MOLECULAR AND CELLULAR BIOLOGY, Mar. 1999, p. 2400-2407
0270-7306/99/$04.00+0

Vol. 19, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Functions of Cyclin Al in the Cell Cycle and Its Interactions
with Transcription Factor E2F-1 and the Rb Family of Proteins

RONG YANG,'* CARSTEN MULLER,' VONG HUYNH,' YUEN K. FUNG,?> AMY S. YEE?
AND H. PHILLIP KOEFFLER!

Division of Hematology/Oncology, Cedars-Sinai Research Institute, UCLA School of Medicine, Los Angeles, California
90048"; Division of Hematology/Oncology, USC School of Medicine, Childrens Hospital Los Angeles, Los Angeles,
California 90027% and Department of Biochemistry, Tufts University School of Medicine,

Boston, Massachusetts 021113

Received 27 March 1998/Returned for modification 13 May 1998/Accepted 19 November 1998

Human cyclin Al, a newly discovered cyclin, is expressed in testis and is thought to function in the meiotic
cell cycle. Here, we show that the expression of human cyclin Al and cyclin Al-associated kinase activities was
regulated during the mitotic cell cycle. In the osteosarcoma cell line MG63, cyclin A1 mRNA and protein were
present at very low levels in cells at the G, phase. They increased during the progression of the cell cycle and
reached the highest levels in the S and G,/M phases. Furthermore, the cyclin Al-associated histone H1 kinase
activity peaked at the G,/M phase. We report that cyclin Al could bind to important cell cycle regulators: the
Rb family of proteins, the transcription factor E2F-1, and the p21 family of proteins. The in vitro interaction
of cyclin Al with E2F-1 was greatly enhanced when cyclin A1 was complexed with CDK2. Associations of cyclin
Al with Rb and E2F-1 were observed in vivo in several cell lines. When cyclin A1 was coexpressed with CDK2
in sf9 insect cells, the CDK2-cyclin A1 complex had kinase activities for histone H1, E2F-1, and the Rb family
of proteins. Our results suggest that the Rb family of proteins and E2F-1 may be important targets for
phosphorylation by the cyclin Al-associated kinase. Cyclin A1 may function in the mitotic cell cycle in certain

cells.

The cell cycle is a highly complex process that is regulated by
many factors. Cyclin-dependent kinases (CDKs) play impor-
tant roles in the regulation of the cell cycle. In mammalian
cells, several CDKs function at different stages of the cell cycle
and the activities of CDKs are regulated by various cofactors
and modifying enzymes. The activities of CDKs require the
physical association of the positive regulators, cyclins, while the
binding of negative regulators, the CDK inhibitors, inhibit
kinase activity (14, 31-33). The D cyclin-associated CDK4 and
CDKG6 are the earliest CDKs, being activated in the G, phase.
CDK?2 binding to cyclins E and A is then activated before S
phase. CDK1 (also known as CDC2) in association with cyclins
A and B functions at the G,/M transition (17, 26, 29, 31, 32).

Human cyclin A forms complexes with both CDK2 and
CDKI. The activities of CDK2-cyclin A and CDKl1-cyclin A
are required for entry into S and M phases, respectively (30).
We recently described a second human cyclin A (cyclin Al)
whose high expression is restricted to testis in nonleukemic
tissues (39). Human cyclin A1 is associated with CDK2 in vitro
and in vivo. The recently cloned murine cyclin Al (the ho-
molog of human cyclin Al) is also expressed specifically in
testis, and it binds to both CDK2 and CDK1 (34). In situ
hybridization studies showed that the murine cyclin Al is ex-
pressed only in germ cells undergoing meiosis in testis, sug-
gesting that cyclin A1 plays a role in meiotic cell division (34).
Similarly, the Xenopus cyclin Al is expressed only in eggs and
early embryos, not in either late embryos or cultured cells (15).

Although human cyclin Al is expressed at high levels only in
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the testis among nonleukemic tissues, we observed high ex-
pression of cyclin Al in several leukemia cell lines and low
expression in many other human cell lines and in healthy brain
(39). On the basis of these results, we explored whether cyclin
Al also plays a role in the regulation of the mitotic cell cycle.

The D-type cyclins are known to bind to the retinoblastoma
susceptibility gene product (Rb) protein, and this interaction
targets Rb for phosphorylation by CDK4 or CDKG6 (6, 7, 19).
Cyclin A can bind to the Rb family member proteins which are
known as p107 and p130 but cannot bind to Rb directly in vitro
(2,5,8,9,24). The CDK2-cyclin A complex also binds directly
to E2F-1 and phosphorylates E2F-1 in vitro and in vivo (21,
38). In addition to the Rb family of proteins, the CDK inhib-
itors p21 and p27 also bind directly to cyclins A, D, and E (11).

In a previous study (39), we showed that cyclin Al binds to
CDK2, as well as several other unidentified proteins in the
ML-1 myeloid leukemia cell line. We now report that cyclin Al
interacts with several important cell cycle regulators including
the Rb family of proteins and E2F-1. Furthermore, the CDK2-
cyclin Al complex formed in insect cells could phosphorylate
the Rb family of proteins and E2F-1 in vitro. These results
suggest that the Rb family of proteins and E2F-1 may be
important substrates for phosphorylation by the cyclin Al-
associated kinase activities.

MATERIALS AND METHODS

Cell culture. Human leukemia cells were cultured in RPMI 1640 with L-glutamine
and 10% fetal calf serum (FCS). Human osteosarcoma cell lines MG63 and
SAOS-2 were cultured in Dulbecco modified Eagle medium with 10% FCS. The
HF7c¢ Saccharomyces cerevisiae cells were maintained on YPD medium, and yeast
transformants were grown on SD (lacking Trp, Leu, and/or His) medium. Esch-
erichia coli DH5a and HB101 were used for plasmid propagation and the ex-
pression of glutathione transferase (GST) fusion proteins, respectively.

Antibody production and affinity purification. The anti-cyclin Al C-terminal
peptide antibody was produced as briefly described below. A 16-amino-acid
peptide unique to the carboxy terminus of cyclin Al (residues 421 to 437) was
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synthesized and coupled to the carrier protein keyhole limpet hemacyanin. The
conjugate was used to immunize two rabbits by using a standard protocol. The
antibodies against the peptide were affinity purified from the rabbit serum by
using an affinity column with peptide-coupled Sepharose beads as described
previously (12). This antibody, which we named anti-A1C16, could specifically
bind to the recombinant cyclin Al expressed in sf9 insect cells and the GST-
cyclin Al fusion protein expressed in E. coli in our immunoblot and immuno-
precipitation experiments (data not shown). Another polyclonal antibody against
the full-length cyclin A1 was previously described (39). Other antibodies used in
our experiments include anti-CDK2 monoclonal antibody clone 55 (Transduc-
tion Laboratory), anti-cyclin A monoclonal antibody clone BF683 (Santa Cruz
Biotech), anti-Rb monoclonal antibody clone G3-245 (Pharmingen), anti-p107
monoclonal antibody clone SD9 (Pharmingen), anti-p130 polyclonal antibody
(Santa Cruz Biotech), and anti-E2F-1 monoclonal antibody clone KH95 (Pharm-
ingen).

Synchronization of MG63 cells and analysis of cyclin Al expression. MG63
cells were synchronized as described previously (3). Briefly, cells were arrested at
G, by serum starvation (0.1% serum) for 48 h and then they were collected at
either 6 h after refeeding with medium containing 10% FCS (early G, phase),
24 h after refeeding with medium containing 200 uM mimosine (late G, phase),
24 h after refeeding with medium containing 2 pg of aphidicolin per ml (G,/S
phase), 5 h after washing off aphidicolin (S phase), or 30 h after refeeding with
medium containing 0.1 pg of nocodazole per ml (G,/M phase). MG63 cells were
also released from serum starvation without any drug treatment, and samples
were taken at 0, 4, 8, 12, 16, 20, 24, 28, and 32 h for analysis. The cell cycle
distributions were analyzed by fluorescence-activated cell sorting (FACS) anal-
ysis (3). The expression of cyclin Al in these cells was analyzed by Northern
blotting and immunoblotting, using standard protocols. Immunoprecipitation
(anti-cyclin Al) followed by histone H1 kinase assay was described previously
(39).

In vitro binding assay. Cyclin Al protein was synthesized in vitro and labeled
with [**S]methionine by using the TNT system (Promega). The Rb family of
proteins and E2F-1 were produced in E. coli as GST fusion proteins. Deletion
mutants of cyclin Al and the Rb family of proteins were generated by PCR
methods with Pfu polymerase (Invitrogen). Four microliters of the in vitro
translation reaction mixture was incubated with 1-pg amounts of GST fusion
proteins bound to glutathione Sepharose beads in 100 pl of binding buffer (50
mM Tris-Cl [pH 7.5], 1% Nonidet P-40, 400 mM NaCl, 1 mM dithiothreitol) for
1 h. The beads were washed three times in the same buffer. The proteins bound
to the beads were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and autoradiography. Cyclin Al or cyclin A1-CDK2
complexes produced in insect cells (see below) were also tested for binding to
various E2F-1 fusion proteins by the same method described above except that
the bound proteins were analyzed by immunoblot analyses with the anti-A1C16
antibody.

Yeast two-hybrid assay. The interaction between cyclin Al and several CDK
inhibitors was studied by using the yeast two-hybrid system (10). Cyclin Al was
fused to the Gal4 DNA-binding domain in plasmid pGBTS, and test proteins
were fused to the Gal4 activation domain in plasmid pGAD10. The two plasmids
were cotransformed into yeast, and the interactions between cyclin Al and test
proteins lead to cell growth on medium lacking His.

Immunoprecipitation and immunoblotting. Cells were washed twice with
phosphate-buffered saline and lysed on ice with radioimmunoprecipitation buffer
(12). Protease inhibitors (0.2 mM phenylmethylsulfonyl fluoride, 10 pg of apro-
tinin per ml, 10 pg of leupeptin per ml, and 1 pg of pepstatin per ml) were added
just before use. The protein concentrations of the lysates were determined with
the Bio-Rad protein assay kit, and the same amounts of total protein were used
in either immunoprecipitation or immunoblot experiments. Immunoprecipita-
tions were performed at 4°C for 2 h using protein A- or G-Sepharose (Pharma-
cia) as the solid phase. In some experiments, antibodies were covalently coupled
to the Sepharose beads (12) to prevent the interference of immunoglobulin in
subsequent immunoblot analyses. Immunoblot analyses were done with nitro-
cellulose membranes according to standard protocols using either anti-rabbit or
anti-mouse immunoglobulin G secondary antibodies labeled with horseradish
peroxidase, and the enhanced chemiluminescence system (Amersham) was used
for detection. When immunoprecipitation was coupled with immunoblotting, the
precipitated proteins on beads were washed three times with the lysis buffer and
eluted with SDS sample buffer for SDS-PAGE.

Expression of cyclin Al in insect cells and in vitro kinase assay. The cyclin Al
c¢DNA was cloned into transfer plasmid pVL1392 (Pharmingen), and baculovirus
encoding cyclin A1l was generated by using the BaculoGold system (Pharmin-
gen). The CDK2 baculovirus was a gift from H. Piwnica-Worms (Washington
University, St. Louis, Mo.). The cyclin Al and CDK?2 viruses (titers about 10°
PFU/ml) were used to infect sf9 cells either alone or together. Wild-type viruses
were used as controls. Forty-eight hours after infection, the cells were lysed in
buffer containing 0.5% Nonidet P-40, 50 mM Tris-Cl (pH 7.5), 150 mM NaCl,
and protease inhibitors as described above. For in vitro kinase assay, 3 pl of the
lysate (2 mg of total protein per ml) was used in 30 pl of kinase reaction buffer
(50 mM HEPES [pH 7.0], 10 mM MgCl,, 5 mM MnCl,, 1 mM dithiothreitol)
containing 10 pM ATP, 10 p.Ci of [y-**P]ATP and 2-pg amounts of GST fusion
proteins bound to glutathione beads. The reaction mixtures were incubated at
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30°C for 20 min, the beads were washed once with kinase buffer, and the
phosphorylated proteins were analyzed by SDS-PAGE and autoradiography.

Transient growth suppression assay. SAOS-2 osteosarcoma cells (5 X 10°
cells/60-mm-diameter plate) were transfected with 4.5 pg of Rb expression vec-
tor combined with either 4.5 g of empty vector or 4.5 pg of cyclin Al expression
vector by a standard calcium phosphate precipitation method. One microgram of
EGFPF (enhanced green fluorescent protein farnesylated) was also included in
each transfection for the identification of transfected cells. The EGFPF construct
expresses a fusion protein of EGFP and the last 20 residues of c-Ha-Ras which
targets the EGFP to cell membrane, and the modified EGFP remains bound to
the membrane throughout the fixation processes for cell cycle analysis (18).
Forty-eight hours after transfection, cells were trypsinized and fixed by adding
ice-cold methanol (1 ml) in drops to 0.5 ml of the cell suspension. The cells were
stained with propidium iodide as previously described (1a), and 10,000 GFP-
positive and -negative cells were analyzed for cell cycle distribution as described
previously (18).

RESULTS

Cyclin Al expression is regulated in the mitotic cell cycle in
MG63 cells. To determine whether cyclin Al has a function in
the mitotic cell cycle, the osteosarcoma cell line MG63 was
used to study cyclin Al expression during the cell cycle. MG63
cells were synchronized as described in Materials and Meth-
ods, and FACS analysis was used to confirm that the cells were
synchronized at the predicted phases of the cell cycle (data not
shown). First, we investigated whether cyclin A1 mRNA levels
changed during the cell cycle. Northern blots (Fig. 1A) showed
that cyclin A1 mRNA was low before the S phase but increased
significantly at the S and G,/M phases. MG63 cells expressed
much less cyclin A1l mRNA than the ML-1 myeloid leukemia
cells, which were used as a positive control. A more sensitive
semiquantitative reverse transcription-PCR-Southern blot
method could also detect cyclin A1 mRNA in G, phase cells
but at much lower levels than those of S and G,/M phase cells
(data not shown).

Cyclin A1 protein level also fluctuated during the cell cycle
as shown by immunoblot analysis (Fig. 1B). Cyclin Al was
present in G, cells at a low level, started to increase in early G,
and reached the highest levels during the S and G,/M phases.
We also probed the same blot with anti-cyclin A antibody
which showed an expression profile different from that of cy-
clin Al (Fig. 1B). Cyclin A protein was not detectable at either
G, or early G, started to appear in late G,, and peaked at the
S and G,/M phases. The expression patterns for both cyclin Al
and cyclin A were highly repeatable in this series of experi-
ments.

To rule out the possibility that induction of cyclin Al (top
blot in Fig. 1B) was a consequence of treating the cells with
mimosine, aphidicolin, or nocodazole, we released MG63 cells
from serum starvation without any drug treatment and ana-
lyzed the levels of cyclin Al at various time points. Although
this experiment produced less-synchronous cell populations,
the results were similar to those of the experiment described
above (Fig. 1C). Cyclin Al increased to high levels at 12 h
when most cells were at the G,/S phase, and the level of cyclin
Al remained high until 24 h. The level of cyclin Al decreased
at 28 h, and most cells had completed the cell cycle at 32 h.

Cyclin Al binds to the transcription factor E2F-1. Since
E2F-1 has been shown to interact with cyclin A-CDK2 (21, 38),
we tested whether E2F-1 could also bind to cyclin Al. GST-
E2F-1 and various GST-E2F-1 deletion mutants (38) were
tested for binding to cyclin Al in an in vitro binding assay. In
these experiments, in vitro-translated and **S-labeled cyclin A1
was tested for binding to the various fusion proteins immobi-
lized on glutathione Sepharose beads. GST-E2F-1, but not
GST, bound to cyclin Al (Fig. 2A). Furthermore, the first 150
N-terminal residues of E2F-1 were sufficient to bind to cyclin
Al; neither the first 76 N-terminal residues nor the 154 C-
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FIG. 1. Regulation of the expression of cyclin Al (cyc A,) during the cell cycle in MG63 cells. The cells
were synchronized as described in Materials and Methods (G, serum starvation for 48 h; early G,, 6 h after
refeeding with medium containing 10% FCS; late G, 24 h after refeeding with medium containing 200 uM
mimosine; G,/S, 24 h after refeeding with medium containing 2 pg of aphidicolin per ml; S, 5 h after
washing off aphidicolin; G,/M, 30 h after refeeding with medium containing 0.1 pg of nocodazole per ml).
(A) Northern blot showing the level of cyclin A1 mRNA in MG63 cells at various stages of the cell cycle.
Each lane contains 4 g of poly(A)-selected RNA, except the positive-control lane which contains 5 pg of
total RNA from ML-1 cells. The G, lane represents late G, cells arrested by mimosine. (B) Immunoblots
comparing the kinetics of cyclin Al and cyclin A protein during progression of the cell cycle. Twenty
micrograms of total proteins was loaded in each lane. The control lane contains recombinant cyclin Al
proteins expressed in insect cells (2 l of insect cell lysate). The blot was probed with the anti-A1C16
antibody (upper blot) and then anti-cyclin A monoclonal antibody after stripping the blot (lower blot). The
positions of the molecular mass markers (in kilodaltons) are shown on the left. The histograms on the right
show the intensity of cyclin Al or cyclin A bands measured by a densitometer (mean * standard deviation
from three independent experiments). (C) Immunoblot showing the cyclin A1 protein levels at various time
points after releasing MG63 cells from serum starvation. The time points and cell cycle distribution (as a
percentage of the entire cell population) at each time point are indicated above the blot.
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terminal residues of E2F-1 significantly bound to cyclin Al
(Fig. 2A). These results indicated that the sequences between
positions 76 and 150 of E2F-1 were important for binding of
cyclin Al; this is the same region of E2F-1 that binds to cyclin
A (21, 38). Probably, cyclin Al and cyclin A interact with
E2F-1 in a similar fashion.

Cyclin A, when associated with CDK2, has been reported to
bind much more efficiently to E2F-1 (38). We investigated
whether this was also the case for cyclin Al. Cyclin Al, either
alone or together with CDK2, was expressed in sf9 insect cells
with baculovirus, and an in vitro binding assay was performed

using GST fusions of E2F-1 as described previously (38). As
shown in Fig. 2B, the binding of cyclin Al and CDK2 to E2F-1
was detected at a 1/50 dilution of the insect cell lysate that
expressed both cyclin Al and CDK2 (lane 2) and the binding
was very strong at a 1/10 dilution (lane 3). In contrast, cyclin
A1l alone bound to E2F-1 weakly at a 1/10 dilution (lane 6),
while CDK2 alone could not bind to E2F-1 (data not shown).
The cells expressing cyclin Al alone contained either a similar
or larger amount of cyclin Al than those with both cyclin Al
and CDK2 (cyclin Al input). A 1/10 dilution of the lysate
containing CDK2-cyclin A1l did not show any binding to con-
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FIG. 2. Interaction of cyclin Al (cyc A;) with E2F-1. (A) The autoradiogra-
phy shows cyclin A1 (in vitro-translated and [**S]methionine-labeled) binding to
GST fusions of E2F-1 and E2F-1 deletion mutants (E2F-1, GST fusion of
full-length E2F-1; N150 and N76, GST fusions of the initial 150 and 76 residues
at the N terminus of E2F-1, respectively; C154, GST fusion of the 154 residues
at the C terminus of E2F-1). The input lane contains 25% of the total input of
cyclin Al. (B) Immunoblots showing the binding of either cyclin A1-CDK2 or
cyclin Al (expressed in insect cells) alone to the GST fusion of E2F-1. Five
hundred microliters of diluted insect cell lysate containing either cyclin Al-
CDK?2 or cyclin Al alone was incubated with 2-ug amounts of GST-E2F-1 fusion
proteins bound to glutathione beads. The cyclin A1 and CDK2 that bound to
E2F-1 were analyzed by immunoblotting with either anti-A1C16 or a monoclonal
anti-CDK2 antibody, respectively. Lanes 1 and 4, 1/250 dilution of insect cell
lysate; lanes 2 and 5, 1/50 dilution of insect cell lysate; lanes 3 and 6, 1/10 dilution
of insect cell lysate. The two upper immunoblots show the input cyclin Al and
CDK2. The two lower blots show the cyclin A1 and CDK2 bound to E2F-1. (C)
Immunoblot showing the interaction of cyclin Al with E2F-1 in vivo. Cyclin Al
complexes were precipitated from 500 pl of NB4 cell lysate with either preim-
mune sera or anti-A1C16 antibody. The precipitated proteins were analyzed with
an anti-E2F-1 monoclonal antibody on the immunoblot. Ten microliters of NB4
lysate was used as a positive control in lane 3. The positions of the molecular
mass markers (in kilodaltons) are shown on the left. IP, immunoprecipitation.

trol GST-Sepharose (data not shown). These results indicated
that cyclin A1 bound more strongly to E2F-1 in the presence of
CDK2.

The interaction of cyclin Al and E2F-1 was also detected in
NB4 leukemia cells by immunoprecipitation and immunoblot
analyses. As shown in Fig. 2C, E2F-1 was detected in anti-
cyclin Al immunoprecipitates and the addition of a competing
immunogenic peptide eliminated the coprecipitation (data not
shown). A different antibody, the antibody against full-length
cyclin Al, also coprecipitated E2F-1 from MG63 and U937

FUNCTIONS OF HUMAN CYCLIN Al 2403

(leukemia) cells (data not shown), suggesting that the precip-
itation of E2F-1 was probably not due to cross-reaction of the
antibodies to E2F-1.

Cyclin Al binds to the Rb family of proteins. The D cyclins
are known to interact with the Rb family of proteins. However,
cyclin A does not bind directly to Rb in vitro (8, 9). We have
previously observed several cyclin Al-associated proteins with
molecular weights similar to those of the Rb family of proteins
in immunoprecipitation experiments using *°S-labeled cells
(39), so we decided to examine whether cyclin Al could bind to
members of the Rb family of proteins. We employed the same
in vitro binding assay described above with in vitro-translated,
%S-labeled cyclin Al and GST fusions of the large pockets of
the Rb family of proteins. Using this assay, we observed inter-
actions between cyclin Al and GST-Rb (residues 373 to 928),
GST-p107 (residues 252 to 1068), and GST-p130 (residues 327
to 1139) fusion proteins but not with GST alone (Fig. 3A).

Further analysis with different GST-Rb deletion mutants
indicated that the C-pocket region of Rb (residues 773 to 928)
was sufficient for binding to cyclin Al (Fig. 3B). Further
deletion to residue 838 greatly reduced binding to cyclin Al
(Fig. 3B). The region of p107 that confers cyclin Al binding
was mapped to between residues 649 and 816 as shown in
Fig. 3C. Interestingly, this region of the p107 contains the
SAKRRLFGE sequence that has been shown to contribute to
the p107-cyclin A interaction (8, 42). This sequence is con-
served in p130 and is also responsible for the ability of p130 to
bind to cyclin A (22). Our results suggest that cyclin A1 may
also bind to p107 and p130 through this sequence.

Several deletion mutants of cyclin Al were used in in vitro
binding assays to determine the regions of cyclin Al that binds
to Rb. As shown in Fig. 3D, the 77 residues at the N terminus
and the 223 residues at the C terminus did not bind to Rb, but
the 220 residues at the N terminus as well as residues between
78 and 240 were sufficient for binding of Rb.

To test whether cyclin Al could also interact with the Rb
family of proteins in vivo, we used NB4 cells that express high
levels of cyclin Al and have an intact Rb gene. Immunopre-
cipitation (anti-A1C16) followed by immunoblot analysis (anti-
Rb monoclonal antibody) showed that the Rb protein was
coprecipitated by the anti-A1C16 antibody but not by the pre-
immune antibody (Fig. 3E). The coprecipitation of Rb was
greatly reduced if a competing immunogenic peptide was
added (data not shown). Another antibody that was raised
against the full-length cyclin Al could also coprecipitate Rb
but less efficiently (data not shown). We have not yet detected
the association of p107 and p130 with cyclin Al in similar
experiments.

We next examined the phosphorylation state of the Rb pro-
tein found in the cyclin A1 complexes. As shown in Fig. 3F, the
Rb in the cyclin Al complexes from both the MG63 cells
arrested at the G,/M phase and the asynchronous NB4 cells
(lanes 2 and 6) comigrated (as diffused bands) with the slower-
migrating Rb bands that were present in MG63 cells at G,/M
(lane 3) and asynchronous NB4 cells (lane 7). MG63 cells
synchronized at G, contained mostly the fast-migrating hypo-
phosphorylated Rb (lanes 4 and 8). These results suggest that
most of the Rb associated with cyclin Al was phosphorylated.

The p21 family of CDK inhibitors bind to cyclin Al. The p21
family of proteins can interact directly with many cyclins, in-
cluding cyclins A, D, and E (11). Using a yeast two-hybrid
assay, we showed that the CDK inhibitors p21 and p27 but
neither p16™%4 nor cyclin D2 could interact with cyclin Al
(Fig. 4A). An in vitro binding assay using GST-p21 and **S-
labeled cyclin Al also confirmed this interaction (Fig. 4B).
Although we showed that the p21 family of proteins could
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FIG. 3. Interaction of cyclin Al with the Rb family of proteins. (A) An in vitro binding assay showing that cyclin A1 (in vitro translated and [**S]methionine labeled)
bound to GST fusions of the large pocket region of Rb, p107, and p130 but not to the GST control. The GST fusions used are indicated above the blot. The input lane
represents 50% of total input of the labeled cyclin Al. (B) Binding of cyclin Al (cyc A,) to GST fusions of various regions of Rb. Lane 1, input; lane 2, Rb large pocket
(amino acids 373 to 928); lane 3, Rb A pocket (amino acids 373 to 590); lane 4, Rb B and C pocket (amino acids 623 to 928); lane 5, Rb C pocket (amino acids 773
to 928); lane 6, Rb838-928 (amino acids 838 to 928); lane 7, GST. (C) Binding of cyclin Al to three regions of p107 (fused to GST) as shown above the gel. The input
lane represents 25% of total input of the labeled cyclin Al. (D) Various regions of cyclin A1 were in vitro translated and labeled as described above and analyzed for
binding to GST-Rb and GST control. A|N77 and A;N220, the 77 and 220 residues at the N terminus of cyclin Al, respectively; A;C223, the 223 residues at the C
terminus of cyclin Al; A,78-240: residues from 78 to 240 of cyclin Al. (E) Immunoblot showing the interaction of cyclin A1 with Rb in vivo. Cyclin A1 complexes were
precipitated from 500 wl of NB4 cell lysate with either preimmune sera or anti-A1C16 antibody. The precipitated proteins were analyzed by anti-Rb immunoblotting.
NB4 lysate (10 pl) was used as a positive control in lane 3. The positions of the molecular mass markers (in kilodaltons) are shown on the left. IP, immunoprecipitation.
(F) Immunoprecipitation (IP) and immunoblot analyses show that cyclin A1 mainly associated with hyperphosphorylated forms of Rb. Cyclin Al-containing complexes
were precipitated with anti-A1C16, and the Rb proteins in the precipitated complexes were analyzed by anti-Rb immunoblotting. Lanes 1 and 2, immunoprecipitations
from lysates of MG63 cells synchronized at the G,/M phase by preimmune serum and anti-cyclin Al, respectively; lanes 3 and 4, cell lysates of MG63 cells synchronized
at the G,/M and G, phases, respectively; lanes 5 and 6, immunoprecipitations from NB4 cell lysates by preimmune serum and anti-cyclin A1, respectively; lanes 7 and
8, lysates of asynchronous NB4 and G-synchronized MG63 cells, respectively. pRb and ppRb, hypophosphorylated and hyperphosphorylated Rb, respectively.

interact with cyclin Al, the effect of this interaction on the
function of CDK2-cyclin Al is still not known at this time.

The cyclin Al-associated histone H1 kinase activity is reg-
ulated during the cell cycle, and the cyclin A1-CDK2 complex
formed in insect cells has kinase activity to the Rb family of
proteins and E2F-1. To investigate whether the cyclin Al-
associated histone H1 kinase activity fluctuated during the
mitotic cell cycle, immunoprecipitation with antibodies against
the full-length cyclin Al and in vitro kinase assay were per-
formed with histone H1 as the substrate. The cyclin Al-asso-
ciated activity increased as the cell cycle progressed and
reached a peak level at the G,/M phase (Fig. SA).

To determine whether CDK2-cyclin Al complexes also have
kinase activity against E2F-1 and the Rb family of proteins, we
expressed CDK2-cyclin Al in insect cells and used the insect
cell lysate in an in vitro kinase assay with histone H1, GST
fusion of E2F-1, and GST fusions of the Rb family of proteins
as substrates. The lysate containing CDK2-cyclin Al showed
strong kinase activity to histone H1 (Fig. 5B), which is consis-
tent with the previous immunoprecipitation and in vitro kinase
assay results (Fig. SA). The same lysate also phosphorylated
GST-Rb, GST-p107, GST-p130, and GST-E2F-1 (Fig. 5B).
Lysates containing either cyclin A1 or CDK2 alone, which
expressed either equal or more recombinant proteins than the
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FIG. 4. Interactions of cyclin Al with members of the p21 protein family. (A)
Binding of cyclin Al to either p21 or p27 was indicated by the growth of HF7c
yeast cells transformed with pGBT-A1 and pGAD-p21 or -p27 on a plate con-
taining medium lacking Trp, Leu, and His. The pGAD-cyclin D2 and -p16'™NK42
were negative, as expected. (B) In vitro binding assay shows that cyclin Al (cyc
A,) (in vitro translated and [*>S]methionine labeled) binds to GST-p21.

coinfections (data not shown), showed only background activ-
ities (Fig. 5B). To ensure that the kinase activities in these
assays were contributed by the CDK2-cyclin Al complex and
not by other endogenous kinases activated by CDK2-cyclin Al,
we performed immunoprecipitation with anti-cyclin Al anti-
bodies followed by kinase assay. As shown in Fig. 5C, the
immunoprecipitated cyclin Al complexes showed kinase activ-
ity to histone HI. Similar results were also observed for
GST-Rb (data not shown). These results indicated that the
CDK2-cyclin Al expressed in the insect cells contributed di-
rectly to the kinase activities.

Cyclin Al can reverse the Rb-induced G1 arrest in SAOS-2
osteosarcoma cells. Studies have shown that the expression of
Rb in SAOS-2 cells can induce a G, arrest which can be
reversed by the expression of either cyclin A, cyclin E, or the D
cyclins (6, 7, 13). We studied whether cyclin Al also has this
function by cotransfecting SAOS-2 cells with a Rb expression
vector and either a control or a cyclin Al expression vector. A
vector expressing a membrane-bound GFP was also included
for identification of transfected cells, and cell cycle analysis was
done for both GFP-positive (transfected) and GFP-negative
(nontransfected) cells. As shown in Table 1, the expression of
Rb increased the G, population by 15 to 20% and the coex-
pression of cyclin Al reversed this increase. Transfection of a
control empty vector alone did not change significantly the cell
cycle distribution (data not shown).
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DISCUSSION

In healthy tissues, both murine and human cyclin Al show
high level of expression only in testis. In situ hybridization
studies found that the murine cyclin Al is expressed exclusively
in meiotic germ cells of the testis (34). These observations
suggest that cyclin Al functions in the meiotic cell cycle. Pre-
viously, we observed low-level expression of human cyclin Al
in the brain and in many somatic human cell lines. Several
leukemia cell lines also expressed high levels of cyclin Al (39).
These results led us to investigate whether cyclin A1 may also
have a function in the mitotic cell cycle.

Using the MG63 osteosarcoma cells as a model system, we
showed that cyclin A1 mRNA and protein levels as well as the
cyclin Al-associated histone H1 kinase activities are regulated
during the cell cycle. Both the mRNA and the protein levels of
cyclin Al are the highest during the S and G,/M phases, and
the cyclin Al-associated histone H1 kinase activity peaks at the
G,/M phase. These results suggest that in addition to its func-
tion in the meiotic cell cycle, cyclin A1 may play a role in the
mitotic cell cycle. The kinetics of cyclin Al at the protein level
are different from that of cyclin A. Cyclin A appears later in the
cell cycle than cyclin Al but increases rapidly, reaching high
levels at the S and G,/M phases (Fig. 1B); cyclin Al, on the
other hand, is detectable at the G, phase and rises more grad-
ually compared to cyclin A. However, like cyclin A-associated
histone H1 kinase activity, cyclin Al-associated activity peaks
at the G,/M phase. The expression of cyclin Al is not restricted
to tumor cell lines. We found that cyclin Al expression is
relatively high in certain healthy hematopoietic progenitor
cells in addition to testis (40). In certain healthy cells, perhaps
cyclin A1l has functions that are involved in growth and differ-
entiation. Although we do not yet have definitive evidence to
prove that cyclin Al has a role in the mitotic cell cycle in
certain cells, our results encourage future studies in the direc-
tion of elucidating the exact role(s) of cyclin A1 in the cells that
express relatively high levels of it.

Cyclin A has been shown to bind to E2F-1, and the CDK2-
cyclin A complex can phosphorylate E2F-1 which inactivates
DNA binding and transactivation by E2F-1 (21, 38). In this
study, we also observed the interaction between cyclin Al and
E2F-1, and the same region of E2F-1 that binds to cyclin A was
also required for binding to cyclin Al. Like cyclin A, cyclin Al
bound to E2F-1 much more efficiently when complexed with
CDK2. Furthermore, the CDK2-cyclin A1l expressed in insect
cells had kinase activity against E2F-1 in vitro. The in vivo
interaction of cyclin Al and E2F-1 was observed in several cell
lines. These results suggest that E2F-1 may be one of the
substrates of cyclin Al-associated kinases in vivo.

Cyclin A is known to bind to p107 and p130 (2, 5, 8, 9, 24).
The interaction is through a short sequence in the spacer
region of pl07 and p130 that is not present in Rb (22, 42).
Since cyclin Al interacts with a fragment of p107 that contains
this sequence, cyclin Al very likely also binds to p107 or p130
through this same sequence. Although cyclin A does not bind
directly to Rb in vitro, we showed that cyclin Al was able to
bind to the C-pocket region of Rb in vitro. The D-type cyclins
are known to bind to Rb through the LXCXE sequence which
is also used by several viral proteins for binding of Rb (6, 35).
Cyclin Al does not have this motif, and we showed that the
interaction of cyclin A1 with Rb requires a region between
residues 78 and 220 of cyclin Al. This region does not have
significant homology with other cyclins.

We observed Rb in association with cyclin Al in vivo by
immunoprecipitation coupled with immunoblot analysis. The
coprecipitation of Rb by anti-cyclin Al antibodies was proba-
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FIG. 5. Cyclin Al-associated kinase activities. (A) The cyclin Al-associated
histone H1 kinase activities in MG63 cells at different stages of the cell cycle. For
the in vitro kinase assay, the anti-full-length cyclin Al antibody was used for
immunoprecipitation (IP) and histone H1 was used as the substrate. The pre-
immune serum (IP from asynchronous cells) was used as a negative control.
Asyn., asynchronous MG63 cells. (B) Lysates from insect cells infected with
cyclin Al (cyc A;) and CDK2-containing viruses either alone or together were
tested for kinase activity using as targets either histone H1 or GST fusions of
either E2F-1 or the large pockets of Rb, p107, and p130 as the substrates. Cells
infected with the wild-type virus (WT) were used as a control in lane 4. The
autoradiography shows the incorporation of 3?P into the substrates by the kinase
activity. The viruses used for infections are shown above the gel. (C) Immuno-
precipitation (anti-A1C16) followed by kinase assay using histone H1 shows that
the precipitated cyclin Al complex has kinase activity. Cyclin A1 was precipitated
from lysates of insect cells infected with either CDK2-cyclin Al (lane 1), CDK2
(lane 2), or cyclin Al (lane 3), and the kinase assay was performed as described
in Materials and Methods.

bly not due to nonspecific cross-reaction, because the anti-
cyclin Al antibodies did not recognize Rb in immunoblot anal-
yses and two different anti-cyclin Al antibodies could
precipitate Rb. Although we have not excluded the possibility
that other proteins, such as CDK2 which has been shown to
bind to Rb in vitro (1), could mediate the Rb-cyclin Al inter-
action in vivo, our in vitro results suggested that cyclin A1 may

TABLE 1. Effect of cyclin Al on Rb-induced G, arrest in
SAOS-2 cells

Expt and transfection Cell cycle distribution (%)

GFP*

plasmids” G, S G,/M
Expt 1
Rb-vector + 67 15 18
— 52 24 24
Rb-cycAl + 49 24 27
— 51 19 30
Expt 2
Rb-vector + 65 17 18
— 47 29 24
Rb-cycAl + 52 26 22
— 47 30 23
Expt 3
Rb-vector + 71 14 15
— 52 24 24
Rb-cycAl + 54 29 17
- 44 30 26

“ Rb, Rb expression plasmid; vector, empty vector; cycAl, cyclin Al expression
plasmid.

® GFP-positive (+) cells are those that show at least 40-fold-more green
fluorescence than the GFP-negative (—) background.

E2F-1

p107

p130

interact directly with Rb in vivo. Cyclin A and CDK1 have also
been shown to associate with Rb in vivo (16, 37), and both
CDKI1 and CDK?2 kinase activities can be coprecipitated by
anti-Rb antibodies (1, 16). However, cyclin A does not bind
directly to Rb in vitro (8). The mechanism of CDKI-cyclin
A-Rb complex formation in vivo is still not known. A complex
containing cyclin A, CDK2, p107, and E2F-1 has been ob-
served in cells during the S phase (5). Although we observed
both E2F-1 and Rb in cyclin Al complexes, we do not know if
quaternary complexes of cyclin Al, CDK2, Rb, and E2F-1
exist.

We observed that cyclin A1 bound to bands of Rb that
migrated slower than the hypophosphorylated species found in
G, cells, suggesting that cyclin A1l mainly bound to phosphor-
ylated forms of Rb. This is surprising because most of the
Rb-binding proteins (except the adenoviral E1A) bind to the
unphosphorylated or underphosphorylated forms of Rb (for
reviews, see references 28, 35, 36). One possible explanation
for this observation is that the phosphorylation of Rb by CDK4
or CDK6 bound to cyclin D and CDK2-cyclin E, which occurs
before S phase, induces a conformational change of Rb to
make it a better target for binding by cyclin Al. The cyclin
Al-associated kinase activity may function either to maintain
the phosphorylation state of Rb or to phosphorylate new sites
in Rb. Recent studies have shown that cyclin D1-CDK4 and
cyclin A- or E bound to CDK2 phosphorylate different sites on
RbD in vivo (4, 20, 25, 41). One study also showed that the
phosphorylation of Rb by CDK4 or CDK6 bound to cyclin D
is required for Rb to be further phosphorylated by CDK2-
cyclin E (25). Both CDK1 and CDK2 have been shown to
phosphorylate Rb in vitro on physiologically relevant sites (1,
16, 23). The cyclin Al-associated kinase activities may also
phosphorylate the Rb family of proteins in vivo.

Our in vitro results indicated that some of the functions of
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cyclin A1 are similar to those of cyclin A. Both cyclins interact
with E2F-1, p107, and p130 in an analogous manner. Like
cyclin A, cyclin Al was also able to reverse a G, arrest induced
by Rb in SAOS-2 cells. However, the kinetics of cyclin Al are
different from those of cyclin A during the cell cycle in the
MG63 cell line. Cyclin Al could also bind directly to Rb in
vitro, while cyclin A cannot. Whether cyclin Al and cyclin A
have similar functions in vivo is still unknown. Genetic evi-
dence suggest that they may have different functions. Deletion
of the murine cyclin A2 (homolog of human cyclin A) in mice
results in early embryonic lethality at a time when maternal
stores of cyclin A2 become depleted (27), suggesting that cyclin
Al cannot compensate for the loss of cyclin A2. However, this
conclusion requires the demonstration of cyclin Al expression
in the early murine embryo; this has been demonstrated for
Xenopus (15), but expression has not yet been examined in the
mouse. Cyclin Al deletional murine models should provide
further understanding of the biological functions of cyclin Al.
In addition, since human cyclin A is the homolog of the murine
and Xenopus cyclin A2, we suggest that human cyclin A be
renamed human cyclin A2.
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