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ABSTRACT

Annexin II is a substrate for oncogene and growth factor-associated
protein-tyrosine kinases. Elevated expression of annexin II is seen in dif

ferent types of cancers and recent evidence indicates a role for annexin II
in DNA synthesis and cell proliferation. In this report we show that the
level of annexin II is subject to cell cycle regulation. Chinese hamster
ovary cells were selected without the use of drugs, by the mitotic cell
selection technique. As the mitotic cells progressed synchronously through
the cell cycle, we determined the steady-state levels of annexin II niKNA
and protein. The half-life of annexin II m UNA was approximately 2 h as
measured by pulse-chase and ribonuclease protection analyses. Steady-

state levels of both annexin II iiiRNA and protein were high in mitotic
cells. As the cells divided and entered (.,, there was a reduction in the
levels of both annexin II mRNA and protein. New synthesis of annexin II
niUNA and protein occurred in early GÃŒand maximal expression of
annexin II niKNA and protein occurred as the cells entered S-phase. A
gradual reduction in steady-state levels of annexin II iiiUN A and protein
occurred as cells progressed through S-phase. Similar results were ob

tained in HeLa cells. In HeLa cells, collected at various cell cycle stages by
countercurrent centrifugal elutriation, we observed peak expression of
annexin II in G,-S and S-G2 cells. We conclude from our results that

annexin II expression is regulated during the mammalian cell cycle.

INTRODUCTION

Annexin II was originally identified in transformed cells as a major
substrate of pp60src tyrosine kinase (1). Increased expression of an

nexin II is observed in pancreatic adenocarcinoma (2), human hepa-
tocellular carcinoma (3), and a multidrug-resistant, small-cell, lung

cancer cell line (4). Annexin II is a member of a group of structurally
related proteins, of which annexins I and II have been postulated to be
involved in mitogenic signal transduction (5-7). Annexin II is part of

the primer recognition protein complex (8) that interacts with DNA
polymerase a in lagging strand DNA replication. In support of the role
of annexin II in DNA synthesis, annexin II was found in the cell
nucleus (9) tightly associated with the nuclear matrix (10). In addition,
antisense oligodeoxynucleotides to annexin II retard proliferation of
HeLa cells (11). The 3' end of the annexin II gene is identical to the

growth regulated gene 1B6 (12). In recent years, the cell cycle regu
lation of many genes, the products of which are involved in DNA
replication, has been demonstrated. This regulation is at the transcrip-

tional or posttranscriptional level. In establishing the role of annexin
II in DNA replication, we studied the regulation of this gene during
cell cycle of Chinese hamster ovary and HeLa cells.

MATERIALS AND METHODS

Mitotic Selection. Stock cultures of CHO1 cells were grown as monolayers
in modified McCoy's 5a medium (Hazelton Research Products) containing

5% iron-supplemented calf bovine serum (HyClone Laboratories, Inc.). Under
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these conditions, the population doubling time is 11-12 h (G^S/G^M =
2-3/7/1.25/0.75 h). To avoid genetic drift, new cultures were initiated from
frozen stocks every 6 weeks. Twenty-two h prior to an experiment, 4.0 X IO6
CHO cells were plated into each of 10 75-cm2 plastic flasks (Falcon). At the
start of selection each flask contained 1.3-1.7 X IO7 cells in exponential

growth. Mitotic cells were selectively detached from this population during a
15-s selection-shake. The mitotic cells were harvested immediately and the

cells remaining on the flask were refed with temperature and Ph. adjusted
medium. The entire procedure (selection, harvesting, and refeeding) takes less
than 30 s and was carried out aseptically in a mitotic cell selection apparatus,
specifically designed to maintain the temperature and Ph of the medium during
a mitotic cell selection experiment. This procedure is automatically repeated
every 10 min throughout the selection period. The mitotic index of the selected
cells (>98%) was analyzed by an exfoliative cytological technique (13) scor

ing a minimum of 300 cells. For each experiment, mitotic cells were plated
onto cover slips in replicate, 35-mm Petri dishes and a replicate were labeled
for 15 min with 0.183 MBq/ml [I2sl]uridine hourly. The cells were prepared for

autoradiography (NBT2 liquid emulsion) and progression through the cell
cycle was determined from the autoradiographs by scoring the labeling index
as a function of time after plating the mitotic cells. The autoradiographs were
exposed for 7 days before developing.

Centrifugal Elutriation and Flow Cytometric Analysis. HeLa cells (1 x
IO8 cells) grown in suspension were collected by centrifugation. Cell pellets

were resuspended in 40 ml of ice-cold elutriation buffer (Tris-buffered saline,
0.1% (w/v) glucose, 0.3 min EDTA) to which 4 ml of 0.25% trypsin-EDTA was

added. After incubation for 5 min at room temperature, the cell suspension was
adjusted to 1% (w/v) bovine serum albumin. Cells were loaded onto a Beck-
man elutriator rotor (model JE-5.0 with Sanderson chamber) at 3000 rpm and
at a pump speed of 40 ml/min at 4Â°C.Twelve fractions were collectged by

stepwise increases of buffer flow rate from 50-175 ml/min. An aliquot of each

fraction was subjected to flow cytometric analysis. For flow cytometric analy
sis, 1 X IO5 cells were resuspended and stained with Tris-buffered saline

containing 10 /xg/ml RNase A, 5 /xg/ml propidium iodide, and 1 Â¿xl/mlNonidet
P-40. After a 1-h digestion and staining period at 4Â°C,the fluorescence inten

sities of various samples were measured by quantitative flow cytometry using
a FACStarP'"8.

Analysis of Annexin II mRNA Levels. Steady-state levels of annexin II

RNA were determined by Northern blot analysis. Total RNA was isolated (14)
from cells collected at various times after plating mitotic cells. Twenty fig of
total RNA were used in Northern blot experiments according to a published
procedure (15). Annexin II probe was prepared from the vector pGAFS (3) by
the random primer method of labeling to a specific activity greater than 1 X
10" cpm//ig. Hybridization of the probe to the membrane was carried out at
42Â°Covernight. Ouantitation of blots was done by scanning the blots on a

Betascope 603 radioanalytical Â¡mager(Belagen) and by cutting out the respec
tive area of the blot and determining radioactivity by liquid scintillation count
ing. Ethidium bromide fluorescence intensity of 28S and 18S RNA in the
corresponding gel was used as a control to normalize data for annexin II levels
to account for variation in loading the gel.

Determination of mRNA Half-life and Message Stability. To determine
annexin II mRNA half-life, we utilized ribonuclease protection assay and
pulse-chase analysis. For the ribonuclease protection assay, exponentially

growing cells were incubated with fresh medium containing the RNA synthesis
inhibitor DRB at 50 )xg/ml. Total RNA was prepared from cells at various
times after the addition of DRB. A 463-base pair EcoRl/Pstl fragment of
annexin II cDNA (corresponding to nucleotides 9-471 from pGAFS; Ref. 3)

was cloned into pGEM4Z vector (Promega) and was used to transcribe a
radiolabeled probe. Ribonuclease protection assays were performed using the
RPAII kit (Ambion) as directed. Briefly, each reaction contained 5 (Â¿gof RNA
and 2 X IO5 cpm of 32P-labeled probe. Control reactions were performed

simultaneously using 5 fig of yeast tRNA. Hybridizations were carried out for
16 h at 42Â°C.Ribonuclease digestions were then performed using a mixture of
RNase A and TI for 1 h at 37Â°C.Reaction products were separated on a 6%
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polyacrylamidc-urca gel. The dried gel was scanned on a Betascope 603

(Belagen) and radioactivity in each band was quantitaled. Annexin II message
stability was also analyzed by pulse-chase analysis. Cells were pulsed for 2 h
with 10 fiC'i/ml of [â€¢'Hjurklinc;washed twice with fresh medium containing 20

min glucosamine, 5 ITIMundine, and 5 HIMcytidine; and replenished with fresh
medium containing 5 HIMuridine and 5 ITIMcytidine. At various time points
after the chase, total RNA was prepared from cells and hybridized to immo
bilized annexin II cDNA probe on filters. The amount of hybridization was
quantitutcd by liquid scintillation counting.

Immunoblot Analyses of Annexin II Protein Levels. Proteins from cells
collected at various times after plating the mitotic cells were resolved on linear
4 to 15% gradient SDS-polyacrylamide gels. Electrotransfer of proteins onto
Immohilon-P transfer membrane, immunoblotting with rabbit anti-human an
nexin II antiserum (Â«772; 1:2000 dilution), and developing with Staphylococ-
i'u.v aureus |'25I)-protein A (0.25 /xCi/ml; New England Nuclear) were per

formed as published before (8).

1 23456789 10
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RESULTS

Synchronous Progression of Mitotic Cells into Cell Cycle. The
progression of CHO cells selected in mitosis was measured by scoring
the labeling index of cells labeled for 15 min at various times after
plating the mitotic cells (Fig. 1). The age range of the selected cells is
4-22 min before division (16). As the cells progress from mitosis

through G|, like cells obtained by other synchrony methods, they lose
synchrony. However over 90% of the cells progress into S-phase

between 2.5 and 6 h after plating.
Annexin II mRNA Levels Fluctuate in Cell Cycle. Steady-state

level of annexin II mRNA was measured in cells at various times after
plating mitotic cells. Total RNA was prepared from each cell popu
lation and subjected to Northern blot analysis using '-P-labeled an

nexin II cDNA from plasmid pGAFS (3) as the probe. Furthermore,
each experiment we measured the labeling index of cells at the same
time points from which RNA was isolated. Fig. 24 illustrates the
results of a Northern blot analysis. The corresponding ethidium bro
mide stained agarose gel showing the 28S and 18S rRNA is presented
in Fig. 2B. The amount of annexin II RNA, normalized to 28S and
18S rRNA, as a function of time after plating mitotic cells is shown
in Fig. 2C. As cells progress 1 to 1.5 h into GÃŒ,the annexin II
mRNA present in the mitotic cells is rapidly degraded. New synthe
sis of annexin II mRNA occurs in early G, and there is a rapid in
crease in annexin II mRNA (of approximately 2-fold) between 2.5
and 3.5 h, corresponding to the boundary between G|-S phases. An

nexin II mRNA levels remain high 4 to 5 h after plating mitotic cells
when most of the cells are in early S-phase. From this time on, there
is a gradual decrease in steady-state level of annexin II mRNA. The
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Fig. 1. Progression of mitotic CHO cells through the cell cycle. CHO cells selected in

mitosis by the mitotic cell shakeoff technique were plated at lime zero. At the indicated
times, cells were labeled with [l25l]UdR and labeling index was determined as described
in "Materials and Methods." Points, means of nine separate experiments; bars, SEM.
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Fig. 2. Levels of annexin 11message during the CHO cell cycle. Milotic CHO cells

were plated al lime O and al various indicated intervals, one aliquol of cells was used for
determining labeling index. Another aliquol was used for exlraetion of total RNA. Twenty
Hg of total RNA from each time point were subjected lo eleclrophoresis and Northern
blotting as described under "Materials and Methods." A shows a typical autoradiogram

from one Northern blot experiment. B shows Ihe inlensily of ethidium bromide stained
rRNA bands in Ihe corresponding gel. C"shows a composile of labeling indices (O) and

normalized densitomelrie units of anncxin II mRNA (0) from three independent experi
ments. For normalization, the ethidium bromide fluorescence of rRNA was quantilaled on
a Molecular Dynamics Personal Laser Densitomeler and the radioactivity in annexin II
band was determined by a Belascope 603 radioanalytical imager.

analysis was not continued beyond 8 h after plating mitotic cells be
cause cells lose synchrony.

In order to examine the levels of annexin II mRNA during late S
and GT phases of the cell cycle, we collected HeLa cell populations in
various cell cycle stages by countercurrent centrifugal elutriation. The
level of annexin II mRNA in each of the cell populations was mea
sured by a ribonuclease protection assay. The data are presented in
Fig. 3. The level of annexin II mRNA is low in G, and increases in
G,-S cells. When most of the cells are in S phase, annexin II mRNA

is at a very low level. However, a rapid increase in annexin II mRNA
is seen as the cells enter G2 phase which accounts for the high level
of annexin II mRNA seen in mitotic CHO cells also.

Stability of Annexin II mRNA. We determined the half-life of
annexin II message utilizing pulse-chase and ribonuclease protection

analyses. The results are shown in Fig. 4. Exponentially growing
cells were incubated with 50 fig/ml DRB to inhibit further synthesis
of RNA. At various times after DRB addition, total RNA was iso
lated and subjected to ribonuclease protection analysis. The half-life

of annexin II mRNA, determined by the ribonuclease protection as
say, was approximately 2 h (Fig. 4, open circles). The cells used in
the ribonuclease protection assay were treated with DRB to inhibit
de novo RNA synthesis, and, because the drug treatment could influ-
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Fig. 3. Annexin II itiRNA fluctuates in HeLa cell cycle. HeLa cells were subjected to
centrifugal elutriation. Cell populations enriched for various cell cycle stages were iden
tified by flow cytometry and the data are shown in the bottom . Total RNA was prepared
from each population, and 2 ^tg of RNA were used in a ribonuclease protection assay.
Ribonuclease protection assay was performed simultaneously for annexin II mRNA (463-
base pair protected fragment) and 18S rRNA (80 nucleotide-protected fragment). The

protected fragments were electrophoresed on a gel and radioactivity in the protected
fragments was determined by scanning the gel in the Betascope 603 (Belagen) radioana-
lytical imager. Top, the levels of annexin II mRNA, normalized to the levels of 18S rRNA.
Center, an autoradiograph of the gel. Lanes 1-5, cells in various phases the flow cyto-

metric analysis of which is presented directly below each lane. Lane 6, no ribonuclease
digestion; Lane M contains molecular weight markers. The position of unprotected (470-
and 130-nucleotide) and protected (463- and 80-nucleotide) fragments are indicated.

enee the half-life measurement, a pulse-chase analysis was also per

formed in the absence of drug addition. Exponentially growing cells
were incubated with [3H]uridine for 2 h followed by removal of the

label and incubation with an excess of unlabeled uridine. At various
times, we measured the amount of remaining [3H]-annexin II

mRNA. From this pulse-chase analysis, we determined the half-life

of annexin II message to be 2.5 h (Fig. 4, closed circles). Thus, an
nexin II message has a half-life of 2 to 2.5 h and we found good cor
respondence between the half-life measurements using two different

techniques.
Immunoblot Analysis of Annexin II. After plating replicate cul

tures of mitotic cells, we measured the labeling index and performed
Western immunoblots for annexin II on cells as they progressed
through the cell cycle. At various times after plating mitotic cells,
replicate cultures were lysed and cell extracts were subjected to SDS-
polyacrylamide gel electrophoresis. After transfer of proteins to Im-
mobilon-PVDF (Millipore), immunoblotting was performed using
rabbit polyclonal anti-annexin II antiserum. The results are shown in

Fig. 5. In Fig. 5A, labeling indices at the various times and corre
sponding densitometric units of annexin II are shown. The immuno-

blot is shown in Fig. 5B. There is a rapid decline of annexin II as
mitotic cells enter GÃŒ.The annexin II level remains low in early G, but
increases rapidly as the cells progress into S-phase (2.5 to 3.5 h).

Annexin II protein levels decrease gradually until 7.5 h after plating
mitotic cells corresponding to the gradual reduction of annexin II
mRNA seen as cells enter S-phase. We did not continue the immu-

noblot analysis beyond 8 h after plating mitotic cells because of loss
of synchrony of cells. Because mitotic cells have higher levels of
annexin II than cells that have progressed for 8 h into the cell cycle
(Fig. 5A), annexin II levels presumably increase again between mid-S

phase and mitosis, similar to the increase in annexin II mRNA seen in
G2-M populations of HeLa cells (Fig. 3). Thus, the level of annexin II

fluctuates during the cell cycle. Annexin II is an early response gene
(12). The gradual increase of annexin II in G Â¡leading to high levels
at the G! to S border represents new synthesis of annexin II.

DISCUSSION

Annexin II is a member of the family of calcium-dependent phos-
pholipid-binding proteins called annexins. Annexins have been im

plicated in many cell processes but the precise physiological roles
are yet undefined. In recent years, a number of reports implicate an
nexin II in the process of DNA replication and cell proliferation. An
nexin II is a major in vivo substrate for protein-tyrosine kinases; it

stimulates DNA polymerase a in lagging strand DNA synthesis (8);
immunodepletion of annexin II inhibits DNA replication in Xenopus
egg extracts (17); levels of annexin II are increased in pancreatic
cancer (2), hepatocellular carcinoma (3), and a multidrug-resistant,
small-cell lung cancer cell line (4). The annexin II gene is growth
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Fig. 4. Stability of annexin II mRNA. A shows analysis of annexin II mRNA stability
determined by ribonuclease protection assay (O) and by pulse-chase analysis (â€¢)as
described under "Materials and Methods." B shows autoradiogram of a typical ribonucle

ase protection assay. Lane 1, DNA size markers in bases. Lane 2 is probe alone without
ribonuclease treatment; Lane 3 is probe alone with ribonuclease treatment; Lanes 4 and 5
are yeast RNA hybridized with annexin II probe in the presence (Lane 4) or absence (Lane
5) of ribonuclease; Lanes 6â€”10are total RNA collected from cells at indicated time points.
The position of the 463 base-protected fragment is indicated.
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Fig. 5. Anncxin II protein levels in CHO cell cycle. Mitotic CHO cells were plated at
time 0. At nuli,Mini lime intervals, 1 aliquot of cells was used for determining labeling
index and another aliquot was used to make a cell extract for SDS-gel electrophoresis
followed hy Western blotting using anti-annexin II antiserum and ['-5I|-protein A. La

beling index was determined by autoradiographic exposure of labeled cells and counting
a field of 300 cells. Twenty ng protein from cell extracts at each time point were subjected
to SDS-polyacrylamide gel electrophoresis and immunoblotted as described in "Materials
and Methods." The Western hlol was subjected to autoradiography and the autoradio

graphic film was quantitated by a densitometer. A is a composite of five experiments and
shows labeling index (O) and densitometric measurement of annexin II protein levels (â€¢).
B shows a typical autoradiogram of an annexin 11immunoblot.

regulated (12) and its expression is a primary response to serum
stimulation of BALB/c 3T3 cells. In this study, we used synchro
nous, non-drug-treated mitotic cells or cells collected by centrifugal

elutriation to determine the regulation of annexin II expression dur
ing mammalian cell cycle. We used the technique of mitotic cell se
lection to avoid the potential complications of synchrony methods
using unbalanced growth or drug arrest to induce synchrony. The ef
ficacy and precision of mitotic cell selection for measuring cell cycle
kinetics and events during the synchronous cell cycle is well docu
mented (16, 18-20). Our results indicate that annexin II mRNA and

protein levels are coordinately regulated during the cell cycle. Maxi
mal expression of annexin II message and protein occurs as cells en
ter S-phase, with a decline in annexin II expression during S-phase.

A rapid synthesis of annexin II mRNA occurs as the cells enter G2
phase. Existent annexin II mRNA and protein undergo rapid degra
dation as mitotic cells enter Gt. This suggests that the transition
from mitosis to interphase might be accompanied by facilitated deg
radation of this protein. New synthesis of annexin II message begins
in early G, phase followed by new synthesis of annexin II protein.
Thus, it appears that regulation of annexin II expression is at the
transcriptional level. Our results are in agreement with those of
Keutzer and Hirschhorn (12) who found that annexin II is a growth-

regulated gene which is transcribed in early G,. We have provided
additional evidence for annexin II mRNA and protein levels fluctu
ating in cell cycle. Further, we have determined the half-life of an

nexin II message to be 2 to 2.5 h, which is in agreement with the
cell cycle data that annexin II message fluctuates in cell cycle.

Periodic expression during cell cycle of several proteins and en
zymes involved in DNA synthesis has been observed, and the maxi
mum expression occurs at the GrS phase boundary (21-25). The

coordinate production of these proteins and enzymes is temporally
coupled to DNA replication during the S-phase. In view of the in

volvement of annexin II in DNA replication (8, 11, 17), we anticipated
that the annexin II gene would exhibit similar cell cycle regulation.
Our results indicate that annexin II expression is periodically regu
lated in the cell cycle similar to the regulation of other DNA synthesis
genes. Even though the level of annexin II protein is regulated in a
cell-cycle-specific manner, posttranslational modifications of the pro

tein may also contribute to the regulation of its activity and/or stabil
ity. Annexin II is phosphorylated by pp60src and protein kinase (1).

However, the role of phosphorylation of annexin II in relation to its
physiological role is not known. The data presented here support our
previous results in suggesting a physiological role for annexin II in
cellular DNA synthesis and proliferation.
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