47 to 75%
(estimated by scanning densitometry) in
three experiments (Fig. 2A). Similarly, anti-
sense c-myc and antisense c-myb oligonucleo-
tides, but not sense or nonsense oligomers,
reduced induction of c-myc and c-myb by 55
and 89%, respectively, in the experiment
shown in Fig. 2A. Induction of p34°%?
expression was at least partly dependent on
expression of c-myc, c-myb, or both (Fig.
2A), because treatment of T cells with either
antisense c-myb or c-myc oligomers reduced
p34°%? induction by 40 and 57%, respec-
tively. Antisense c-myc ol had a min-
imal effect on induction of c-myb (17%
reduction in the experiment shown in Fig.
2A), and antisense c-myb reduced expression
of c-myc by 35%, suggesting that expression
of these two proteins in T cells may be
interrelated to a small 3

The effects of blocking p34°4°? up-regula-
tion on a series of Gy or S phase—associated
events, including blastogenesis (Go-G)), in-
duction of interleukin-2 (IL-2) receptor and
transferrin receptor expression (early Gy),
induction of c-myb and c-myc (early to mid-
Gi), and DNA synthesis (S phase), were

* determined. Antisense «dc2 oligomer at a

concentration of 200 pg/ml (~35 uM) had
no effect on blastogenesis, cell viability, in-
duction of the transferrin receptor, or induc-
tion of the IL-2 receptor. Similarly, anti-
sense ¢de2 oligomer had no effect on induc-
tion of proteins encoded by c-myc and c-myb
(Fig. 2A). However, antisense cdc2 oligo-
mer, but not sense or nonsense dc2 oligo-
mers, reduced T cell entry into S phase when
assessed at 36 or 72 hours and were as
effective as antisense c-myb or c-myc oligo-
mers (Fig. 2C). Further, antisense or sense
oligomers to cyclin B (Fig. 2C), tubulin,
and CD5 mRNAs had no effect. Antisense
cde2, but not nonsense cdc2, reduced DNA

synthesis ([*H]thymidine uptake) in stimu-

. lated T cells (Fig. 2B). Thus, a function

associated with induction of p34°“°? is re-
quired in late G, or early S phase for DNA
synthesis in T cells, but is not required for
carlier G, events including expression of the
IL-2 receptor, the transferrin receptor, c-
myc, or c-myb. Although the antisense oligo-
nucleotide studies demonstrate an associa-
tion between induction of cdc2 expression
and entry into S phase in T cells, proof that
p34°92 jtself regulates the G;-S transition
will require additional studies, such as dem-
onstrating that overexpression of cdc2 makes
the cell resistant to the oligonucleotide cf-
fect. As expected from previous studies (16),
antisense c-myc and c-myb oligomers had no
effect on blastogenesis or IL-2 receptor
expression, but inhibited entry into S phase
(Fig. 2C).
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Finally, we examined the possible require-
_ ment for p34°““?in a known G;-S—associat-
ed phosphorylation event, the phosphoryl-
ation of the product of the retinoblastoma
gene, Rb (17, 18). We have previously
shown that lymphocytes express a G;-associ-
ated kinase that can phosphorylate Rb,
whereas myeloid cells do not (18). The
phosphorylation of Rb at G;-S occurs in a
wide variety of human cells and has been
suggested to be involved in the regulation of
the G;-S transition (17, 18). The identities
of the Rb kinases are unknown, but Rb

contains six consensus sites for phosphoryl-
ation by p34°? (19). Phosphorylated spe-
cies of Rb (Rb-phos) can be readily identi-
fied by their slower migration on SDS-
polyacrylamide gel electrophoresis (20). The
induction of p34°#? (Fig. 1) thus coincides
with the phosphorylation of Rb and the
increase in the amount of Rb that occurs at
G;-S (18). When cells were treated with
antisense cdc2 oligomers, the amount of Rb-
phos, particularly the most slowly migrating
forms, was reduced (Fig. 3). The character-
istic up-regulation of total Rb protein that
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Fig. 2. Inhibition of «dc2 expression by treatment
of T cells with antisense oligonucleotides. T cells
were cultured at an initial concentration of
5 x 10° cells/ml in 24-well plates (Linbro, Flow

10% FBS that was heat-inactivated at 65°C for 1
hour to reduce nuclease activity. Oligodeoxynu-
cleotides were synthesized with an Applied Bio-
systems 391 DNA synthesizer and purified by
chromatography on Sep-Pak C,z columns and
ethanol precipitation. The sequence of each oligo-
mer was as follows: antisense (a/s) cdc2 (5'-ATC TTC CAT AGT TAG TCA-3'), sense (s) cdc2 (5'-TGA
CTA ACT ATG GAA GAT-3'), nonsense (n/s) cdc2 (5'-TGG CAA ACT TAT TCT ACT-3'), a/s c-myb
(5"-GTG CCG GGG TCT TCG GGC-3"), s c-myb (5'-GCC CGA AGA CCC CGG CAC-3'), n/s c-myb
(5'-GCG GGT TGT CGC GCG GTC-3'), a/s c-myc (5'-AAC GTT GAG GGG CAT-3'), s c-myc (5'-
ATG CCC CTC AAC GTT-3'), /s cyclin B (28) (5'-GAC TCG GAG CGC CAT GGC-3'), s cyclin B
(5'-GCC ATG GCG CTC CGA GTC-3'). The cells were stimulated with PHA (0.5 pg/ml) and the
oligonucleotides were added to the cultures 6 hours before and 0, 24, and 48 hours after PHA
stimulation [ar a concentration of 200 pg/ml (~35 wM) for the first addition and 20 pg/ml for the
subsequent additions (total = 260 pg/ml)]. Oligonucleotide uptake, stability, and S1 nuclease resist-
ance were examined as described (29). Approximately 2% of the added oligomers were taken up by the
cells after 24 hours. S1 nuclease—resistant hybrid structures appeared after 24 hours. The figure shows
results from one of four similar experiments. (A) Effect of antisense oligodeoxynucleotides on p34“<%
c-myc, and c-myb induction. The expression 0fp34"""3 was evaluated by immunoblot before (—PHA)
and 48 hours after PHA stimulation. The protein encoded by c-myc (p62™¢) was detected with
antibody OM-11-902 (Cambridge Research Biochemicals, Cambridge, Massachusetts) and that
encoded by c-myb ( pSD"’-""’) was detected with antibody OA-11-841 (Cambridge Research Biochemi-
cals). Equal amounts of protein (25 pg) were loaded in each lane. Control samples received treatment
with PHA but not oligonucleotides. (B) [*H]Thymidine incorporation (mean * SD) was measured
after incubating 200-pl cultures (5 x 10* cells per culture) with 0.2 uCi of [*H|thymidine (2 Ci/mmol;
Dupont Biotechnology Systems) for 16 hours in triplicate (18). Nonsense oligomers were used to
control for any nonspecific inhibition of [*H]thymidine uptake due to the thymidine in the antisense
synthetic oligomers (16). (C) Cell cycle analysis was Pcrformcd by flow cytometry after staining DNA
with propidium iodide. An equal number of cells (10*) was analyzed for each treatment. Approximarely
50% of the cells entered S, G,, or M phase after 72 hours of culture with PHA (1 pg/ml).
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Fig. 3. Expression and phosphorylation of Rb
protein in stimulated T cells. Unphosphorylated
Rb and phosphorylated Rb (Rb-phos) were de-
tected by immunoblotting with monoclonal anti-
body RB-PMG3-245 (Pharmingen) as described
(17, 18). T cells were cultured with PHA (1
ng/ml) for 48 hours with antisense (a/s), nonsense
(n/s), or sense (s) oligomers as indicated, and 120
ug of protein lysate was applied to each lane.
Molecular sizes are shown in kilodaltons.

occurs in T cells (18) was also diminished.
Nonsense oligomers had no effect. Treat-
ment of T cells with antisense c-myb or c-myc
oligomers also reduced the amount of Rb-
phos, whereas sense or nonsense oligomers
had no effect (Fig. 3). Thus, c-myb, c-myc,
and p34°¢°? are directly or indirectly re-
quired for some of the phosphorylation of
Rb. However, the reduced amount of Rb-
phos that occurs in response to antisense
cdc2 oligomers does not indicate that p34°¢°
itself is the kinase responsible for Rb phos-
phorylation. With histone H1 as a substrate,
p34°42 has been shown to be relatively
inactive as a kinase in G; compared to G,-M
(2). However, it has been suggested that the
substrate specificity of p34°“? may vary in
different phases of the cell cycle (7).

If p34°/? does participate in Rb phos-
phorylation, it is possible that it is not the
only such kinase, because of the multiple
species of phosphorylated Rb observed in
proliferating T cells (Fig. 3). Also, these
studies do not address whether all of the
phosphorylation of Rb is taking place at G;-
S. It is possible that the antisense oligomers
reduce Rb phosphorylation that occurs later
in the cell cycle. The effect of antisense c-myc
and c-myb on Rb-phos could be mediated
through their effects on p34°?“2 expression.

The progression of T cells through the cell
cycle is believed to require the sequental
expression of a series of cell cycle control
genes. Our results support this notion and
suggest that the expression of c-myc, c-myb,
and cdc2 are interrelated. Expression of c-myc
has been shown to be biphasic, with an early
peak at 2 to 5 hours, and a later peak at 12 to
24 hours (21). The expression of c-myb
peaks at 16 to 20 hours (22). Our results
show that increased expression of p34°% s
detectable by 24 to 36 hours. The expres-
sion of c-myc and c-myb was required for
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subsequent induction of p34¢¢?  but

p34°9? expression was not required for
induction of c-myb or c-myc; the inhibition
of p34cde2 expression with antisense oligo-
mers did not affect induction of either
proto-oncogene. Thus, p34"d€2 expression
occurs relatively late in the sequence of G;-S
control genes, subsequent to the induction
of c-myb and c-myc. These results suggest
that some of the known requirement for c-
myc and c-myb for the G-S transition in
lectin-stimulated T cells (16) could be medi-
ated through induction of p34°“? because
reduction of p34“‘l"2 expression, either di-
rectly by antisense cdc2 oligomers or indi-
rectly by blocking either c-myc or c-myb
induction, produces equivalent inhibition of
DNA synthesis. The observed degree of
inhibition of p34°¥? expression after treat-
ment of cells with antisense c-myb or c-myc
could, by itself, be sufficient to block cells at
G-S. However, c-myb and c-myc likely regu-
late the expression of many genes in G, and
may control several parallel events that are
also required for the G;-S transition.

Our antisense oligomer experiments indi-
cate that p34°/“? is not likely to have a
regulatory function at Go-G; in lectin-acti-
vated T cells. The small amount of p34°4?
present in resting T cells may be characteris-
tic of Gy cells, and a similar finding has also
been reported for serum-starved fibroblasts
(4) and quiescent baby rat kidney cells (23).
It is possible, however, that p34"‘1"2 plays
some role in Gy cells, because expression of
cdc2 has been described in nonproliferating
brain cells (22).

Finally, it is worth considering that aber-
rant expression of c-myc and c-myb in hema-
topoietic cells can result in leukemia and that
loss of expression of Rb is associated with
transformation of many cell lineages, includ-
ing T cell leukemia (24). It is therefore
possible that p34““? itself or regulators of
p34°“? function at G;-S could contribute to
transformation of hematopoietic cells.
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Female Preference Predates the Evolution of the

Sword in Swordtail Fish

ALEXANDRA L. BasorLo*

The study of female preferences and the evolution of male traits has until recently
centered on genetic coevolutionary mechanisms. An alternative mechanism posits that
a preference results from a preestablished bias in the female information-processing
system arising from sources independent of sexual selection. Male traits then arise that
are selected by this preexisting preference. The genus Xiphophorus consists of swordless
platyfish and swordtails. Swordlessness is the primitive state. In this study, female
platyfish, X. maculatus, were found to prefer conspecific males with artificial swords
over those without swords, despite evidence that the common ancestor of platyfish and
swordtails was swordless. These results suggest that the evolution of the sword in the
swordtail clade was a consequence of selection arising from a preexisting bias.

EXUAL SELECTION WAS FIRST PRO-
posed by Darwin (1) as a mechanism
to explain the evolution of elaborate
traits in males that appear to decrease their
survival. One type of sexual selection, female
choice, involves a preference by females for
traits in males. Until recently, models that
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stress the coevolution of a female preference
and a male trait have dominated theoretical
and empirical treatments (2, 3). Few data
have been produced that support one of
these models to the exclusion of another,
and alternative, testable models have been
proposed [see (4) for review]. A non-coevo-
lutionary explanation for the evolution of a
female preference and a male trait proposes
that biases in the female sensory or cognitive
system, or both, arise and increase to a high
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