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The mechanism of megakaryocytic differentiation was in- cally with nocodazole. Cyclin-dependent kinase inhibitor p21
was upregulated at the early stage of megakaryocytic differ-vestigated using human megakaryocytic leukemia cell line

UT-7. Polyploidization of UT-7 cells was induced by the mi- entiation, and overexpression of p21 resulted in an increase
in ploidy of UT-7 cells. This suggests that p21 is implicatedcrotubule-depolymerizing agent, nocodazole, and 12-O-tet-

radecanoylphorbol-13-acetate (TPA), but the effect was in polyploidization via suppression of CDC2 activity at mito-
sis. UT-7 but not HL-60 cells could incorporate [3H]thymidinemuch more striking with nocodazole. By contrast, induction

of cytoplasmic maturation, as judged by b-thromboglobulin in the presence of TPA, indicating the presence of mega-
karyocyte-specific licensing factor to allow DNA replicationproduction and platelet factor 4 expression, was more prom-

inent in TPA-treated cells than in nocodazole-treated cells. during differentiation. Taking these data together, we pro-
pose that megakaryocytic differentiation consists of two dis-Nocodazole and TPA could act synergistically to increase

ploidy and to enhance the expression of mature phenotypes. tinct processes, polyploidization and functional maturation,
and that these two processes are independently regulated.Human thrombopoietin induced functional maturation but

not polyploidization in UT-7 cells and also acts synergisti- q 1997 by The American Society of Hematology.

M the poorly defined cell populations, and inadequate assay
methods.1,2 However, these methodological pitfalls have

EGAKARYOCYTOPOIESIS is a complex process
that involves proliferation of committed precursor

cells and differentiation of their progeny leading to platelet been circumvented in part by the establishment of continuous
cell lines originating from normal or leukemic marrow thatformation. Terminal differentiation of megakaryocytes is

characterized by nuclear polyploidization, cell size growth, express a range of megakaryocytic phenotypic properties.1

UT-7 is one of these cell lines and was established fromand generation of specific cytoplasmic proteins such as plate-
let factor 4 (PF4) and b-thromboglobulin (b-TG).1,2 Poly- bone marrow cells of a patient with acute megakaryoblastic

leukemia in 1991.5 This cell line possesses typical featuresploidization is a phenomenon unique to megakaryocytes
among hematopoietic cells3 and is also observed in other cell of megakaryocytic progenitors and has been shown to differ-

entiate into cells with more mature megakaryocytic pheno-types including liver, salivary glands, and urinary bladder
epithelium.4 Although it has been known that endomitosis, a types in response to phorbol ester.6 Since then, UT-7 has

been used to investigate the mechanisms of hematopoieticprocess of repeated nuclear replication without concomitant
mitotic cell division, is a major cause of polyploidization in cell growth and differentiation in many laboratories.7 Fur-

thermore, this cell line was recently found to respond tothese cells, the underlying mechanism is largely unknown.4

Because polyploidization of megakaryocytes is believed to thrombopoietin and, thus, will be a more useful tool for
studying the unresolved problems in megakaryocytic devel-be essential for the efficient production and release of plate-

lets, an attempt to understand the mechanism of this process opment, including the mechanism of polyploidization and
signal transduction of thrombopoietin (Tpo).8has both clinical and scientific significance.

In the past, the study of megakaryocytic differentiation p21 is a recently identified universal inhibitor of cyclin-
dependent kinases (CDKs), including CDK2 and CDC2.9was hampered by the rarity of megakaryocytes in normal

bone marrow (only 0.03% to 0.06% of the nucleated cells), p21 is known to be involved in p53-mediated G1 arrest by
DNA damage via suppression of CDK2 activity.10 Recent
investigations showed that p21 was expressed during hema-
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p21 AND MEGAKARYOCYTIC DIFFERENTIATION 3981

(Ibaraki, Japan).15,16 All other chemicals, including 12-O-tetradeca- KCl, 1.5 mmol/L MgCl2 , and 100 mmol/L dNTPs in the presence
of specific primer pairs (200 nmol/L each). Each cycle of PCRnoylphorbol-13-acetate (TPA), were purchased from Sigma Chemi-

cal Co (St Louis, MO). Recombinant human Tpo was provided consisted of 1 minute of denaturation at 947C, 1 minute of annealing
at 607C, and 2 minutes of extension at 727C. Control experimentsby Kirin Brewery Co Ltd (Gunma, Japan). Recombinant human

granulocyte-macrophage colony-stimulating factor (GM-CSF) was were performed to determine the range of PCR cycles over which
amplification efficiency remained constant and to show that thea gift of Genetics Institute (Cambridge, MA).

Cells and cell culture. Human promyelocytic leukemia cell line amount of amplified PCR product was directly proportional to the
amount of input RNA (data not shown).22 The following oligonucle-HL-60 was obtained from American Type Culture Collections

(Rockville, MD) and routinely maintained in RPMI 1640 medium otides were used as primers (nucleotide positions in the respective
sequences are shown in parentheses): p21waf1/cip1 (based on El-Deirywith 10% heat-inactivated fetal calf serum (FCS; HyClone Labora-

tories, Logan, UT). UT-7 cell line was maintained in Iscove’s modi- et al10): sense primer, 5*-AAGTCAGTTCCTTGTGGAGCCGGA-3*

(071 Ç 048), antisense primer, 5*-TTCCAGGACTGCAGGCTT-fied Dulbecco’s medium (IMDM; Life Technologies, Inc, Grand
Island, NY) containing 10% FCS and 1 ng/mL of GM-CSF. For CCTGTG-3* (502-525); PF4 (based on Poncz et al23): sense primer,

5*-AGCATGAGCTCCGCAGCCGGGTTC-3* (03 Ç 21), antisenseinduction of megakaryocytic differentiation, UT-7 cells were seeded
at the initial concentration of 3 to 5 1 105 cells/mL and cultured in primer, 5*-GGCAGCTAGTAGCTAACTCTCCAA-3* (395-318);

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; based onthe presence of various inducers. The percentage of hyperploid cells
was determined microscopically by counting more than 200 cells on Tso et al24): sense primer, 5*-CCACCCATGGCAAATTCCATG-

GCA-3* (146-169), antisense primer, 5*-TCTAGACGGCAGGTC-Wright-Giemsa staining cytospin slides. The cells containing more
than two nuclei were defined as hyperploid cells. AGGTCCACC-3* (720-743).

Northern blotting. Total cellular RNA was isolated by cesiumShort-term liquid culture of human megakaryocytes was per-
formed as previously described17,18 with minor modifications. CD34/ chloride ultracentrifugation using CS120FX ultracentrifuge and

S100AT5 fixed-angle rotor (Hitachi Koki, Co Ltd) at 80,000 rpmprogenitor cells were isolated from normal bone marrow using a
magnetic cell sorting system Mini-MACS (Miltenyl Biotec, Auburn, for 5 hours at 157C. Ten micrograms of RNA was electrophoresed

in a 1% agarose gel containing 6% formaldehyde, 20 mmol/L 4-CA) according to the manufacturer’s instruction. CD34/ enriched
cells were plated at 1 1 106 cells/mL in megakaryocyte culture morpholinepropane-sulfonic acid, 5 mmol/L sodium acetate, and 1

mmol/L EDTA. To confirm the equal loading of RNA in each lane,medium containing 20% serum derived from platelet-poor plasma
of the patients with aplastic marrows in 24-well tissue culture plates ethidium bromide (EtBr) staining of the gels was performed. RNA

was then blotted onto Hybond N/ nylon membranes (Amersham(Falcon, Lincoln Park, NJ). They were cultured at 377C with 5%
CO2 for 10 days. Life Science) in 201 SSC (11 SSC Å 150 mmol/L NaCl, 15 mmol/

L sodium citrate). The membranes were hybridized with each cDNAFlow cytometry. DNA histograms were determined by flow cy-
tometry after staining DNA with propidium iodide as previously probe, which was labeled with [32P]dCTP by the oligonucleotide

random priming method. p21waf1/cip1 and PF4 cDNA probes weredescribed.19 A CellFIT program (Becton Dickinson, San Jose, CA)
was used for analyzing the results. generated by RT-PCR as described above. Densitometric scanning

of autoradiograms was performed to quantitate the amounts of eachCell proliferation assay. Cell proliferation was monitored by
[3H]thymidine incorporation assay.20 The cells were pulse-labeled mRNA transcript.

Expression vectors. p21 expression vector was generated by li-for a final 1 hour of the culture with 5 mCi/mL of [3H]thymidine
(Amersham Life Science, Buckinghamshire, UK). [3H]thymidine up- gation of full-length p21waf1/cip1 cDNA into the EcoRI site of pcDNA3

mammalian expression vector (Invitrogen, San Diego, CA). Orienta-take was well correlated with the proportion of S-phase cells in this
condition. tion of the insert was determined by restriction mapping and se-

quencing analysis, and sense clone was used in this study. To monitorElutriation. Separation of the cells in each phase of the cell
cycle and hyperploid cells was conducted by counterflow centrifugal the transfection efficiencies, pSV-b-galactosidase plasmid (Promega,

Madison, WI), which constitutively expresses b-galactosidase underelutriation using the SRR6Y elutriation system and a rotor equipped
with a 4.5-mL chamber (Hitachi Koki Co Ltd, Tokyo, Japan), as the control of the SV40 early promoter and enhancer, was simultane-

ously transfected (see below).25 All plasmids were linealized bypreviously described.21 At an initial flow rate of 15 mL/min at 47C
and a rotor speed of 2,000 rpm, UT-7 cells resuspended at 5 to 10 appropriate restriction enzymes and purified by ethanol precipitation

before transfection.1 107 cells in 50 mL of phosphate-buffered saline (PBS) were
injected. The flow rate was incrementally increased, and cell frac- Transient transfection. Electroporation was used for transient

transfection of plasmids into UT-7 cells as previously described.26tions were collected serially as follows: fraction 1 (fr. 1), 200 mL
at 15 mL/min; fr. 2, 200 mL at 20 mL/min; fr. 3, 200 mL at 25 mL/ In brief, 20 mg of either pcDNA3 containing p21 cDNA or empty

vector (mock) was introduced with 2 mg of pSV-b-galactosidasemin; fr. 4, 200 mL at 30 mL/min; fr. 5, 200 mL at 35 mL/min; fr.
6, 200 mL at 40 mL/min; fr. 7, 200 mL at 45 mL/min; fr. 8, 200 plasmid into 1 1 107 UT-7 cells resuspended in 0.25 mL of RPMI

1640 medium containing 10% FCS by electropulse at 250 V, 960mL at 50 mL/min; and fr. 9, 200 mL at 55 mL/min.
b-Thromboglobulin assay. Harvested cells were washed twice mF. Transfected cells were seeded at 3 to 5 1 105 cells/mL in IMDM

medium containing 10% FCS and 1 ng/mL of GM-CSF. The culturewith PBS and resuspended in 400 mL of PBS. Adherent cells were
detached by rinse with PBS containing 0.02% EDTA. Cell lysates was continued for 3 days and then harvested for the morphologic

examination. b-Galactosidase activity was determined by in situwere obtained by two cycles of sonication (15 seconds at 40 W)
staining27 and by standard assay using cell lysates according to theand subjected to an enzyme-linked immunosorbent assay (ELISA)
manufacturer’s instructions.for the quantitative measurement of intracellular b-TG.

Semiquantitative reverse transcription-polymerase chain reaction
(RT-PCR). Total cellular RNA extracted from a pellet containing RESULTS
1 1 105 cells was reverse transcribed into cDNA using SuperScript

Polyploidization of UT-7 cells is predominantly inducedreverse transcriptase and oligo(dT) primers in a 20 mL mixture (Life
by the microtubule depolymerizing agent nocodazole. InTechnologies Inc). Subsequent PCR amplification was performed
this study, three different types of pharmacologic modulatorswith 1 mL cDNA solution in a 50 mL reaction mixture containing 5

U of Taq polymerase, 10 mmol/L Tris-HCl (pH 8.5), 50 mmol/L of the cell cycle (nocodazole, butyrolactone I, and TPA)
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Polyploidization is followed by functional maturation dur-
ing megakaryocytic differentiation. The expression of dif-
ferentiation-related phenotypes was then examined in UT-7
cells treated with nocodazole, TPA, and butyrolactone I as
shown above. We used b-TG and PF4 as specific markers
for megakaryocytic differentiation. Intracellular b-TG was
quantitatively measured by ELISA. It was under the detec-
tion limits in untreated UT-7 cells by this method. As shown
in Fig 2A, b-TG production was significantly induced by
nocodazole and TPA after 3 days of the culture. There was
no increase in intracellular b-TG in butyrolactone I-treated

Fig 1. Polyploidization was induced by nocodazole and TPA in UT-
7 cells. Human megakaryocytic leukemia cell line UT-7 was seeded at
5 Ì 105 cells/mL and cultured in the absence or presence of either
(●) nocodazole (50 ng/mL) or (m) TPA (10 ng/mL) for 3 days. (A) The
cells were harvested at given time points, and the proportion of
hyperploid cells (cells containing more than 2 nuclei) was determined
by morphologic examination on the cytospin specimens. The mean
Ô SD (bar) of seven independent experiments is shown. (B) Wright-
Giemsa staining of each specimen is shown. (Original magnification
Ì 400).

were used to investigate the mechanism of megakaryocytic
differentiation. Nocodazole arrests cells at M phase by inhi-
bition of actin polymerization. Butyrolactone I arrests cells
at both G1 and G2 phases by inhibition of CDK2 and CDC2
kinases.15,16 TPA is a well-known inducer of differentiation,
thereby arresting cells in G1 phase.26 UT-7 cells were seeded
at an initial concentration of 5 1 105 cells/mL in the absence
or presence of either nocodazole (50 ng/mL), butyrolactone
I (10 ng/mL), or TPA (10 ng/mL), and morphologic changes
were observed over a 3-day period. As shown in Fig 1A,
the percentage of polyploid cells increased from 5% { 2% at

Fig 2. Functional maturation was induced by nocodazole and TPAday 0 to 53% { 22% at day 3 in the presence of nocodazole.
in UT-7 cells. (A) UT-7 cells were cultured in the absence or presence

Morphologically, M-phase arrest was seen at day 1, and of either (●) nocodazole (50 ng/mL) or (m) TPA (10 ng/mL) for 5 days.
mature megakaryocyte-like polyploid cells were detected Cell lysates were isolated at the given time points and subjected to

ELISA for quantitative measurement of intracellular concentration ofafter day 3 (Fig 1B). No increase in the percentage of poly-
b-TG. The mean Ô SD (bar) of three independent experiments isploid cells was observed in untreated UT-7 cells during this
shown. (B) (Left panel) UT-7 cells were cultured in the presence of

culture period (data not shown). TPA also had a similar TPA for 7 days as described above. Total cellular RNA was isolated
effect on UT-7 cells but it was much weaker than that of at the indicated time points and subjected to Northern blot analysis

for PF4 mRNA expression. (Right panel) PF4 mRNA expression wasnocodazole, ie, the percentage of polyploid cells was maxi-
examined in UT-7 cells treated with nocodazole only [3], TPA onlymal at day 3 with 17% { 2% (Fig 1A). Polyploidization-
[2], and the combination of both [4] (see Fig 3 legend for details of

inducing effect of butyrolactone I was weaker than that of the culture condition). EtBr-staining of the gels is shown as a loading
TPA (data not shown). control.

AID Blood 0005 / 5h36$$$$81 04-30-97 01:03:44 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/11/3980/1408434/3980.pdf by guest on 29 M

ay 2024



p21 AND MEGAKARYOCYTIC DIFFERENTIATION 3983

UT-7 cells (data not shown). In contrast to the weak ability
to induce polyploidization, TPA could produce more b-TG
than nocodazole did. Expression of PF4 mRNA, another
specific marker of mature megakaryocytes, was simultane-
ously examined by Northern blot analysis in UT-7 cells
treated with TPA and nocodazole. PF4 mRNA was undetect-
able in untreated UT-7 cells (Fig 2B). As shown in Fig 2B,
TPA could induce PF4 mRNA expression after 5 days of
the treatment. Nocodazole showed a similar but much
weaker effect (data not shown). Given that these reagents
induced polyploidization after 2 days of the treatment (as
shown in Fig 1), functional maturation is likely to occur
after polyploidization. Moreover, there was a discrepancy
between the inducibility of these two processes depending
on the reagents, ie, polyploidization was preferentially in-
duced by nocodazole and cytoplasmic maturation was
mainly induced by TPA. These results suggest that poly-
ploidization and functional maturation are separately regu-
lated during megakaryocytic differentiation and that the for-
mer is associated with M-phase modulation and the latter is
a G1-related event. Failure of butyrolactone I to induce both
polyploidization and cytoplasmic maturation indicates that
these processes are interrelated. To confirm this hypothesis,
we performed sequential treatment of UT-7 cells with noco-
dazole and TPA.

Nocodazole and phorbol ester act synergistically on dif-
ferentiation of megakaryocytes. UT-7 cells were cultured
in four different conditions, as shown in Fig 3A. The combi-
nation of the reagents was based on the assumption that
megakaryocytic differentiation consists of two orderly regu-
lated processes; the first step is polyploidization and the
second step is functional maturation. Therefore, UT-7 cells
were first treated with either 0.1% DMSO (carrier) or 50 ng/

Fig 3. Nocodazole and phorbol ester act synergistically on matu-
mL of nocodazole (inducer of polyploidization) for 2 days. ration of megakaryocytes. (A) Schematic presentation of the culture
The culture was then continued for an additional 5 days after conditions. The details are as follows. [1] UT-7 cells were cultured

for 7 days in the presence of 0.1% DMSO, which was used as a solventreplacing the medium with the fresh one containing either
for nocodazole and TPA. [2] The cells were cultured for 2 days with0.1% DMSO (carrier) or 10 ng/mL of TPA (inducer of matu-
DMSO. TPA was then added at the concentration of 10 ng/mL, andration). At day 7, the cells were harvested for morphologic
the culture was subsequently continued for 5 days. [3] The cells were

examination (Fig 3B), b-TG assay (Fig 3C), and Northern treated with 50 ng/mL of nocodazole for 2 days, and the medium
blot analysis for PF4 mRNA expression (Fig 2B). As antici- was replaced with those containing 0.1% DMSO. The culture was

continued for additional 5 days. [4] The cells were treated with 50pated, the most mature phenotype was obtained when UT-
ng/mL of nocodazole for 2 days, and the medium was replaced with7 cells were first treated with nocodazole and then treated
those containing 10 ng/mL TPA. The culture was continued for an

with TPA (the condition [4]). additional 5 days. (B) Wright-Giemsa staining of UT-7 cells was per-
To further confirm the synergistic effect of nocodazole formed after the culture with four different conditions as shown

above. No morphologic change was noted in the condition [1] (notand TPA on megakaryocytic differentiation, hyperploid cells
shown). (Original magnification Ì 400). (C) The intracellular concen-were separated from nonhyperploid cells after nocodazole
tration of b-TG was determined by ELISA after the culture in each

treatment and the effects of TPA on each fraction were com- condition. The mean Ô SD (bar) of three independent experiments is
pared. UT-7 cells were treated with nocodazole for 2 days shown.
and subjected to counterflow centrifugal elutriation for sepa-
ration of the fractions enriched for cells in each phase of the ploid cell-rich fraction after 5 days of the culture (Fig 4B).
cell cycle and hyperploid cells. Figure 4A shows a represen- Intracellular b-TG content was also highest in the hyperploid
tative result that indicates effective enrichment of the cells cell-enriched fraction (4.9 { 0.9 ng/105 cells v 2.0 { 0.5 ng/
at various phases of the cell cycle. Efficiencies of the enrich- 105 cells for the G0/G1-phased cell-enriched fraction, 2.8 {
ment were as follows: more than 90% for G0/G1-phased 0.8 ng/105 cells for the S-phased cell-enriched fraction, and
cells, more than 80% for S-phased cells, approximately 90% 2.9 { 0.6 ng/105 cells for the G2/M-phased cell-enriched
for G2/M-phased cells, and more than 60% for polyploid fraction). This clearly indicates that hyperploid cells are al-
cells. These cells were resuspended in the medium con- ready on the way of differentiation and can express more
taining TPA and incubated for an additional 5 days. Obvi- mature phenotypes in response to TPA than other nonhyper-

ploid cells.ously, the percentage of polyploid cells was highest in hyper-
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KIKUCHI ET AL3984

Fig 4. Hyperploid UT-7 cells
could produce more b-TG in re-
sponse to phorbol ester than non-
hyperploid cells. Counterflow
centrifugal elutriation was per-
formed as described in the Mate-
rials and Methods. (A) Represen-
tative DNA histogram of each
fraction used in the subsequent
experiments. (B) Wright-Giemsa
staining of each fraction was per-
formed after the culture with TPA
for 5 days. (Original magnification
Ì 400). The proportion of hyper-
ploid cells was determined by
counting more than 200 cells on
cytospin specimens. Intracellular
concentration of b-TG was deter-
mined by ELISA. The mean of
three independent experiments is
shown.

Tpo is a factor that acts like TPA to induce functional (Fig 5C [2]) and 2.8{ 0.3 ng/105 cells by 5 days of treatment
(Fig 5C [1]). These results clearly indicate that Tpo, likematuration of megakaryocytes. The results given above in-

dicate that megakaryocytic differentiation consists of poly- TPA, acts mainly on the late process of megakaryocytic
differentiation, namely functional maturation.ploidization and functional maturation and that the former

is induced by nocodazole and the latter is regulated by TPA p21waf1/cip1 mRNA is induced at very early stage of mega-
karyocytic differentiation and is implicated in polyploidiza-in vitro. However, these inducers are artificial and do not

exist in vivo. Thus, we sought to determine the factors impli- tion. Because Tpo was not considered to be a major regula-
tor of polyploidization, at least in our experimentalcated in these processes in vivo. First, we investigated the

role of Tpo, a recently cloned major regulator of thrombo- condition, we next tried to identify the factor(s) that controls
polyploidization in vivo. Taking into account the fact thatpoiesis,28 in each process of megakaryocytic differentiation.

UT-7 cells were cultured in three different conditions shown M-phase skip is required for polyploidization, we tested
whether p21 was implicated in this process. p21 is knownin Fig 5A. [1] The cells were cultured for 2 days with 0.1%

DMSO (carrier). Tpo was then added at the concentration to inhibit the activity of CDC2 kinase that is essential for G2/
M transition as a major component of M-phase promotingof 10 ng/mL, and the culture was subsequently continued

for 5 days. [2] The cells were cultured for 2 days with 10 factor.29 Total cellular RNA was isolated from UT-7 cells
cultured in the absence or presence of either TPA (10 ng/ng/mL of Tpo, and the medium was replaced with those

containing only DMSO. The culture was continued for addi- mL), nocodazole (50 ng/mL), or Tpo (10 ng/mL) for 24
hours and subjected to Northern blot analysis for p21waf1/cip1tional 5 days. [3] The cells were treated with 50 ng/mL of

nocodazole for 2 days, and the medium was replaced with mRNA expression. As shown in Fig 6A, p21waf1/cip1 mRNA
transcript was readily detected after 1 hour of the culturethose containing 10 ng/mL Tpo. The culture was continued

for an additional 5 days. Cell ploidy and b-TG production with TPA. The induction of p21waf1/cip1 mRNA was as rapid
as that observed in HL-60 cells differentiated into monocyticwere compared with each condition. As shown in Fig 5B,

cell ploidy was not increased by Tpo alone ([1] and [2]), ie, lineage by phorbol ester (Fig 6A). It was also transient, ie,
the amounts of p21waf1/cip1 mRNA decreased after 24 hoursthe percentage of polyploid cells was 4% { 1% in condition

[1] and 5% { 2% in condition [2]. However, in combination and became almost undetectable after 48 hours. Nocodazole
could also induce p21waf1/cip1 mRNA expression and the levelwith nocodazole, Tpo could greatly increase ploidy of UT-

7 cells and reached 29% { 5%. Moreover, as shown in Fig of induction was higher than that of TPA (Fig 6B). There
was no synergistic effect on p21waf1/cip1 mRNA induction5B [3], specific features of mature megakaryocytes, such as

emperiporesis (indicated by large arrow) and demarcation between TPA and nocodazole. On the other hand, p21waf1/cip1

mRNA induction by Tpo was negligible (data not shown).membrane-like structure (small arrows), were observed in
some cells after the combined treatment. Intracellular content This pattern of p21 induction (nocodazole ú TPA ú Tpo)

is well correlated with the ability to induce polyploidizationof b-TG was also significantly high in these cells (3.3 { 0.1
ng/105 cells; Fig 5C [3]). However, Tpo alone could induce of these reagents, suggesting that p21 may play some roles

in polyploidization during megakaryocytic differentiation.b-TG production in a time-dependent manner, ie, intracellu-
lar b-TG was 1.1 { 0.2 ng/105 cells by 2 days of treatment To obtain the convincing evidence that p21 is implicated
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increase in hyperploid cells (21% { 7%), whereas no in-
crease was observed in mock-transfected cells (6.7% { 2%).
This increase is truly attributable to p21 overexpression, be-
cause in situ detection showed that most hyperploid cells
express b-galactosidase activity (Fig 7B).

UT-7 cells but not HL-60 cells can undergo DNA replica-
tion during differentiation. The results given above suggest
that suppression of CDC2 kinase activity by p21 may inhibit
normal G2/M transition, thereby allowing cells to skip M-
phase and become hyperploid. However, as shown in Fig
6 and in the previous studies,11-14 induction of p21 during
differentiation is not specific for megakaryocytic lineage
cells. Therefore, it can be speculated that megakaryocytes
possess a specific mechanism that permits DNA replication
during differentiation. To corroborate this hypothesis, we
performed [3H]thymidine incorporation assay in the presence
of TPA using UT-7 and HL-60 cells. As shown in Fig 8A,
UT-7 could synthesize DNA until day 3 of the culture even
in the presence of TPA as in untreated control. It is of note
that these periods correspond to the time of polyploidization,
as shown in Fig 1. In contrast, HL-60 cells could not in
corporate thymidine in the presence of TPA (Fig 8B), which
is consistent with the fact that nonmegakaryocytic cells such
as HL-60 do not become hyperploid during differentiation.
Intriguingly, DNA replication ceased after day 2, with a
sharp increase in [3H]thymidine uptake at day 1 in butyrolac-
tone I-treated UT-7 cells (Fig 8A). This might be due to
simultaneous inhibition of S-phase promoting CDKs (CDK2
and CDK4) and M-phase promoting factor (CDC2) by buty-
rolactone I. These results indicate that megakaryocytes have
licensing factor to allow DNA replication in the absence
of concomitant mitosis (endomitosis) during differentiation.

Fig 5. Effect of Tpo on megakaryocytic differentiation. (A) UT- Given that butyrolactone I shortened the period of endomito-
7 cells were cultured with either Tpo alone or the combination of

sis, it is strongly suggested that this licensing factor is closelynocodazole and Tpo as follows. [1] The cells were cultured for 2 days
related to CDKs that regulate G1/S transition such as CDK2in the presence of 0.1% DMSO, which was used as a solvent for

nocodazole. The medium was then replaced with those containing and CDK4.
Tpo at the concentration of 10 ng/mL, and the culture was continued Expression of p21waf1/cip1 and PF4 mRNA during short-
for an additional 5 days. [2] The cells were treated with Tpo for 2 term liquid culture of normal human megakaryocytes. Fi-
days, and the medium was replaced with those containing 0.1%

nally, to investigate the physiologic relevance of the findingsDMSO. The culture was continued for additional 5 days. [3] The cells
obtained with UT-7 cell line, we examined the expressionwere treated with 50 ng/mL of nocodazole for 2 days, and the me-

dium was replaced with those containing Tpo. The culture was con- of p21waf1/cip1 and PF4 mRNA transcripts during the course
tinued for an additional 5 days. (B) Wright-Giemsa staining of UT-7 of normal human megakaryocyte development in a short-
cells was performed after the culture with three different conditions

term liquid culture. CD34/ cells were isolated from normalas shown above. (Original magnification Ì 400). (C) The intracellular
bone marrow using a magnetic cell sorting system and cul-concentration of b-TG was determined by ELISA after the culture in

each condition. The mean Ô SD (bar) of three independent experi- tured for 10 days in megakaryocyte culture medium as pre-
ments is shown. viously described.17,18 As shown in the upper panel of Fig

9, the cells with morphologic features of immature mega-
karyocytes (basophilic cytoplasm and budding) begun to ap-
pear after 3 days of the culture. Mature megakaryocytes within polyploidization, we overexpressed p21 in UT-7 cells un-
polyploid nuclei were observed after 6 days, followed byder the control of cytomegarovirus promoter. Either p21 ex-
cytoplasmic maturation after 10 days. Total cellular RNApression vector or empty vector was introduced into UT-7
was isolated at each time point, and expression of p21waf1/cip1cells with pSV-b-galactosidase control vector by electropor-
and PF4 mRNA was examined by semiquantitative RT-PCRation. After 24 hours of transfection, the cells were harvested
analysis. As expected, CD34/ bone marrow cells expressedfor morphologic assessment of hyperploid cells and for b-
neither p21 nor PF4 mRNA transcript just after the isolation,galactosidase assays. There was no significant difference in
whereas GAPDH mRNA, which was used as an internaltransfection efficiencies between p21 and mock transfections
control, was readily detectable (Fig 9, lower panel, day 0).as monitored by b-galactosidase expression in transfectants
p21waf1/cip1 mRNA expression was observed after 3 days of(20% { 8% for p21 and 24% { 6% for mock). As shown

in Fig 7, overexpression of p21 resulted in the significant the culture, which apparently preceded the induction of poly-
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Fig 6. p21waf1/cip1 mRNA is induced at very early
stage of megakaryocytic differentiation. (A) UT-7 and
HL-60 cells were cultured with 10 ng/mL of TPA for
24 hours. RNA was isolated at the given time points
and subjected to Northern blot analysis for p21waf1/cip1

mRNA expression. EtBr-stained 28S and 18S rRNAs
are shown as a loading control. (B) UT-7 cells were
cultured in the absence (none) or presence of TPA,
nocodazole, or a combination of both. p21 mRNA ex-
pression was examined after 24 hours of culture.

ploidization. On the other hand, PF4 mRNA transcript was been proven to be a nice model to study hematopoietic cell
not present at day 3 and induced after 6 days of the culture growth and differentiation.5-8 UT-7 differentiation is consid-
in parallel with the appearance of mature megakaryocytes. ered to correspond to the late stages of megakaryocytic dif-
This chronologic order of p21 and PF4 expression during ferentiation, because this cell line already express glycopro-
normal megakaryocytes development is consistent with the tein IIb/IIIa and has some properties of erythroid
findings obtained with UT-7 differentiation system. progenitors.5 Late stages of megakaryocytic differentiation

are characterized by polyploidization and cytoplasmic matu-
DISCUSSION ration, including the appearance of demarcation membranes

and production of specific proteins such as b-TG and PF4.1-3In this study, we have investigated the mechanism of
megakaryocytic differentiation using UT-7 cell line that has In this report, we show that treatment with the microtubule

Fig 7. Overexpression of p21-induced polyploidization of UT-7 cells. pcDNA3 expression plasmid containing full-length p21 cDNA was
introduced into UT-7 cells by electroporation. pSV-b-gal vector was simultaneously transfected to monitor the transfection efficiencies. As a
control, empty pcDNA3 vector was transfected in the same manner (Mock). The cells were harvested after 3 days of the culture. (A) The
percentage of polyploid cells was determined as described in the legend to Fig 1. The mean Ô SD (bar) of three independent experiments is
shown. (B) Wright-Giemsa staining of Mock- and p21-transfected cells is shown in the left panel. The result of in situ detection of b-galactosidase
activity is shown in the right panel. (Original magnification Ì 400 and Ì 250, respectively).
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idea that two distinct processes of the late stages of megakar-
yocytic differentiation, polyploidization and cytoplasmic
maturation, may occur independently, although they must
be interrelated. Chronologically, polyploidization (peaking
at day 3) is followed by functional maturation (occurring
after day 3). This idea is further supported by our finding
that nocodazole and TPA acted synergistically on UT-7 cells
to enhance both polyploidization and cytoplasmic matura-
tion. The dissociation of these two processes was also ob-
served during ontogenesis33 and in vitro culture of normal
megakaryocytes.34 Furthermore, this is consistent with the
recent report by Shivdasani et al35 in which NF-E2–deficient
mice lack platelet production, but polyploidization of bone
marrow megakaryocytes is intact in these mice. Thus, it is
likely that some NF-E2–regulated target genes have critical
functions to cytoplasmic maturation and platelet formation
independently of polyploidization, although functionally rel-
evant NF-E2 binding sites have not been identified in the
promoter of any megakaryocyte-specific genes.

Polyploidization is resulted from the disturbances of mi-
totic division and subsequent entry into DNA reduplication
cycles (endomitosis).4 Although endomitosis has long been
recognized as a unique feature of megakaryocytes,3 the exact
mechanism is still unclear. As for the mechanism of mitotic
disturbances, many hypotheses have been proposed based
mainly on the morphologic observations. Those hypotheses
include fusion of anaphase and telophase chromosomes, re-
fusion of daughter cells during cytokinesis, and blocking
in the middle phases of mitosis.4 This last hypothesis was
substantiated by the absence of patterns of the late stages of
mitosis in normal megakaryocytes.36 However, to date, few
data are available regarding the molecules that regulate en-
domitosis despite extensive investigations. Recently, Grafi
and Larkins37 reported that endoreduplication in maize endo-
sperm, although it is not identical to endomitosis, is associ-Fig 8. UT-7 cells but not HL-60 cells could synthesize DNA during

TPA-induced differentiation. UT-7 (A) and HL-60 (B) cells were seeded ated with inhibition of M-phase promoting factor (CDC2/
at an initial concentration of 1 Ì 104 cells/mL and cultured for 4 days cyclin B complex) and induction of E2F-related S-phase
in the presence of 0.1% DMSO (as a control [●]), TPA (10 ng/mL

kinase activity. In some systems, loss of CDC2 kinase activ-[j]), or butyrolactone I (10 ng/mL [m]). DNA synthesis was serially
ity due to a lack of cyclin B protein was shown to be suffi-determined by [3H]thymidine incorporation assay. The cells were

pulse-labeled for the final 1 hour of the culture with 5 mCi/mL of cient to drive endomitosis. For example, most postmitotic
[3H]thymidine. cells in Drosophila eventually enter endoreduplication cycles

in which they progress through several rounds of S phase
without intervening mitoses. The absence of cyclin B expres-depolymerizing agent, nocodazole, preferentially induces
sion has been described in these cells.38 Moreover, Zhang etpolyploidization of UT-7 cells with a relatively small in-
al39 also reported that endomitosis was closely associatedcrease in intracellular content of b-TG. This finding is in
with reduced levels of cyclin B protein and loss of CDC2line with the previous observations in normal megakaryo-
activity in murine megakaryocytic cell line MegT derivedcytes30 and in another megakaryocytic cell line ELF-15331

from SV40 large T-antigen–transgenic mice. These findingsshowing that inhibition of actin polymerization by cytocha-
seem to establish that inhibition of CDC2/cyclin B activitylasin B or leptomycin B resulted in polyploidization. In con-
plays a causative role in endomitotic cell cycle. This is com-trast, TPA provoked a dramatic increase in intracellular b-
patible with the previous observation that induction of poly-TG and PF4 mRNA expression. Induction of polyploidiza-
ploidization by protein kinase inhibitor K-252a was closelytion was also observed in TPA-treated UT-7 cells, but it was
related to inhibition of CDC2 kinase activation during G2/less striking than in nocodazole-treated cells. In UT-7 cells,
M transition.40 In this regard, our present data on p21 areTpo mainly affected functional maturation and had little abil-
very interesting.ity to promote polyploidization. The significance of this ob-

p21 was originally identified in a quaternary complexservation is currently unknown, although similar findings
that contains CDK, cyclin, and the proliferating cell nu-have been observed in other human megakaryocytic cell

lines such as MEG-01 and CMK.32 These results raise the clear antigen.41 Subsequently, molecular cloning of cDNA
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Fig 9. Expression of p21waf1/cip1 and PF4 mRNA
during short-term liquid culture of normal human
megakaryocytes. Short-term liquid culture of normal
human megakaryocytes was performed as de-
scribed.17,18 The cells were harvested at the indicated
time points and subjected to morphologic examina-
tion on Wright-Giemsa–staining cytospin slides (up-
per panel) and semiquantitative RT-PCR analysis for
p21, PF4, and GAPDH mRNA expression (lower
panel). The numbers of PCR cycles were set in each
gene to show that the amount of amplified PCR prod-
uct was directly proportional to the amount of input
RNA (35 cycles for each gene). Amplified products
were analyzed on 2% agarose gels followed by ethid-
ium bromide staining. M, molecular size marker (Bio-
Marker Low; Bio Ventures, Inc, Murfreesboro, TN).

encoding p21 was achieved by various approaches in dif- gesting that p21 is indeed implicated in this process. Al-
though we did not show any direct evidence, the underly-ferent laboratories.10,42,43 Reconstitution of the active com-

plex in vitro and its enforced expression in mammalian ing mechanism of p21-induced polyploidization might
involve suppression of CDC2 activity. Recently, Cross etcells showed that p21 could act as a universal inhibitor of

CDKs that is capable of inducing cell cycle arrest.44 It is al47 reported that p53 participated in a mitotic checkpoint
to ensure the maintenance of cell diploidy. Fibroblastswell known that p21 is inducible by DNA damage in a

p53-dependent manner and arrests the cells in G1 through from p53-deficient mice underwent a multiple round of
DNA synthesis without completing chromosome segrega-inactivation of CDK2/cyclin E complex during DNA re-

pair.10 On the other hand, p21 has an affinity to CDC2/ tion in the presence of spindle inhibitors, thus forming
polyploid cells.47 A similar finding was reported in coloncyclin B complex (M-phase promoting factor), but the

biologic significance of this complex formation remains cancer cells with p53 abnormalities.48 Given that parts of
p53 functions are mediated through p21,10 it is possibleto be elucidated.44,45 Recent investigations showed that

p21 is expressed during embryogenesis primarily in a sub- that p21 has some roles in mitotic checkpoint, especially
via its interaction with CDC2 kinase.set of cells that are postmitotic, thus potentially contribut-

ing to cell cycle exit during differentiation.46 Its induction Because our conclusion is mainly based on in vitro ex-
periments using an immortalized cell line, its physiologichas also been observed in cells undergoing differentia-

tion11-14 or cellular senescence43 in vitro. In our study, relevance to normal hematopoiesis is unknown. However,
the involvement of p21 in polyploidization in vivo wasp21 mRNA was induced immediately (1 hour) after the

differentiation induction of UT-7 cells, suggesting a role recently demonstrated by Wu et al49 using a targeted ex-
pression technique. They observed the appearance of largein the early part of megakaryocytic differentiation, namely

polyploidization. We have also observed that p21 mRNA polyploid nuclei in hepatocytes of the transgenic mice that
abundantly express p21 specifically in the liver. Becauseexpression was induced before polyploidization during the

course of normal human megakaryocytes development in the hepatocyte is, like the megakaryocyte, one of the cell
types that commonly become hyperploid, it is highly pos-a short-term liquid culture. Furthermore, overexpression

of p21 could promote polyploidization of UT-7 cells, sug- sible that p21 is also implicated in polyploidization of
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leads to the induced differentiation of the myelomonocytic cell linemegakaryocytes in vivo. To confirm this hypothesis, we
U937. Genes Dev 10:142, 1996are currently generating the transgenic mice that selec-

13. Halevy O, Novitch BG, Spicer DB, Skapek SX, Rhee J, Han-tively overexpress p21 in megakaryocytes under the con-
non GJ, Beach D, Lasser AB: Correlation of terminal cell cycletrol of PF4 promoter.
arrest of skeletal muscle with induction of p21 by MyoD. Science

Finally, we have presented the evidence suggesting the 267:1018, 1995
presence of licensing factor that allows DNA synthesis dur- 14. Missero C, Calautti E, Eckner R, Chin J, Tsai LH, Livingston
ing differentiation in UT-7 cells, ie, UT-7 cells could synthe- DM, Dotto GP: Involvement of the cell cycle inhibitor Cip1/WAF1
size DNA in the presence of TPA. Other nonmegakaryocytic and the E1A-associated p300 protein in terminal differentiation. Proc
cell lines did not possess such an activity. The presence Natl Acad Sci USA 92:5451, 1995

15. Kitagawa M, Okabe T, Ogino H, Matsumoto H, Suzuki-Taka-of this factor is required for effective endomitotic cycles.
hashi I, Kokubo T, Higash H, Saito S, Taya Y, Yasuda H, Ohba Y,Although we did not know much about the licensing factor
Nishimura S, Tanaka N, Okuyama A: Butyrolactone I, a selectivein megakaryocytes, it must be related to G1-cyclins, because
inhibitor of cdk2 and cdc2 kinase. Oncogene 8:2425, 1993butyrolactone I, a potent inhibitor of G1-cyclin–dependent

16. Kitagawa M, Higashi H, Suzuki-Takahashi I, Okabe T, Ogino
kinases, failed to induce polyploidization in UT-7 cells. In-

H, Taya Y, Nishimura S, Okuyama A: A cyclin-dependent kinase
deed, E2F-related S-phase kinase has been proposed as li- inhibitor, butyrolactone I, inhibits phosphorylation of RB protein
censing factor in maize endosperm.37 Similarly, periodic acti- and cell cycle progression. Oncogene 9:2549, 1994
vation of cyclin E-dependent CDK was reported in 17. Debili N, Issaad C, Massé J-M, Guichard J, Katz A, Breton-
endoreduplication cycles of Drosophila embryogenesis.50 Gorius J, Vainchenker W: Expression of CD34 and platelet glyco-

proteins during human megakaryocytic differentiation. BloodTherefore, cyclin E- and/or cyclin D-dependent CDKs may
80:3022, 1992be candidates for licensing factors to promote polyploidiza-

18. Choi ES, Nichol JL, Hokom MM, Hornkohl AC, Hunt P:tion in human megakaryocytes. In this context, it is intriguing
Platelets generated in vitro from proplatelet-displaying human mega-that cyclin D1 mRNA was upregulated during TPA-induced
karyocytes are functional. Blood 85:402, 1995

differentiation of Dami megakaryocytic cell line.51 However,
19. Furukawa Y, DeCaprio JA, Freedman A, Kanakura Y, Naka-

overexpression of cyclin D1 failed to increase ploidy in this mura M, Ernst TJ, Livingston DM, Griffin JD: Expression and state
cell line.51 Characterization of licensing factor in megakaryo- of phosphorylation of the retinoblastoma susceptibility gene product
cytes is currently underway in our laboratory. in cycling and noncycling human hematopoietic cells. Proc Natl

Acad Sci USA 87:2770, 1990
REFERENCES 20. Furukawa Y, Uenoyama S, Ohta M, Tsunoda A, Griffin JD,

Saito M: Transforming growth factor-b inhibits phosphorylation of1. Hoffman R: Regulation of megakaryocytopoiesis. Blood
the retinoblastoma susceptibility gene product in human monocytic74:1196, 1989
leukemia cell line JOSK-I. J Biol Chem 267:17121, 19922. Avraham H: Regulation of megakaryocytopoiesis. Stem Cells

21. Terui Y, Furukawa Y, Kikuchi J, Saito M: Apoptosis during11:499, 1993
HL-60 cell differentiation is closely related to a G0/G1 cell cycle3. Odell TT, Jackson CW: Polyploidization and maturation of rat
arrest. J Cell Physiol 164:74, 1994megakaryocytes. Blood 32:102, 1968

22. Lucibello FC, Sewing A, Brüsselbach S, Bürger C, Müller4. Brodsky WY, Uryvaeva IV: Cell polyploidy: Its relation to
R: Deregulation of cyclins D1 and E and suppression of cdk2 andtissue growth and function. Int Rev Cytol 50:275, 1977
cdk4 in senescent human fibroblasts. J Cell Sci 105:123, 19935. Komatsu N, Nakauchi H, Miwa A, Ishihara T, Eguchi M,

23. Poncz M, Surrey S, LaRocco P, Weiss MJ, Rappaport EF,Moroi M, Okada M, Sato S, Wada H, Yawata Y, Suda T, Miura M:
Conway TM, Schwartz E: Cloning and characterization of plateletEstablishment and characterization of a human leukemic cell line
factor 4 cDNA derived from a human erythroleukemic cell line.with megakaryocytic features: Dependency on granulocyte-macro-
Blood 69:219, 1987phage coclony-stimulating factor, interleukin 3, or erythropoietin for

24. Tso JY, Sun X-H, Kao T-H, Reece KS, Wu R: Isolationgrowth and survival. Cancer Res 51:341, 1991
and characterization of rat and human glyceraldehyde-3-phosphate6. Komatsu N, Fujita H: Induced megakaryocytic maturation of
dehydrogenase cDNAs: Genomic complexity and molecular evolu-the human leukemia cell line UT-7 results in down-modulation of
tion of the gene. Nucleic Acids Res 13:2485, 1985erythropoietin receptor gene expression. Cancer Res 53:1156, 1993

25. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME:7. Ren H-Y, Komatsu N, Shimizu R, Okada K, Miura Y: Erythro-
Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis.poietin induces tyrosine phosphorylation and activation of phosholi-
Science 270:1326, 1995pase C-g1 in a human erythropoietin-dependent cell line. J Biol

26. Terui Y, Furukawa Y, Sakoe K, Ohta M, Saito M: ExpressionChem 269:19633, 1994
of differentiation-related phenotypes and apoptosis are indepen-8. Komatsu N, Kunitama M, Yamada M, Hagiwara T, Kato T,
dently regulated during myeloid cell differentiation. J BiochemMiyazaki H, Eguchi M, Yamamoto M, Miura Y: Establishment and
117:77, 1995characterization of the thrombopoietin-dependent megakaryocytic

27. Sakai T, Ohta M, Furukawa Y, Saga Y, Aizawa S, Kawakatsucell line UT-7/TPO. Blood 87:4552, 1996
H, Saito M: Tenascin-C induction by the diffusible factor epidermal9. Pines J: p21 inhibits cyclin shock. Nature 369:520, 1994
growth factor in stromal-epithelial interactions. J Cell Physiol10. El-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons
165:18, 1995R, Trent JM, Lin D, Mercer E, Kinzler KW, Vogelstein B: WAF1,

28. Bartley TD, Bogenberger J, Hunt P, Li Y-S, Lu HS, Martina potential mediator of p53 tumor suppression. Cell 75:817, 1993
F, Chang M-S, Samal B, Nichol JL, Swift S, Johnson MJ, Hsu11. Steinman RA, Hoffmen B, Iro A, Guillouf C, Liebernmann
R-Y, Parker VP, Suggs S, Skrine JD, Merewether LA, Clogston C,DA, El-Houseini ME: Induction of p21 (WAF-1/CIP1) during differ-
Hsu E, Hokom MM, Hornkohl A, Choi E, Pangelinan M, Sun Y,entiation. Oncogene 9:3389, 1994
Mar V, McNinch J, Simonet L, Jacobsen F, Xie C, Shutter J,Chute12. Liu M, Lee M-H, Cohen M, Bommakanti M, Freedman LP:

Transcriptional activation of the Cdk inhibitor p21 by vitamin D3 H, Basu R, Selander L, Trollinger D, Sieu L, Padilla D, Trail G,

AID Blood 0005 / 5h36$$$$81 04-30-97 01:03:44 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/11/3980/1408434/3980.pdf by guest on 29 M

ay 2024



KIKUCHI ET AL3990

Elliott G, Izumi R, Covey T, Crouse J, Garcia A, Xu W, Del Castillo 40. Usui T, Yoshida M, Abe K, Osada H, Isono K, Beppu T:
Uncoupled cell cycle without mitosis induced by a protein kinaseJ, Biron J, Cole S, Hu MC-T, Pacifici R, Ponting I, Saris C, Wen

D, Yung YP, Lin H, Bosselman RA: Identification and cloning of inhibitor, K-252a. J Cell Biol 115:1275, 1991
41. Xiong Y, Zhang H, Beach D: D-type cyclins associated witha megakaryocyte growth and development factor that is a ligand for

the cytokine receptor Mpl. Cell 77:1117, 1994 multiple protein kinases and the DNA replication and repair factor
PCNA. Cell 71:505, 199229. Dunphy WG, Brizuela L, Beach D, Newport J: The Xenopus

cdc2 protein is a component of MPF, a cytoplasmic regulator of 42. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ:
The p21 cdk-interacting protein Cip1 is a potent inhibitor of G1mitosis. Cell 54:423, 1988

30. Chatelain C, De Bast M, Symann M: Enhancement of mega- cyclin-dependent kinases. Cell 75:805, 1993
43. Noda A, Ning Y, Venable SF, Pereira-Smith OM, Smith JR:karyocyte polyploidization by actin inhibitor. Blood 80:497a, 1992

(abstr, suppl 1) Cloning of senescent cell-derived inhibitors of DNA synthesis using
an expression screen. Exp Cell Res 211:90, 199431. Mouthon M-A, Freund M, Titeux M, Katz A, Guichard J,

Breton-Gorius J, Vainchenker W: Growth and differentiation of the 44. Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R, Beach
D: p21 is a universal inhibitor of cyclin kinases. Nature 366:701,human megakaryoblastic cell line (ELF-153): A model for early

stages of megakaryocytopoiesis. Blood 84:1085, 1994 1993
45. Xiong Y, Zhang H, Beach D: Subunit rearrangement of the32. Hashimoto S, Toba K, Kishi K, Koike T, Shibata A: Growth

and maturation effects of thrombopoietin on hematopoietic cell lines. cyclin-dependent kinases is associated with cellular transformation.
Genes Dev 7:1572, 1993Int J Hematol 63:230a, 1996

33. Hegyi E, Nakazawa M, Debili N, Navarro S, Katz A, Breton- 46. Parker SB, Eichele G, Zhang P, Rawls A, Sands AT, Bradley
A, Olson EN, Harper JW, Elledge SJ: p53-independent expression ofGorius J, Vainchenker W: Developmental changes in human mega-

karyocyte ploidy. Exp Hematol 19:87, 1991 p21Cip1 in muscle and other terminally differentiating cells. Science
267:1024, 199534. Debili N, Hegyi E, Navarro S, Katz A, Mouthon M-A, Breton-

Gorius J, Vainchenker W: In vitro effects of hematopoietic growth 47. Cross SM, Sanchez CA, Morgan CA, Schimke MK, Ramel
S, Idzerda RL, Raskind WH, Reid BJ: A p53-dependent mousefactors on the proliferation, endoreplication, and maturation of hu-

man megakaryocytes. Blood 77:2326, 1991 spindle checkpoint. Science 267:1353, 1995
48. Carder P, Wyllie AH, Purdie CA, Morris RG, White S, Piris35. Shivdasani RA, Rosenblatt MF, Zurcker-Franklin D, Jackson

CW, Hunt P, Saris CJ, Orkin SH: Transcriptional factor NF-E2 is J, Bird CC: Stabilised p53 facilitates aneuploid clonal divergence in
colorectal cancer. Oncogene 8:1397, 1993required for platelet formation independent of the actions of throm-

bopoietin/MGDF in megakaryocyte development. Cell 81:695, 1995 49. Wu H, Wade M, Krall L, Grisham J, Xiong Y, Van Dyke T:
Targeted in vivo expression of the cyclin-dependent kinase inhibitor36. Odell T, Jackson CM, Reiter RS: Generation cycle of rat

megakaryocytes. Exp Cell Res 53:321, 1968 p21 halts hepatocyte cell-cycle progression, postnatal liver develop-
ment, and regeneration. Genes Dev 10:245, 199637. Grafi G, Larkins BA: Endoreduplication in maize endosperm:

Involvement of M phase-promoting factor inhibition and induction 50. Sauer K, Knoblich JA, Richardson H, Lehner CF: Distinct
modes of cyclin E/cdc2c kinase regulation and S-phase control inof S phase-related kinase. Science 269:1262, 1995

38. Lehner CF, O’Farrell PH: The roles of Drosophila cyclin A mitotic and endoreduplication cycles of Drosophila embryogenesis.
Genes Dev 9:1327, 1995and cyclin B in mitotic control. Cell 61:535, 1990

39. Zhang Y, Wang Z, Ravid K: The cell cycle in polyploid 51. Wilhide CC, Dang CV, Dipersio J, Kenedy AA, Bray PF:
Overexpression of cyclin D1 in the Dami megakaryocytic cell linemegakaryocytes is associated with reduced activity of cyclin B1-

dependent cdc2 kinase. J Biol Chem 271:4266, 1996 causes growth arrest. Blood 86:294, 1995

AID Blood 0005 / 5h36$$$$81 04-30-97 01:03:44 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/11/3980/1408434/3980.pdf by guest on 29 M

ay 2024


