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A mammalian A-type cyclin, cyclin A1, is highly expressed in testes
of both human and mouse and targeted mutagenesis in the mouse
has revealed the unique requirement for cyclin A1 in the progres-
sion of male germ cells through the meiotic cell cycle. While very
low levels of cyclin A1 have been reported in the human hemato-
poietic system and brain, the sites of elevated levels of expression
of human cyclin A1 were several leukemia cell lines and blood
samples from patients with hematopoietic malignances, notably
acute myeloid leukemia. To evaluate whether cyclin A1 is directly
involved with the development of myeloid leukemia, mouse cyclin
A1 protein was overexpressed in the myeloid lineage of transgenic
mice under the direction of the human cathepsin G (hCG) promoter.
The resulting transgenic mice exhibited an increased proportion of
immature myeloid cells in the peripheral blood, bone marrow, and
spleen. The abnormal myelopoiesis developed within the first few
months after birth and progressed to overt acute myeloid leukemia
at a low frequency ('15%) over the course of 7–14 months. Both
the abnormalities in myelopoiesis and the leukemic state could be
transplanted to irradiated SCID (severe combined immunodefi-
cient) mice. The observations suggest that cyclin A1 overexpression
results in abnormal myelopoiesis and is necessary, but not suffi-
cient in the cooperative events inducing the transformed pheno-
type. The data further support an important role of cyclin A1 in
hematopoiesis and the etiology of myeloid leukemia.

In the process of blood formation or hematopoiesis, stringent
control of the cell cycle is required for hematopoietic cells to

ensure the replicative potential needed for self-renewal, as well
as the differentiation into appropriate numbers of the various
lineages (1). The cyclins and cyclin-dependent kinases (Cdks)
are key components of the cell cycle machinery that is respon-
sible for the progression through the G1yS and G2yM phases, as
well as for the exit from the cell cycle to a quiescent G0 state (2).
Several lines of evidence suggest that many blood disorders,
including acute leukemia and aplastic anemia, are derived from
alterations in the cell cycle control of hematopoietic stem cells
(1). Differential expression of cyclins and Cdks was observed
between normal and tumor cells in a murine leukemia model that
was generated by injection of clonogenic Wehi-3b cells into
BALByc mice (3). In this model, the G1 cyclins and Cdks were
significantly increased in tumor cells when compared with
normal cells. Elevated levels of cyclin E have been observed in
patients with acute myeloid leukemia (AML; ref. 4) and acute
lymphoblastic leukemias (ALL; ref. 5). The combination of
cyclin D1 and Cdk4 expression has been shown to be an
important prognostic factor in ALL: there was a significant
correlation between expression of cyclin D1 and frequency of
disease recurrence in children with ALL (6).

We have previously reported (7, 8) the identification of a
mammalian A-type cyclin, mouse cyclin A1, that is expressed at
highest levels, if not exclusively, in the male germ line. An
absolute requirement of cyclin A1 for progression through the

meiotic cell cycle in spermatocytes, but not oocytes, was dem-
onstrated by gene targeting (9). The presence of two A-type
cyclins is a general feature of other higher eukaryotes: human
cyclin A1 has also been identified and shown to be highly
expressed in the testis and at very low levels in only the brain (10)
and peripheral blood (11, 12). Of particular interest to the
present study was the observation of elevated levels of cyclin A1
in several leukemia cell lines (10) and in patients with leukemia
at the promyelocyte and myeloblast stages (11, 12). The aim of
this report was therefore to test whether the altered expression
of cyclin A1 is a cause of malignancy of myeloid cells in an animal
model. Because cyclin A1 overexpression was observed in sev-
eral subsets of myeloid leukemias, especially acute promyelocytic
leukemia (12), we speculated that the deregulation of cyclin A1
might directly contribute to the development of myeloid leuke-
mia. To test our hypothesis, we selectively expressed cyclin A1
cDNA in the early myeloid lineage, using a transgenic mouse
model. Two types of abnormalities were observed in the trans-
genic mice overexpressing cyclin A1 under the direction of
human cathepsin G (hCG). A low frequency of the transgenic
mice developed two kinds of vascular tumors, hemangioma and
angiosarcoma, which will be described elsewhere. In the present
report, we describe the profound perturbation of myelopoiesis in
the transgenic mice and the development of acute myeloid
leukemia.

Materials and Methods
Generation of Transgenic Mice. A 1.8-kb mouse cyclin A1 cDNA
was cloned into a vector generously provided by Timothy Ley
(Washington University Medical School, St. Louis), which con-
tains hCG regulatory sequences and a portion of the coding
sequence (13, 14). This construct has been used previously to
drive expression of reporter constructs to the myeloid lineage
and of itself does not produce any abnormalities (13, 14).
Transgenic mice were generated following standard procedures
used routinely in our laboratory (15, 16). Transgenic founders
and their progeny were identified by Southern blotting, using
sequences from cyclin A1 cDNA and hCG gene as probes. F1
progeny were obtained by breeding founder animals with
B6CBAF1yJ mice.
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Reverse Transcription (RT)–PCR. Total cellular RNA was extracted
from bone marrow cells by using the TRI REAGENT kit
following the manufacturer’s instructions (Molecular Research
Center, Cincinnati). Total RNA (1 mg) was analyzed by RT-PCR
according to the manufacturer’s instructions (CLONTECH),
using primers specific for hCG and cyclin A1 cDNA or for the
endogenous cyclin A1 mRNA. The primer sequences were:
59-TAATCGCCCAGACAAGAAGAAC-39, derived from the
upstream region of cyclin A1 cDNA, and 59-ATGATCTCCCCT-
GCCTCAGC-39, from exon 1 and exon 2 junctions for the
hCG-cyclin A1 transgene. For the endogenous cyclin A1 mRNA,
the forward primer was the same as the upstream primer used
above. The downstream primer sequence was: 59-CCTGCT-
GATGTGGCCAATGAG-39. A set of primers for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was also used in
each reaction as positive controls. The primer sequences were:
59-TTGTCAGCAATGCATCCTGC-39 and 59-GCTGA-
CAATCTTGAGTGAGTTG-39. The PCR products were ana-
lyzed by Southern blotting using cyclin A1 cDNA or GAPDH
cDNA as a probe.

Immunoblotting. Lysates were prepared from bone marrow cells
isolated from transgenic and nontransgenic mice by using TRI
REAGENT according to the manufacturer’s instructions. Equal
amounts of lysates (200 mg) were run on a 7.5% protein gel and
transferred to nitrocellulose as described (8). Cyclin A1 proteins
were detected by using a rabbit anti-cyclin A1 antibody diluted
1:500, as described (9, 17).

Hematologic Measurements. White blood cell (WBC), hemoglobin
and platelet counts in peripheral blood (PB) were measured by
using an automated Coulter Counter. Differential counts of PB
and bone marrow (BM) were performed microscopically on
Wright-Giemsa-stained smears. A minimum of 100 cells for PB
and 200–400 cells for BM were examined and the percentage of
blast cells was counted.

Immunohistochemistry and Immunofluorescence. Slides of bone
marrow cells were prepared by using a cytospin apparatus and
fixed in methanol at 220°C for 15 min. The slides were incubated
with anti-cyclin A1 antibody diluted 1:100 overnight at 4°C and
were then stained with the Vectastain ABC kit (Vector Labo-
ratories). Diaminobenzidine (DAB)-stained slides were coun-
terstained with hematoxylin. For immunofluorescence, cytospin
preparations were made as described above and blocked in PBS
with 4% normal goat serum or 4% horse serum for 1 h. Primary
antibodies included rabbit anti-cyclin A1 (see above) and a rat
monoclonal anti-mouse 7y4 (Serotec), both diluted 1:100. The
slides were incubated for 1 h at room temperature and second-
arily incubated in the dark for 1 h with rhodamine-tagged goat
anti-rabbit IgG (Molecular Probes) and FITC-tagged anti-rat
IgG (Serotec), both diluted 1:200. Finally, the slides were
incubated with 1 mM DAPI (49,6-diamidino-2-phenylindole;
Molecular Probes) for 30 min.

Fluorescence-Activated Cell Sorting (FACS)yCell Cycle Analysis. For
flow cytometry, single cell suspensions of 1 3 105 cells prepared
as above were incubated with phycoerythrin and FITC-
conjugated antibodies, C-kit, Gr-1, and Mac-1 (PharMingen) for
15 min at 4°C. Cells were washed three times in 13 PBS
containing 2% FCS and were applied onto a FACSCalibur flow
cytometer equipped with MAC CELLQUEST software (Becton
Dickinson). For cell cycle analysis, 5 3 105 cells were fixed and
permeabilized. Cells were then washed twice with 13 PBS
containing 10% FCS, resuspended and incubated in 13 PBS
buffer containing 5 mgyml propidium iodide (Sigma), 100 mM
sodium citrate, pH 7.3, and 0.05 mg RNase A (Sigma) for 30 min

at 37°C. The cell f luorescence was measured in a FACSCalibur
flow cytometer.

Myeloperoxidase Staining. Spleens from transgenic and nontrans-
genic mice were weighed, and frozen sections were prepared and
histochemically stained with the leukocyte peroxidase (myelo-
peroxidase) kit according to the manufacturer’s instructions
(Sigma).

Assays for Hematopoietic Colony Formation. Single cell suspensions
were obtained by dispersing bone marrow cells in 13 PBS
containing 2% FCS. Cells (1 3 105) were plated in duplicate in
35-mm tissue culture dishes containing Methocult 3430 meth-
ylcellulose medium (StemCell Technologies, Vancouver), and
incubated at 37°C in a humidified incubator with 5% CO2.
Colonies were scored after 7–8 days of incubation.

Bone Marrow Transplantation. Seven- to twelve-week old C3Hy
SCID and NODySCID mice (The Jackson Laboratory) were
exposed to a 137Cs source totaling 6.6 Gy, with a focal skin
distance of 75 cm, delivered in two equal fractions 3 h apart at
a dose rate of 1 Gyymin. Bone marrow cells (1 3 107) isolated
from a single donor transgenic or control mouse were suspended
in 13 PBS 1 2% FCS. The cells were divided for i.v. tail injection
into five irradiated recipient mice. Peripheral blood counts
of recipient mice were monitored starting 2 weeks after
transplantation.

Results
Generation of Transgenic Mice Expressing Cyclin A1. To examine the
effects of overexpression of cyclin A1 on myeloid development,
we generated transgenic mice expressing mouse cyclin A1 cDNA
under the direction of regulatory sequences of the human CG
gene (Fig. 1A) that have been shown to drive expression of
reporter constructs to promyelocytes and monocytes in vivo (13,
14). Four transgenic founders were identified, one of which was
an infertile male. The other three fertile founders were used to
establish three independent transgenic lines, designated 6, 10,
and 19, which were then used to generate F1 progeny.

To assess the expression of the hCGycyclin A1 transgene, total
cellular RNA was isolated from bone marrow cells of mice at 3
months of age and analyzed by RT-PCR (Fig. 1B), using primers
designed to detect expression of the hCGycyclin A1 fusion
mRNA. PCR products amplified from RNA from adult mouse
testes, which express high levels of cyclin A1 (8), were used as a
positive control, using primers to detect the endogenous cyclin
A1 mRNA (Fig. 1B). Signals were detected in the RT-PCR
products from the bone marrow RNA from the majority of the
transgenic mice, but none were detected in the nontransgenic
littermates (Fig. 1B). RT-PCR of RNA isolated from bone
marrow of the nontransgenic littermates, using primers to detect
any endogenous cyclin A1 expression, failed to detect signals
(data not shown). Expression of cyclin A1 was also monitored by
immunoblotting analysis (Fig. 1C). Cyclin A1 protein was readily
detected in the transgenic bone marrows, at levels even higher
than testis controls on a mass basis (Fig. 1C). Cyclin A1 protein
was also detected in the spleen of transgenic mice, but not in the
spleen of a young and apparently healthy transgenic mouse from
line 19, whose spleen, upon histological analysis, was noted to not
have been infiltrated with early myeloid cells (Fig. 1C and data
not shown). These results suggested that high levels of the
transgenic cyclin A1 expression were indeed restricted to the
bone marrow of transgenic mice, which histological analysis
revealed to have a high proportion of myeloid cells (see below).

Immunohistochemistry was then used to identify the types of
cells expressing cyclin A1 in the bone marrow. Cyclin A1 was
detected in bone marrow cells with an early myeloid morphology
from transgenic (Fig. 1D) but not normal mice (data not shown).
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Correct targeting of the transgene to the myeloid lineage was
further confirmed by immunofluorescence analysis in which
bone marrow cells were simultaneously stained with anti-cyclin
A1 antibodies and a rat anti-mouse 7y4 antibody, which detects
a murine myeloid-specific protein (13), as well as DAPI (49,6-
diamidino-2-phenylindole) to highlight the distinctive nuclei
(Fig. 2). No signal was detected with cyclin A1 antibody in the
cells from nontransgenic littermate (Fig. 2 A). The colocalization
of cyclin A1 (red) and 7y4 (green) produced a yellow signal in
the merged images in Fig. 2 G and H. The yellow signal was
detected in the cytoplasm of cells with large, doughnut-shaped
nuclei, characteristic of myeloid precursor cells, which stained
blue by DAPI (Fig. 2 E–H). Although staining for cyclin A1 and
antigen 7y4 colocalized in myeloid precursor cells, the most
intense signal for cyclin A1 was present in what appear to be
immature myeloid precursor cells, whereas the most intense
localization of 7y4 was in neutrophils (Fig. 2B Inset). The results
of the mRNA and protein expression studies thus showed that
the transgene was expressed in all three transgenic lines and that
its expression was restricted to the myeloid lineage. The immu-
nolocalization also revealed that the subcellular distribution was
apparently cytoplasmic, as compared with the almost exclusive
nuclear localization seen for cyclin A1 in spermatocytes (7, 9).

Altered Myelopoiesis in hCG-Cyclin A1 Transgenic Mice. The immu-
nohistochemical analysis also revealed the presence of elevated
numbers of myeloid precursor cells in the bone marrow of the
transgenic mice as compared with their control littermates.
Although the transgenic mice had nearly normal peripheral
blood counts up to about 6 months of age (Table 1), histological

analysis of their spleen and bone marrow at 2-month intervals
revealed increased numbers of early myeloid cells in the bone
marrow and the splenic red pulp in all animals examined. Light
microscopic examination revealed that the bone marrow of the
transgenic mice was packed with myeloid cells at all stages of
maturation (data not shown). The spleens and livers of the
transgenic mice were also abnormal in comparison to littermate
controls. The spleens were much enlarged (Fig. 3E) and the
follicular architecture was disrupted (Fig. 3 G and H). The livers
exhibited a disrupted morphology and an infiltration with im-
mature myeloid cells (Fig. 3 I and J), an abnormality also

Fig. 1. (A) Diagram of the hCGycyclin A1 transgene. The transcription start
site is indicated with an arrow. The hCG sequences containing the promoter
region extend upstream '2.4 kb from the start site. The large solid black box
represents cyclin A1 cDNA and the small boxes represent the five exons of the
hCG gene ('3.5 kb, as noted); the polyadenylation signal is provided by the
hCG gene. (B) RT-PCR analysis of bone marrow RNA from the indicated F1

transgenic mice (1) and nontransgenic controls (2) from three founder lines
indicated below. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control for RNA quality. (C) Immunoblot. Same amount of
protein ('200 mg) isolated from bone marrow and one sample from spleen
(line 19, #16) of F1 transgenic (1) and nontransgenic littermate controls (2), as
well as lysates from testis and kidney were loaded into each lane (founder
line-mouse number). (D) Immunohistochemistry. Bone marrow cells from a
3-month-old transgenic mouse were incubated with antiserum specific for
cyclin A1. The arrow indicates intensive staining of cytoplasm of an early
myeloid cell.

Fig. 2. Immunofluorescence to detect cell type and subcellular localization.
Bone marrow cells from transgenic mouse (B, D, F, and H) and the nontrans-
genic littermate control (A, C, E, and G) were prepared by using a cytospin
apparatus, and incubated simultaneously with antibody against cyclin A1 (A
and B) and antibody against antigen 7y4 (C and D), as well as DAPI (49,6-
diamidino-2-phenylindole; E and F). Red blood cells also showed signals due to
their nonspecific cross-reaction with dyes (indicated by white arrowhead in A
and B). Note that cyclin A1 antibody strongly stained with the cells with
myeloid precursors (B). The colocalization of cyclin A1 and 7y4 was detected
in myeloid precursors of the transgenic line (H). Although cells with a neu-
trophilic morphology weakly expressed cyclin A1 (red staining in cells at top of
Inset in B), the green staining for antigen 7y4 was significantly more intense
(Inset in D). These data suggested that although both cyclin A1 and antigen
7y4 are expressed in myeloid cells, cyclin A1 appears to be more abundant in
earlier stages of differentiation than in later stages. It is also noted that we did
not detect cyclin A1 protein in myeloid cells in the nontransgenic littermate
BM (A and G).
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observed in transgenic mice at later ages. To determine whether
the population of premature hematopoietic cells was indeed
increased and myelopoiesis perturbed in the transgenic mice, we

performed FACS analysis of isolated bone marrow and spleen
cells by using markers for myeloid maturation (18, 19). The
transgenic samples displayed a markedly increased population of
c-kit positive hematopoietic precursors, as well as increased
numbers of cells that were positive for Gr-1 (differentiated
granulocytes) and Mac-1 (macrophage) cell surface markers
(Fig. 4), relative to the control. Abnormal myelopoiesis was
further confirmed by using a methylcellulose colony-formation
assay (18, 19). After 7–8 days of methylcellulose culture, both
bone marrow cells and splenocytes from transgenic mice gave
rise to significantly more colonies (4-fold increase) than the
controls, although the colony sizes were not different between
the transgenic mice and wild-type controls. The maturation
process of the myeloid cells is not completely disrupted, as is the
case in overt myeloid leukemia. As described above, the PB
profile remains essentially normal in nonleukemic transgenic
mice, which is not the case in overt myeloid leukemia (see Table
1). However, the BM, spleen, and liver were observed to
progressively accumulate myeloid precursors.

Development of Myeloid Leukemia in hCG-Cyclin A1 Transgenic Mice.
The three founder lines were expanded for a 14-month follow up
study. The Kaplan–Meyer plot in Fig. 5 depicts the long latency
and low penetrance of development of leukemia. Approximately
15% of the transgenic mice (14% from line 6, 13% from line 10,
16% from line 19) developed the leukemic phenotype, and 85%
of mice greater than 7 months of age are at risk. The diagnosis
of leukemia was based on several parameters, including hema-
tological changes, the presence of high levels of myeloid pre-
cursors in the BM and PB, and pathological characteristics of
infiltration of organs by the myeloid blast population. Blood
counts of the leukemic transgenic mice showed striking differ-
ences from the controls or nonleukemic transgenics, with anemia

Table 1. Hematologic parameters from hCGycyclin A1 transgenic and control mice

Mice White blood cells (103yml) Hb (gydl) Plt (103yml) % blasts

Nontransgenic (n 5 22) 7.8 6 2.524 15.59 6 2.153 1132.8 6 176.3 0
Nonleukemic transgenic (n 5 22) 8.8 6 2.923 14.06 6 1.866 1000.4 6 197.7 0
Leukemic transgenic (n 5 9) 110.3 6 8.68 9.44 6 2.542 570.0 6 113.5 12.3 6 4.19

Hb, hemoglobin; Plt, platelet; Kruskal–Wallis variance analysis used (P , 0.0001).

Fig. 3. Phenotype of hCGycyclin A1 transgenic mice. Morphology and
pathology of PB, BM, spleen, and liver. PB (A and B) or BM (C and D)
preparations were stained with Wright’s Giemsa. (A) PB from a nontransgenic
littermate control. (B) PB from a leukemic mouse (line 19). Note that the PB
shown in B contains clusters of premature myeloid cells (indicated by arrow).
BM preparations are from nontransgenic littermates (C) and leukemic line 19
(D). (E–H) Morphology and pathology of spleen. Spleens on the left in E and
F are from nontransgenic littermates and those on the right of transgenic mice
from nonleukemic transgenic line 6 (E) and leukemic line 19 (F) mice. (G and
H) Histological sections of spleens from 7-month-old nontransgenic littermate
(G) and transgenic (H) from line 6 and reveal highly disrupted follicular
structures. (I and J) Sections from the same mice in G and H, showing infiltra-
tion of liver with immature myeloid cells (black arrowheads in J). The sections
in G–J were stained with Hematoxylin and Eosin. (K and L) Histochemical
staining for myeloperoxidase activity in a leukemic mouse (line 19, #45; L) and
the littermate control (K). A majority of cells stain positive for myeloperoxi-
dase and also reveal the highly disrupted follicles.

Fig. 4. FACS analysis of the cells isolated from the bone marrow and spleen
of the transgenic mice and the littermate controls. Cells in suspension were
stained with C-kit, Gr-1, and Mac-1, conjugated with fluorescein isothiocya-
nate (Gr-1) or R-phycoerythrin (C-kit and Mac-1), and are depicted by the solid
lines. The control antibodies of the same isotype are displayed as dotted lines.
The values in each histogram indicate the percent of cells in the population
positive for the respective antibodies. The vertical axes indicate the relative
cell counts (from 0 to 200) and the horizontal axes indicate the log fluores-
cence intensity.
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and elevated white blood cell count (Table 1). The leukemic mice
exhibited a severe leukocytosis accompanied by anemia and
thrombocytopenia and a pale bone marrow that was associated
with hepatosplenomegaly (Fig. 3F and data not shown). Micro-
scopic examination of their peripheral blood and bone marrow
cells revealed a high percentage of immature myeloid cells,
particularly blast cells in the bone marrow (Fig. 3 B and D). Some
of the leukemic cells exhibit marked nuclear irregularity, with
folding or lobulation (Fig. 3D). A great increase in the number
of cells that stained positive for myeloperoxidase was observed
in the spleen of the transgenic mice (Fig. 3 K and L). The
architecture of the spleen and liver was completely disrupted by
a massive invasion of leukemic cells. Predictably, FACS analysis
of cells from the leukemic bone marrow again showed a dramatic
accumulation of hematopoietic cells (c-Kit positive) and in-
creased myeloid populations (Gr-1 and Mac-1) (data not shown),
confirming the early myeloid origin of the leukemia. Methylcel-
lulose culture of leukemic bone marrow cells produced abundant
colonies, and myeloid blasts and promyelocytes were the pre-
dominant cell types in cytospins of cells from these cultures (data
not shown).

Finally, we performed preliminary analysis of the cell cycle
profiles of bone marrow cells in normal, nonleukemic transgenic,
and leukemic mice. The bone marrow of both nonleukemic and
leukemic transgenic mice appeared to have fewer cells in the G2
and M phases of the cell cycle (data not shown).

Acute Myeloid Leukemia and Altered Myelopoiesis Are Transplant-
able. To determine whether tumor cells from the primary
leukemic mice can initiate leukemia in nontransgenic recipients,
bone marrow cells or splenocytes isolated from leukemic or
overtly healthy transgenic versus normal control animals were
transplanted to irradiated C3H-SCID and NOD-SCID mice by
i.v. injection. Peripheral blood profiles were monitored at 2-week
intervals. Among the 15 recipient mice transplanted with BM
from the leukemic hCGycyclin A1 transgenic mice, four mice
died 3–6 weeks posttransplantation, but were not suitable for
postmortem analysis. Of the 11 remaining tested recipients, all
showed abnormal blood profiles. Two developed overt leukemia
within 4–6 weeks and were killed. Three additional recipients
were also killed within 4–6 weeks and shown to have markedly
increased myeloid precursors in BM, spleen, and liver, typical of
leukemic animals (see above). Further evidence for the leuke-
mogenesis caused by overexpression of cyclin A1 was obtained
by transplanting bone marrow cells from young, apparently
healthy transgenic mice into irradiated SCID mice (15 recipi-
ents). By 4–8 weeks posttransplantation, 3 recipient mice died

(without postmortem analysis), and 5 of the remaining 12
recipient mice examined displayed abnormalities in the BM,
spleen, and liver. Mice transplanted with wild-type BM cells (11
recipients) did not develop any evidence of abnormalities.

Discussion
In this report, we have described the effects of targeted over-
expression of cyclin A1 in promyelocytes and monocytes on
myelopoiesis in a transgenic mouse model. Disorders in myelo-
poiesis were observed in all animals examined, notably the
accumulation of early myeloid cells in the bone marrow, which
presumably led to the invasion of the same type of cells in the
spleen and liver. A low frequency ('15%) of the transgenic mice
progressed to overt leukemia after a latency period of 7–12
months. The disease was readily transferable to nontransgenic
recipients. A similar delayed onset of disease and low penetrance
of leukemia and subsequent transferability was observed in the
PMLyRARa fusion transgenic mice generated by several groups
(14, 18, 19) and in the AML1yMDS1yEV1 fusion transgenics
(20). As suggested in these other studies as well, the delayed
onset and subsequent rapid onset following transfer of the
diseased bone marrow may reflect the acquisition of additional
genetic abnormalities during the development of the acute
myeloid leukemia in the transgenic animals; that is, elevated
levels of cyclin A1 alone may not be sufficient for leukemogen-
esis, although our data demonstrate a clear correlation with the
development of the disease. However, the fact that the leukemic
phenotype could be transferred to SCID mice suggested that the
abnormality in the myeloid lineage of the transgenic mice was
caused by the overexpression of cyclin A1 protein. Even non-
leukemic transgenic bone marrow from the cyclin A1 transgenic
mice transplanted into SCID mice retained the abnormal char-
acteristics in myeloid lineage and the susceptibility to develop
the leukemia.

Various cyclins and Cdks have been shown to exhibit cell cycle
phase-specificity of expression in hematopoietic stem cells (21),
indicating their essential role in regulating proliferation and
differentiation, as well as self-renewal. In normal human hema-
topoietic cells, only a very low level of expression of cyclin A1 has
been detected by RT-PCR (11, 22). To date, we have been unable
to detect mouse cyclin A1 in normal total bone marrow cells of
B6CBAF1yJ mice by RT-PCR, nor have we observed positively
stained cells in nontransgenic bone marrow when using anti-
cyclin A1 antibodies. Whether this represents a true difference
in distribution of expression between species of this extremely
tightly regulated cell cycle gene or a difference in sensitivity of
detection remains to be determined. It is of interest to note that
we have not observed any obvious abnormalities in the hema-
topoietic system of our cyclin A1 deficient mice; the only
phenotype observed to date is the arrest of spermatogenesis (9).
It is also of interest that, although the mouse and human cyclin
A1 proteins are highly conserved, with 87% sequence identity,
they do differ at the amino terminus: the human cyclin A1 has
44 extra amino acids that are not found in the mouse protein
(8, 10).

Elevated levels of human cyclin A1 expression were shown to
be predominantly expressed in hematological malignancies with
myeloid differentiation (11) and the highest frequency of cyclin
A1 overexpression was observed in AML (12). In our transgenic
mice, the leukemic phenotype resembles human AML. Similar
to human, anemia and thrombocytopenia were consistently
observed in the leukemic mice. There was also a high percentage
of myeloblasts in bone marrow and severe infiltration of spleen
and liver with immature myeloid cells.

The predominant site of cyclin A1 localization in the early
myeloid cells in the transgene-expressing mice was cytoplasmic,
as shown by immunohistochemistry and immunofluorescence.
This is in the contrast to the predominantly nuclear localization

Fig. 5. Survival of hCGycyclin A1 transgenic mice from founder lines 6, 10,
and 19 compared with that of nontransgenic mice determined with Kaplan–
Meyer plot. Survival at various time points was calculated on the basis of the
size of each group of mice when an animal died or became terminally ill. The
plot was generated by using Sigma Plot 2000 (SPSS Science, Chicago). The
numbers (n) of transgenic and nontransgenic mice used for the analysis are
shown on the right part of the graph.
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of cyclin A1 in spermatocytes in the normal adult testis (7). The
loss of its normal nuclear localization may imply that in these
cells, cyclin A1 has a function distinct from its proposed role in
the activation of MPF and progression into M-phase. For
example, the altered subcellular distribution of Cdk1 in oral
carcinomas has been suggested to affect its normal function in
binding to cyclins (23). Previous studies have shown that the
functional status of each population of the hematopoietic stem
cells reflects cell cycle profiles that are tightly regulated by the
cell cycle control system (1). The abnormal expression andyor
cytoplasmic localization of cyclin A1 in the early myeloid cells
may perturb the cell cycle progression at the onset of G1-S
transition and therefore perturb the differentiation of early
myeloid cells into mature cells.

Our initial FACSycell cycle analysis has suggested that, in
nonleukemic transgenic mice and leukemic hCGycyclin A1 trans-
genic mice, bone marrow cells appeared to have fewer cells in the
G2yM phases of the cell cycle, when compared with their littermate
controls. This may reflect a loss of normal growth characteristics in
hematopoietic cells in the transgenic mice. Although we are not
aware of comparable analyses of AML patients, this observation is
analogous to previous observations in patients with ALL; that is,
most of the ALL blast samples examined had few or no cells in the
S or G2yM phases of the cell cycle, despite exhibiting overexpres-
sion of cyclin E protein that correlated with the accumulation of
early hematopoietic cells (5). The attenuation of cell differentiation
could be due to a block of cell cycle progression. A-type cyclins are
known to function in regulating G1-S phase and G2-M phase
transition in the association with Cdk1 and Cdk2. The expression of
cyclin A2 peaks at the onset of G1 to S phase transition, as well as
G2-M phase transition. Cyclin A2 expression was shown to be
regulated in a cell-cycle-dependent manner in the human myeloid
cell line HL-60, with the peak expression of cyclin A2 observed at
S-G2 (21).

Specific chromosomal translocations have been observed in
many types of leukemia (24). The expression of the fusion
gene(s) derived from the translocations has been postulated to
inhibit differentiation and maturation of hematopoietic progen-

itor cells (25). Translocations in APL create a fusion gene
between RARa and several genes—including PML, PLZF, NPM,
NuMA, and Stat5b (25–28). The fusion gene encoding the
chimeric PML-RARa transcription factor yields a protein with
altered transactivation properties compared with the normal
PML and RARa proteins. Recent studies have shown that PML
affects cell cycle progression by mediating expression of several
key proteins, including pRb, cyclin E, Cdk2, and p27, that
normally control cell cycle progression (29). Interestingly, very
recent transfection experiments expressing PML-RARa or
PLZF-RARa fusion proteins in cultured cell lines suggested that
cyclin A1 may be a direct target of these oncogenic fusion
proteins (30). It will be interesting to determine whether cyclin
A1 is a target of PML-RARa or PLZF-RARa in the induction
of acute myeloid leukemia in vivo.

The strong correlations between cyclin A1 and the murine
myeloid leukemia described here suggest that cyclin A1 acts as
an oncogene that is involved in the etiology of acute myeloid
leukemia. Although the pathways affected by the overexpression
of cyclin A1 in the myeloid lineage in transgenic mice that result
in the development of AML are not fully understood, these
transgenic mice provide a valuable tool with which to unravel the
mechanisms underlying the role of cell cycle regulatory gene
cyclin A1 in leukemogenesis.
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