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Cyclin E is one of the G1 cyclins that play an important role of cyclin E and cell cycle distribution. Immunoblot analysis of
cyclin D1 showed no correlation between overexpression ofin cell proliferation. Overexpression of cyclin E protein has been

reported in several solid tumors, but little is known about the cyclin E and that of cyclin D1. Interestingly, p27 expression
detected by Western blotting was apparently enhanced in 18involvement of cyclin E in leukemia. In this study, we analyzed

the expression of cyclin E gene product in 85 patients with of 23 AML cells with enhanced cyclin E expression but none
of 14 AML cells without enhanced cyclin E exhibited enhancedacute myelogenous leukemia (AML) by Western blot analysis.

In 23 of 85 AML samples (27%), cyclin E expression was en- p27 expression. The rates of complete remission and of dis-
ease-free survival of the patients with M4 or M5 leukemiahanced in blasts. Among the French-American-British classifi-

cation of AML, the ratio of the samples with enhanced cyclin blasts with overexpressed cyclin E seemed to be low. There-
fore, we suggest the necessity of a larger-scale study to eluci-E expression was high in M5 and low in M2 and M3. No rear-

rangements were observed by Southern blot analysis in these date the contribution of cyclin E overexpression to the pheno-
type and the prognosis of certain AML.AML blasts with enhanced cyclin E expression. Flow cytome-

tric analysis showed no correlation between overexpression q 1997 by The American Society of Hematology.

for 1 hour at 47C, lysates were centrifuged at 17,000g for 20 minutes.C The protein concentration of the lysates was examined with a com-
YCLINS PLAY important roles in regulation of the cell
cycle.1-6 Five classes of cyclins have been identified

mercial kit (Bio-Rad Protein Assay; Bio-Rad Laboratories, Hercules,in mammalian cells.7,8 Cyclin E was discovered by screening
CA). Equal amounts of protein were used for Western blotting.human complementary DNA for rescue of a deficiency of

CD34/ cells were separated from BM specimen of volunteer do-G1 cyclin function in budding yeast.9,10 Synthesis of cyclin
nor by magnetic separation kit (MiniMACS Separation Columns;

E gene product starts in mid-G1 phase, and its expression Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Purity of
peaks at the G1-S transition, then decreases as cells proceed separated cells was measured by a flow cytometer (EPICS XL;
through S phase.1,2,4,9,11 Cyclin E associates with cdk2 and Coulter Corp, Hialeah, FL). Normal monocytes were collected as
activates its serine-threonine kinase activity shortly before follows. Mononuclear cells were separated by Ficoll-Hypaque and

incubated for 1 hour at 377C in CO2 incubator. After incubation,entry into S phase.1-6,12 Overexpression of cyclin E in fibro-
nonadherent cells were removed and adherent cells were collectedblasts shortened the duration of G1, decreased cell size, and
by adding 0.2% EDTA. These cells were confirmed as monocytesdiminished the serum requirement for the transition from G1
by nonspecific esterase staining.22

to S phase.13 Induction of cyclin E in asynchronous Rat-1
Western blot analysis. Equal amounts of whole cell lysates (10fibroblasts decreased the length of the G1 interval.14 Consti-

mg) were separated by electrophoresis through an 8% SDS polyacryl-tutively expressed cyclin E overcame retinoblastoma protein-
amide gel. Proteins were electroblotted onto polyvinylidene difluo-

mediated suppression of proliferation.15

ride (PVDF) membranes and probed with monoclonal antibody to
Recently, several authors have shown overexpression of cyclin E and p27 (PharMingen, San Diego, CA), actin (Boehringer

cyclin E in solid tumors.7,8,16-20 Leach et al17 reported ampli- Mannheim, Mannheim, Germany), and cyclin D1 (Oncogene Sci-
fication of the cyclin E gene and high levels of cyclin E ence, Cambridge, MA). The quality and quantity of the lysates were

confirmed by Coomassie blue staining of the gels. Immunoreactiveprotein in colorectal carcinoma cell line. Keyomarsi et al18,19

proteins were detected using an antimouse secondary antibody con-showed that altered expression of cyclin E protein occurred
jugated to horseradish peroxidase followed by ECL (Amersham,in most breast tumors, and the incidence of alterations in-
Buckinghamshire, UK). The same sets of membranes were subjectedcreased with increasing grade and stage of the tumor. How-
to SuperSignal ULTRA Chemiluminescent Substrate (Pierce, Rock-ever, the expression of cyclin E has not been reported in
ford, IL) followed by image analyzer (Molecular Imager Systemacute myelogenous leukemia (AML). In this study, we ana-
GS-525, Bio-Rad Laboratories) to calculate the relative intensity to

lyzed the expression of cyclin E at the protein level in 85 the control.
AML samples. Southern blot analysis. Ten micrograms of genomic DNAs were

digested with either HindIII or Pst I, separated by electrophoresis
MATERIALS AND METHODS through a 0.8% agarose gel, and transferred by capillary action to a

nylon filter as described previously.23 The immobilized DNA wasCells. We used 85 bone marrow (BM) samples containing more
than 90% leukemia blasts. Twenty-nine fresh heparinized leukemia
samples were separated by Ficoll-Hypaque (Pharmacia Biotech, Up-
psala, Sweden) and washed twice with phosphate-buffered saline From First Department of Internal Medicine, Nagoya University

School of Medicine, Nagoya; Showa Hospital, Konan City; Japanese(PBS), followed by extraction of whole cell lysates. The other 56
samples, previously frozen by a controlled-rate freezer to 0807C Red Cross Nagoya First Hospital, Nagoya; and Aichi Juridical

Foundation for Blood Disease Research, Nagoya, Japan.and stored in liquid nitrogen, were subjected to quick thawing and
extraction of whole cell lysate. Viability was assessed by the Trypan- Submitted February 12, 1997; accepted June 27, 1997.

Address reprint requests to Masayuki Towatari, MD, PhD, Firstblue exclusion test. Every sample contained over 90% viable cells.
The 85 AML specimens included 18 M1, 32 M2, 13 M3, 8 M4, and Department of Internal Medicine, Nagoya University School of Med-

icine, Tsurumai-cho 65, Showa-ku, Nagoya 466, Japan.14 M5 (French-American-British classification). Whole cell lysates
were extracted as reported previously.21 Concisely, the cells were The publication costs of this article were defrayed in part by page

charge payment. This article must therefore be hereby markedlysed in RIPA buffer (50 mmol/L Tris-HCl, pH 7.5, 0.3 mol/L NaCl,
1% Nonidet P-40, 0.1% sodium deoxycholate, 0.1% sodium lauryl ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to

indicate this fact.sulfate [SDS], 1 mmol/L EDTA) containing 20 mg/mL aprotinin, 20
mg/mL leupeptin, 10 mmol/L sodium pyrophosphate, 50 mmol/L q 1997 by The American Society of Hematology.

0006-4971/97/9009-0031$3.00/0sodium fluoride, and 1 mmol/L sodium vanadate. After incubating
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Fig 1. The expression of
cyclin E gene products. Equal
amounts of whole cell lysates
(10 mg) from AML blasts were
applied in each lane. Full-length
cyclin E is defined as the band
of approximately 50 kD. Lanes
number 1 to 4 correspond to the
patient number in Table 2. The
other 6 samples (lanes number
14 to 19) represent cyclin EÏ AML
blasts. ‘‘N’’ represents the lysate
from mononuclear cells in nor-
mal BM. ‘‘CD34’’ and ‘‘Mono’’
represents the lysate from en-
riched CD34" cells and mono-
cytic cells separated from nor-
mal BM by the method as
described in Materials and Meth-
ods. ‘‘U937’’ represents the ly-
sate from U937 cells. The blots
were reprobed with anti-actin
antibody to show that each sam-
ple was equally loaded.

hybridized to a purified radiolabeled probe of cyclin E. The cyclin U937 were designated as intermediate and high expression,
E cDNA was kindly provided by Dr M. Funk (Phillipps-Universität respectively. The rate of the samples with enhanced (inter-
Marburg). mediate and high) expression was significantly high in M4

Flow cytometric analysis. Cryopreserved cells were thawed and and M5 blasts (chi square test, P Å .002) and low in M2
washed quickly. The cell pellets were suspended and incubated with and M3 blasts (P õ .0001: Table 1). This result obtained
standard propidium iodide (PI) buffer (0.1% sodium citrate, 0.2%

from clincal samples seems to be consistent with the dataNonidet P-40, 50 mg/mL PI) at 47C for 1 hour. DNA content was
from cell lines.measured on a flow cytometer, EPICS XL.

Because the expression level of cyclin E seemed to be
altered in a differentiation-specific manner, we analyzed theRESULTS
expression of cyclin E in enriched CD34/ cells as a normalOverexpression of cyclin E in AML. To search for poten-
counterpart of stem cell leukemia and in normal monocytestial roles of cyclin E in human leukemia as an ‘‘oncogene,’’
as a normal counterpart of monocytoid leukemia. Purity ofwe examined the expression of cyclin E in acute leukemia
CD34/ cells was 95%. Neither CD34/ cells nor monocytescells by immunoblotting. We found that two gene products
exhibited any bands of cyclin E (Fig 1).were reactive with cyclin E antibody. One was the normal

We next analyzed the expression of cyclin D1 at the pro-cyclin E protein of 50 kD, the other was a 43 kD splicing-
tein level by Western blotting to find any possible correlationvariant of human cyclin E, which had lost its ability to com-
with the overexpression of cyclin E. In 28 samples (13 withplex with cdk2.24 Representative data are shown in Fig 1.
positive cyclin E and 15 without), four samples exhibitedTen samples exhibited very strong bands (Fig 1, patients no.
the enhanced band of cyclin D1 protein while the other 241, 2, and 3), and 13 samples had faint bands (Fig 1, no. 4).
samples showed basal level of cyclin D1 (data not shown).No bands were detected in other samples, including samples

derived from normal BM cells, even by a longer exposure
after ECL procedure. In cultured human AML cell lines,

Table 1. Summary of Patient Characteristics and EnhancedHL60 and U937 exhibited strong bands. But other cell lines
Expression of Cyclin Esuch as KG-1, NB-4, Kasumi-1, and K562 exhibited only

Enhanced Expression offaint bands (data not shown). The 43-kD product was ob-
Cyclin Eserved in all samples with enhanced 50-kD–cyclin E. To No. of

Phenotype Samples No. %measure the intensity of each band, we used an image ana-
lyzer (Molecular Imager) after the procedure of SuperSignal AML M1 18 8 (2)* 44
ULTRA following the manufacturer’s recommendation. This M2 32 3 9
detection system has linearity from an almost invisible signal M3 13 0 0

M4 8 3 (2) 38to a very strong one. Each blot contained U937 sample as a
M5 14 9 (6) 64positive control to calculate relative intensity. Intensity of

Total 85 23 (10) 27normal BM cells and cyclin E0 samples were almost similar
to background. Faint bands exhibiting less than 10% inten- * Numbers in parentheses represent the number of samples with

very high cyclin E expression.sity of U937 and strong bands exhibiting more than 20% of
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Fig 2. Southern blot analysis
of the cyclin E gene. Genomic
DNAs were digested with either
HindIII or Pst I, and the separated
fragments were probed with hu-
man cyclin E cDNA. Each number
over the lane corresponds to the
patient number in Table 2. The
applied amount of DNA of lane
5 in HindIII panel was small re-
vealed by etidium bromide stain-
ing of the gel. ‘‘N’’ represents
DNA from mononuclear cells in
normal BM.

Statistic analysis (chi square test) indicated no significant negative cyclin E achieved CR, only five of 10 (50%) pa-
tients with positive cyclin E achieved CR. However, wecorrelation between the positivity of cyclin E and cyclin D1.

Southern blot analysis of cyclin E/ samples. To examine failed to find any statistical significance because of the small
number of samples (chi square test: P Å .09).whether overexpression of cyclin E occurred by rearrange-

ments or gross mutations of the gene, we performed Southern Overall Kaplan-Meier curve for event-free survival from
positive-cyclin E patients is always under that from negative-blot analysis. Genomic DNAs extracted from three highly

positive samples (Fig 2, no. 1 to no. 3) and two intermedi- cyclin E patients (Fig 4). The event-free survival rate ob-
tained by the Cox-Mantel test showed a statistically signifi-ately positive samples (no. 4 and no. 5) as well as normal

lymphocytes (lane ‘‘N’’) were digested with HindIII and Pst cant difference in survival between positive-cyclin E patients
and negative-cyclin E patients (P Å .015).I. Band patterns from normal lymphocytes were similar to

those reported previously17 and were identical to those from Correlation between enhanced expression of cyclin E and
p27kip1. p27 is a member of cyclin/cdk inhibitors and inhib-leukemia samples.

Flow cytometric analysis of positive samples. To assess its kinase activity of several cyclin/cdk complexes including
cyclin D/cdk4 and cyclin E/cdk2. It was reported that highcell cycle distribution in leukemia samples with overex-

pression of cyclin E, we examined DNA content of samples levels of cyclin E and low levels of p27 were strongly pre-
dictive of increased mortality in breast cancer patients.25 Wewith positive or negative expression (Fig 3). Each sample

had a high G0/G1 peak and a low percentage of S phase examined p27 expression in all cyclin E/ samples and 14
cyclin E0 samples by Western blotting. Eighteen of 23 (78%)compared with cultured leukemia cell lines (data not shown).

Except for case no.14, which showed a small G2/M peak, samples with enhanced cyclin E exhibited the bands corre-
sponding to p27 protein, while none of the samples withoutno significant differences in cell cycle distribution were ob-

served among the leukemia samples. enhanced cyclin E nor normal BM cells exhibited any detect-
able bands (Fig 5). There was a strong correlation betweenClinical features of patients with enhanced cyclin E ex-

pression. Clinical features of patients with positive cyclin enhanced expression of cyclin E and enhanced expression
of p27 (chi square test, P õ .001). The disease-free survivalE are presented in Table 2. Patients 1 and 43 had received

BM transplantation during the first complete remission (CR), rate of 18 patients with positive p27 (31% at 2 year) was
worse than that of 19 patients without enhanced p27 (65%),and were alive and disease-free. Other patients who are pre-

sented as ‘‘alive’’ were still under chemotherapy. The CR but no statistical significance was obtained.
rate by intensive remission induction chemotherapy was 67%

DISCUSSIONin cyclin E positive patients and 83% in negative patients
(M3 patients were excluded because the principles and the In this study, we found that a proportion of AML blasts

overexpressed cyclin E. Normal BM samples had no visibleprotocol of therapy were completely different). Among M4
or M5 patients, while seven of eight (88%) patients with band in our assay. Furthermore, cultured AML cell lines at
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Fig 3. Cell cycle distribution of AML blasts with
or without overexpressed cyclin E. In each sample,
a total of 10,000 cells were analyzed, and the half
peak CV was between 1.5 and 2.6. Histograms show
PI-stained cellular DNA. DNA-staining fluorescence
intensity on a linear scale (X-axis) and cell number
(Y-axis) are represented. The right hand table shows
the percentage in G0/G1, S, and G2/M phase. Pa-
tients no. 1, no. 2, and no. 3 correspond to respective
numbers in Table 2.

Table 2. Characteristics of Cyclin E Positive AMLs

Patient Response to Induction Remission Current Status/ Cyclin E
No. Age/Sex FAB Chemotherapy Duration (mo) Survival Expression

1 45/M M4 CR 108 Alive High
2 26/F M5 NR 0 Died of leukemia High
3 48/M M5 NE 0 Died of RF High
4 60/F M5 NE 4 Died of HF Intermediate
5 45/M M1 CR 16 Second relapse Intermediate
6 19/F M1 CR 72 Died of relapse Intermediate
7 46/M M2 NR 0 Died of leukemia Intermediate

36 69/M M4 NR 0 Died of leukemia High
37 21/F M1 NR 0 Died of leukemia High
38 47/M M5 CR 5 Died of relapse High
39 66/F M5 NR 0 Died of leukemia High
40 63/F M5 NR 0 Died of leukemia High
41 26/M M5 CR 5 Alive High
42 45/F M1 CR 2 Alive High
43 37/F M1 CR 40 Alive Intermediate
44 59/M M4 CR 2 Died of relapse Intermediate
45 48/M M5 NR 0 Alive Intermediate
46 54/F M2 CR 3 Alive Intermediate
47 53/M M5 NR 0 Alive Intermediate
48 32/M M2 CR 10 Alive Intermediate
49 48/M M1 CR 6 Died of relapse Intermediate
50 16/M M1 CR 16 Died of relapse Intermediate
51 43/F M1 CR 1 Alive Intermediate

Abbreviations: CR, complete remission; NR, no response; NE, not evaluable; RF, respiratory failure; HF, heart failure.
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OVEREXPRESSION OF CYCLIN E IN AML 3711

Fig 4. Kaplan-Meier curves for event-free survival
from positive-cyclin E patients and negative-cyclin E
patients. M3 patients were excluded from this analy-
sis. Patients who underwent BM transplantation
were censored at the date of it. P ! .208 by g-Wil-
coxon test. P ! .015 by Cox-Mantel test.

exponential growth, which should have a higher percentage crucial role in a variety of tumors including lymphoma28-30

and breast cancer.18 Overexpression of cyclin D2 has beenof cells in mid-G1 and early S phase, did not exhibit elevated
cyclin E expression compared to positive AML blasts. We reported in chronic B-cell malignancies31 and colorectal car-

cinoma.17 Although these observations emphasize the impor-failed to show any difference in the duration of G1 and S
phase between cyclin E-overexpressed samples and -unex- tance of cyclins in tumorigenesis, the question remains as

to how the overexpressed cyclin E may be responsible forpressed samples. We speculate that this overexpression of
cyclin E may not simply be regulated by ordinary cell cycle the onset or development of primary AML.

With respect to the mechanism of overexpression, fewevents but may be implicated in the pathology of leukemia.
A link between oncogenesis and cyclins has been made with studies conducted have been successful in primary cancer

cells, except in the case of amplification of cyclin D1the discovery of inappropriate expression of cyclins in tu-
mors.17,26,27 Cyclin D1, a member of the G1 cyclin family, gene.7,8,28 Although no gross gene rearrangements, mutations

or deleted fragments of cyclin E gene were observed in ourhas been reported to be involved in chromosomal rearrange-
ment, and the resulting amplification of cyclin D1 plays a study, it is still possible that small mutations of cyclin E

gene itself are responsible for this overexpression. Recently,
the promotor of human cyclin E gene was reported and E2F
was found to be one of the transcription factors binding to
the promotor.32,33 Cyclin E protein has been reported to be
degraded by ubiquitin-proteasome machinery.34,35 Northern
blot analysis might be helpful to see whether the overex-
pression occurs at the transcriptional level or posttranscrip-
tional level in these cyclin E-enhanced AML blasts.

We found that M5 blasts frequently exhibited enhanced
cyclin E expression but that M2 and M3 blasts rarely did.
Interestingly, in human cell lines HL60 and U937, which
are capable of differentiating towards monocytes by the addi-
tion of phorbol ester, exhibited enhanced cyclin E expres-
sion,36 although the reason still remains unclear. The en-
hanced cyclin E expression seemed to be highly correlated
with a monocytic leukemia. The expression of cyclin E in
CD34/ normal marrow cells and normal monocytes which
are thought to be at the same stage of differentiation as
CD34/ leukemia blasts and monocytic leukemia blasts, re-
spectively, remained basal level. This may support our sug-
gestion that enhanced cyclin E expression does not simply
reflect the proliferation and differentiation status. That might
be closely associated with leukemogenesis.

In breast cancer, cyclin E protein was highly overex-
pressed at advanced stages; thus, it may be used as a prognos-
tic marker.18,19 Very recently, high cyclin E expression and
low p27 expression were reported to be worse prognosticFig 5. The expression of p27 gene product. Western blotting

probed by anti-p27 antibody was performed. Equal amounts of whole markers for breast cancer.25 In acute lymphoblastic leuke-
cell lysates (10 mg) from AML samples with enhanced cyclin E expres- mias, cyclin E level was higher in relapsed samples than in
sion (upper panel) and those without enhanced cyclin E (lower panel) samples at initial diagnosis.30 In the present study, CR rateswere analyzed. Each number over the lane corresponds to the patient

of cyclin E/ samples were worse than E0 samples. Amongnumber in Table 2. ‘‘N’’ and ‘‘U937’’ represent the lysates from mono-
nuclear cells in normal BM and U937 cells. M4 or M5 patients, the rates of CR of patients with enhanced
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kinase is required for the G1-to-S transition in mammalian cells.cyclin E expression were lower than in patients without it.
Oncogene 8:1593, 1993Event-free survival was longer in the cyclin E-negative

13. Ohtsubo M, Roberts JM: Cyclin-dependent regulation of G1group rather than in the cyclin E/ group, and only two pa-
in mammalian fibroblasts. Science 259:1908, 1993tients in the cyclin E/ group survived without relapse over

14. Resnitzky D, Gossen M, Bujard H, Reed SI: Acceleration of2 years except for those who received BM transplantation.
the G1/S phase transition by expression of cyclins D1 and E with

According to p27 expression, our data show that enhanced an inducible system. Mol Cell Biol 4:1669, 1994
expression of p27 was highly correlated with enhanced 15. Hinds PW, Mittnacht S, Dulic V, Arnold A, Reed SI, Wein-
cyclin E expression in contrast to breast cancer case25: no berg RA: Regulation of retinoblastoma protein functions by ectopic
correlation was observed between the level of cyclin E ex- expression of human cyclins. Cell 70:993, 1992

16. Gong J, Ardelt B, Traganos F, Darzynkiewicz Z: Unscheduledpression and that of p27 in breast cancer. p27 has been
expression of cyclin B1 and cyclin E in several leukemic and solidregarded as a negative regulator of cyclin E/cdk2; overex-
tumor cell lines. Cancer Res 54:4285, 1994pression of cyclin E may cause the augmentation of p27 by

17. Leach FS, Elledge SJ, Sherr CJ, Willson JKV, Markowitz S,feedback mechanism. The reason for the discrepancy be-
Kinzler KW, Vogelstein B: Amplification of cyclin genes in colo-tween AML and breast cancer remains to be elucidated. We
rectal carcinomas. Cancer Res 53:1986, 1993failed to show statistical significance of high p27 expression

18. Keyomarsi K, Pardee AB: Redundant cyclin overexpression
as a poor prognostic marker (Cox-Mantel test, P Å .07) and gene amplification in breast cancer cells. Proc Natl Acad Sci
possibly due to a small number of the sample analyzed. USA 90:1112, 1993
Although multiple factors including white blood cell count 19. Keyomarsi K, O’Leary N, Molnar G, Lees E, Fingert HJ,
at diagnosis and age have been reported to contribute to the Pardee AB: Cyclin E, a potential prognostic marker for breast cancer.

Cancer Res 54:380, 1994prognosis of AML patients, the prognosis of patients with
20. Wotowiec D, Benchaib M, Pernas P, Deviller P, Souchier C,enhanced cyclin E expression seems to be poor. The exis-

Rimokh R, Felman P, Bryon PA, Ffrench M: Expression of celltence of overexpression of cyclin E may be helpful to predict
cycle regulatory proteins in chronic lymphocytic leukemias. Com-patient outcome. A larger scale study with multivariate anal-
parison with non-Hodgkin’s lymphomas and non-neoplasticyses is required to evaluate whether cyclin E overexpression
lymphoid tissue. Leukemia 9:1382, 1995has value in phenotyping and prognosis of AML.

21. Towatari M, May GE, Marais R, Perkins GR, Marshall CJ,
Cowley S, Enver T: Regulation of GATA-2 phosphorylation by
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24. Sewing A, Rönicke V, Bürger C, Funk M, Müller R: Alterna-Elledge S, Nishimoto T, Morgan DO, Franza BR, Roberts JM: For-
tive splicing of human cyclin E. J Cell Sci 107:581,1994mation and activation of a cyclin E-cdk2 complex during the G1

25. Porter PL, Malone KE, Heagerty PJ, Alexander GM, Gattiphase of the human cell cycle. Science 257:1689, 1992
LA, Firpo EJ, Daling JR, Roberts JM: Expression of cell-cycle regu-3. Ohtsubo M, Theodoras AM, Schumacher J, Roberts JM, Pa-
lators p27kip1 and cyclin E, alone and in combination, correlate withgano M: Human cyclin E, a nuclear protein essential for the G1-to-
survival in young breast cancer patients. Nat Med 3:222, 1997S phase transition. Mol Cell Biol 15:2612, 1995

26. Gong J, Bhatia U, Traganos F, Darzynkiewicz Z: Expression4. Dulic V, Lees E, Reed SI: Association of human cyclin E with
of cyclins A, D2 and D3 in individual normal mitogen stimulateda periodic G1-S phase protein kinase. Science 257:1958, 1992
lymphocytes and in MOLT-4 leukemic cells analyzed by multipa-5. Pagano M, Pepperkok R, Lukas J, Baldin V, Ansorge W, Bar-
rameter flow cytometry. Leukemia 9:893, 1995tek J, Draetta G: Regulation of the cell cycle by the cdk2 protein

27. Beck J, Handgretinger R, Klingebiel T, Dopfer R, Schaichkinase in cultured human fibroblasts. J Cell Biol 121:101, 1993
M, Ehninger G, Niethammer D, Gekeler V: Expression of PKC6. Lees E, Faha B, Dulic V, Reed SI, Harlow E: Cyclin E/cdk2
isozyme and MDR-associated genes in primary and relapsed stateand cyclin A/cdk2 kinases associate with p107 and E2F in a tempo-
AML. Leukemia 10:426, 1996rally distinct manner. Genes Dev 6:1874, 1992

28. Rosenberg CL, Wong E, Petty EM, Bale AE, Tsujimoto Y,7. Motokura T, Arnold A: Cyclins and oncogenesis. Biochem
Harris NL, Arnold A: PRAD1, a candidate BCL1 oncogene: MappingBiophys Acta 1155:63, 1993
and expression in centrocytic lymphoma. Proc Natl Acad Sci USA8. Hunter T, Pines J: Cyclins and cancer. Cell 66:1071, 1991
88:9638, 19919. Lew DJ, Dulic V, Reed SI: Isolation of three novel human

29. Williams ME, Swerdlow SH, Rosenberg CL, Arnold A: Chro-cyclins by rescue of G1 cyclin (Cln) function in yeast. Cell 66:1197,
mosome 11 translocation breakpoints at the PRAD1/cyclin D1 gene1991
locus in centrocytic lymphoma. Leukemia 7:241, 199310. Koff A, Cross F, Fisher A, Schumacher J, Leguellec K, Phil-

30. Garcia-Conde J, Cabanillas F: Mantle cell lymphoma: Aippe M, Roberts JM: Human cyclin E, a new cyclin that interacts
lymphoproliferative disorder associated with aberrant function of thewith two members of the CDC2 gene family. Cell 66:1217, 1991
cell cycle. Leukemia 10:S78, 199611. Wimmel A, Lucibello FC, Sewing A, Adolph S, Müller R:

31. Delmer A, Ajchenbaum-Cymbalista F, Tang R, Ramond S,Inducible acceleration of G1 progression through tetracyclin-regu-
Faussat A, Marie J, Zittoun R: Overexpression of cyclin D2 inlated expression of human cyclin E. Oncogene 9:995, 1994

12. Tsai LH, Lees E, Faha B, Harlow E, Riabowol K: The cdk2 chronic B-cell maligancies. Blood 85:2870, 1995

AID Blood 0033 / 5h40$$$641 10-02-97 15:47:08 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/9/3707/1422066/3707.pdf by guest on 19 M

ay 2024



OVEREXPRESSION OF CYCLIN E IN AML 3713

32. Won K, Reed SI: Activation of cyclin E/ CDK2 is coupled the murine cyclin E gene depends on an E2F binding site in the
promotor. Mol Cell Biol 16:3401, 1996to site-specific autophosphorylation and ubiquitin-dependent degra-

dation of cyclin E. EMBO J 15:4182, 1996 35. Ohtani K, DeGregori J, Nervins JR: Regulation of the cyclin
E gene by transcription factor E2F1. Proc Natl Acad Sci USA33. Clurman BE, Sheaff RJ, Thress K, Groudine M, Roberts JM:

Turnover of cyclin E by the ubiquitin-proteasome pathway is regu- 92:12146, 1995
36. Scuderi R, Palucka KA, Pokrovskaja K, Björkholm M, Wi-lated by cdk2 binding and cyclin phosphorylation. Genes Dev

10:1979, 1996 man KG, Pisa P: Cyclin E overexpression in relapsed adult acute
lymphoblastic leukemias of B-cell lineage. Blood 87:3360,34. Botz J, Zerfass-Thome K, Spitkovsky D, Delius H, Vogt B,

Eilers M, Hatzigeorgiou A, Jansen-Dürr: Cell cycle regulation of 1996
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