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ABSTRACT

Mouse Cl line cells are megakaryoblastic cells established by coinfec-
tion of Ã€belsonmurine leukemia virus and recombinant simian virus 40.
We examined the effects of various compounds on growth and differen
tiation of these cells. Megakaryocytic differentiation of Cl cells was not
induced by cytokines that stimulate megakaryocytic maturation of normal
progenitor cells, such as interleukin 3 and 6 and granulocyte-macrophage
colony-stimulating factor. However, the cells were induced to differentiate
into megakaryocytes by treatment with some protein kinase inhibitors.
The inhibition of \-uhl tyrosine kinase activity preceded induction of
differentiation of the cells treated with tyrosine kinase inhibitors such as
genistein, herbimycin A, and erbstatin. Treatment of Cl cells with a v-
abl antisense oligomer inhibited their proliferation and induced acetyl-
cholinesterase activity, a typical marker of megakaryocytic differentia
tion. These results suggest that inhibition of \-abl function is associated
with induction of megakaryocytic differentiation of Cl cells. Among the
compounds tested, l-(5-isoquinolinylsulfonyl)-2-methylpiperazine (11-7),
a potent inhibitor of cyclic nucleotide-dependent and Ca2+-phospholipid-

dependent (protein kinase C) protein kinases, was the most potent inducer
of differentiation of Cl cells. However, the differentiation-inducing effect
of H-7 was unlikely to be mediated through inhibition of protein kinase
C or cyclic nucleotide-dependent kinases, because other types of inhibi
tors of these kinases were not effective, and a protein kinase activator
(phorbol ester) induced differentiation of Cl cells. Moreover, neither v-
abl mRNA expression nor \-abl kinase activity in Cl cells was affected
by treatment with H-7. These findings indicate that induction of mega
karyocytic differentiation by H-7 is not related to inhibition of \-ahl
kinase, but rather to some novel function of H-7.

INTRODUCTION
A-MuLV3 induces hematopoietic tumors after a short latent

period, and most of these tumors are nonthymic lymphomas
composed of cells with a pre-B-cell phenotype (1, 2). But the
virus can also induce plasmacytomas, mastocytomas, myelo-
monocytic leukemias, and T-cell lymphomas (3-5). The mouse
megakaryoblastic Cl cell line was established by coinfection of
mouse embryonic cells with A-MuLV and a recombinant retro-
virus containing large T- and small t-antigens and the early
region of simian virus 40 (6). The Cl cells show a high level of
expression of the \-abl gene (6). These cells should be useful
for the study of megakaryocytic differentiation of leukemic cells
presumably transformed as a result of retroviral oncogene
expression. In the present study we found that differentiation
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of v-flW-infected megakaryoblastic cells could be induced by
some protein kinase inhibitors but not by several cytokines that
are known to stimulate normal megakaryocytic differentiation.
These findings suggest that some protein phosphorylations are
involved, at least partly, in blocking the entry of cells into the
differentiation pathway.

MATERIALS AND METHODS

Cells and Cell Culture. The Cl cell line was established from mouse
embryonic cells by coinfection of A-MuLV and a recombinant retrovi-
rus containing large T- and small t-antigens and the early region of
simian virus 40 (6). The cells (clone 24) were cultured in Eagle's

minimum essential medium with twice the normal concentrations of
amino acids and vitamins, supplemented with 10% heat-inactivated
fetal bovine serum. During culture, the cells became attached to coated
flasks but not to uncoated plastic dishes. Every 3-4 days during culture,
the flasks were left to stand at 4Â°Cfor 10 min, and then the cells were

dissociated from the flasks by pipeting and transferred to fresh medium
in other flasks.

Assay of Cell Growth and Differentiation. Cells were suspended in 2
ml of culture medium and cultured with or without various compounds
for 4 days. Cell numbers, sizes, and volumes were determined in a ZM
Coulter Counter-Channelyzer 256 (Coulter Electronics, Luton, Eng
land). Cell smears were prepared in a Cytospin (Shandon Southern,
Sewickley, PA) and stained with May-Gruenwald-Giemsa for morpho
logical examination. AchE activity was determined by the method of
Jackson (7) as modified by Long and Williams (8). Briefly, the cells
were incubated with acetylcholine as the substrate at 37Â°Cfor 5 h, and

then the percentage of cells with AchE activity among at least 200
viable cells was determined. AchE activity was recognizable by the
presence of orange-blue granular deposits of copper ferrocyanide, the
ultimate reaction products of the AchE stain.

Assay of \-abl RNA. RNA was extracted using a concentrated Nal
solution from 2 x 10' Cl cells with or without drug treatment, and

mRNA was selectively bound to nitrocellulose sheets (9). The sheets
were washed with RNase-free water and 70% ethanol, and the immo
bilized mRNA was hybridized with 32P-labeled \-abI probe.

Labeling with 32PÂ¡and Immunoprecipitation. Exponentially growing

untreated cells or cells treated with various compounds for 13 h (5 x
106/ml) were suspended in the culture medium lacking phosphate and

containing 5% fetal bovine serum which had been dialyzed against 0.14
M NaCl and were incubated in the presence or absence of the test
compounds. Labeling was started by addition of 32PÂ¡(37 MBq/ml;
Amersham), and incubation proceeded for 5 h at 37Â°C.The labeled

cells were collected and washed three times with cold phosphate-
buffered saline and then lysed at 4Â°Cby sonication for 30 s in 50 mM

Tris-HCl (pH 7.5)-0.15 M NaCl-0.1% SDS-1% Triton X-100-0.5%
sodium deoxycholate-1 mM phenylmethylsulfonyl fluoride buffer. The
cell extract was clarified by centrifugation at 16,000 x g for 30 min
and treated with agarose-linked monoclonal antibody against phospho-
tyrosine (Oncogene Science, Manhasset, NY) for 16 h at 4Â°C.This

does not cross-react with phosphoserine, phosphothreonine, phospho-
histidine, or a variety of other phosphorylated molecules including
ribose phosphate, IMP, AMP, and ATP (10). Immunoprecipitates were
washed five times in 50 mM Tris-HCl (pH 7.5)-0.15 M NaCl-0.1%

4649

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/17/4649/2445012/cr0510174649.pdf by guest on 19 M

ay 2023



A-MuLV-RECOMBlNANT SV40 RETROVIRUS COINFECTION

SDS-1% Triton X-100-0.5% sodium deoxycholate-1 HIMphenylmeth-
ylsulfonyl fluoride buffer and then analyzed on four 20% SDS-poly-
acrylamide gradient gels followed by autoradiography with an intensi
fying screen.

Assay of Autophosphorylation of \-abl. Cultured cells were collected,
washed three times with cold phosphate-buffered saline, and lysed at
4"C by sonication for 30 s at 2 x IO7cells/ml in extraction buffer [20

HIM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, pH 7.4-0.15
M NaCl-0.1 mM Na3VO4-l mM EDTA-1% Triton X-100]. The cell
extract was clarified by centrifugation at 16,000 x g for 10 min, and
the supernatant was incubated with an antibody against ahi (Oncogene
Science) overnight at 4Â°C.The immunocomplex with anti-oW antibody

was precipitated with agarose-linked protein A (Zymed Labo, San
Francisco, CA) and washed five times with the extraction buffer. It was
then incubated with 150 kBq [7-32P]ATP (111 GBq/mmol) in 30 n\ of
protein kinase buffer [20 mM 4-(2-hydroxyethyl)-l-piperazineethane-
sulfonic acid and 20 mivi MnCU] for 20 min at 30Â°C.The precipitate

was then washed once with extraction buffer, suspended in 30 ^' of
electrophoresis sample buffer, separated on four 20% SDS-polyacryl-
amide gradient gels, and autoradiographed with an intensifying screen.

Materials. Herbimycin A was a gift from Dr. Y. Uehara (National
Institute of Health, Tokyo, Japan). Erbstatin was a gift from Prof. K.
Umezawa (Keio University, Yokohama, Japan). H-7, Â¿V-[2-(methyla-
mino)ethyl]-5-MethyIpiperazine,N-[2-(methylamino)ethyl]-5-isoquino-
linesulfonamide, and N-(2-guanidinoethyl)-5-isoquinolinesulfonamide
were obtained from Seikagaku Kogyo (Tokyo). Other kinase inhibitors
were purchased from Funakoshi Pharmaceutical Co. (Tokyo). Stock
solutions were prepared in dimethyl sulfoxide and diluted with ethanol
before use (final dimethyl sulfoxide concentration, 0.01%; final ethanol
concentration, 0.25-1%). Control cultures were inoculated with 0.01%
dimethyl sulfoxide and 1% ethanol alone. The solvents had no apparent
effect on the cells. VD3 was obtained from Chugai Pharmaceutical Co.
(Tokyo). TPA was from Consolidated Midland Co. (Brewster, NY).
Human abl antisense (5'-TACTGGCCGCTGAAGGGC-3') and v-abl
antisense (5'-GTTGACGGGGGTGATGTA-3') sequences were syn

thesized at Takara Biomedicals (Tokyo). The antisense oligomer is
complementary to 18 nucleotides of the first exon of v-abl (codons 1
to 6) (11). Analysis of the homology between the synthesized oligomer
and the murine sequences that are present in the GenBank database
shows that there is no homology between the sequence of the oligomer
and those of the other tyrosine kinase genes and human c-abl genes
studied thus far, suggesting that the antisense oligomer is unique to
mouse abl gene sequences.

RESULTS

Effects of Various Compounds on AchE Activity of Cl Cells.
AchE is a specific cytochemical marker of the megakaryocytic
lineage in mice and certain other species (7, 8). Therefore, after
culture of the cells with various compounds that are known to
affect differentiation of normal or leukemic hematopoietic cells
for 4 days, their cell number and AchE activity were measured.
Of the compounds tested, TPA, VD3, and some protein kinase
inhibitors significantly stimulated AchE activity (Table 1). H-
7, an inhibitor of protein kinase activity, was the most effective
of the compounds tested in increasing the number of AchE-
positive cells, and it induced AchE activity dose dependently
(Fig. 1). AchE activity was not increased by dimethyl sulfoxide
(0.25-2%), butyrate (0.25-1.5 mM), retinoic acid (10~8-10-6
M), dexamethasone (10~6 M), prostaglandin E2 (2 x 10~6 M), or

actinomycin D (0.5-2.5 ng/ml) (data not shown). Several re-
combinant cytokines, such as IL-1, -3, and -6, granulocyte-
macrophage CSF, tumor necrosis factor a, interferons ÃŸand 7,
transforming growth factor /3,and D-factor (leukemia inhibitory
factor), also did not stimulate AchE activity of Cl cells, although
some cytokines slightly inhibited growth of the cells (data not
shown).

Table 1 Effects of various compounds on induction of AchE activity ofCI cells
Cl cells (5 x 104/ml) were treated with various compounds for four days.

Average data Â±SD from four separate experiments.

Compound
Cell number

Concentration (xlO!/ml)

AchE activity
(% of positive

cells)

None 5.8 3.5 Â±0.2

Sodium n-butyrate(mM)Recombinant

IL-6(units/ml)TPA

(ng/ml)YD,

(ng/ml)Herbimycin

A(ng/ml)H-7

(Mg/ml)0.511002001510105010020303.11.76.15.55.44.13.85.24.94.72.12.84.1

Â±0.23.8
Â±0.24.4

Â±0.24.7
Â±0.35.6

Â±0.213.4
Â±0.629.1

Â±0.77.3

Â±0.418.0
+0.514.5

Â±0.664.1

Â±3.190.9

Â±4.3
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Fig. 1. Induction of AchE activity of Cl cells by H-7. The cells (5 x IO4cells)

were inoculated in 1 ml of the culture medium in a multidish (24 wells; Nunc,
Roskilde, Denmark) and treated with various concentrations of H-7 for 4 days.
AchE activity was determined by a cytochemical analysis. Points, average data
from four separate experiments; bars, SD.

Effect of H-7 on Growth and Differentiation of Cl Cells. H-7
inhibited growth of Cl cells appreciably at a concentration of
12.5 Mg/ml and caused 50% inhibition of growth at a concen
tration of about 30 Mg/ml. The inhibitory effect was cytostatic
rather than cytotoxic; the cell number increased slightly evenly
at a high concentration of H-7 (Fig. 2).

Untreated Cl (clone 24) cells were small and uniform in
size, with basophilic agranular cytoplasm, a single round nu
cleus, and a high nucleus-to-cytoplasm ratio (Fig. 3a). On
treatment with H-7, the cells became large, and giant cells
(more than 30 urn in diameter) were observed (Figs. 36 and 4).
Serum deprivation or treatment with cytotoxic drugs did not
induce enlargement of the cells, suggesting that the giant cells
were specifically induced by H-7. H-7-treated cells contained
multiple, separate nuclei, and occasionally their nuclei were
lobulated and irregular in shape (Fig. 3Â¿>).Their abundant,
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Fig. 2. Effect of H-7 on growth of Cl cells. Cells were treated with 0 (â€¢),10
(O), 30 P), and 50 (D) Mg/ml of H-7. Control cultures were treated with 0.01%
dimethyl sulfoxide-1% ethanol. Points, average data from three separate
experiments.

light-blue cytoplasm was packed with numerous small reddish-
blue granules, as in normal megakaryocytes. These results
indicate that H-7 induced functional and morphological megak-
aryocytic differentiation of Cl cells.

Effects of Various Kinase Inhibitors on Induction of AchE
Activity. C1-24 cells were treated for 4 days with the concentra
tions of inhibitors required for 50% inhibition of cell growth.
Of the inhibitors tested, H-7 and its analogues, genistein, and
herbimycin A strongly induced AchE activity of the cells (Table
2). All of these protein kinase inhibitors also induced morpho
logical changes in Cl cells. However, even at high concentra

tions, staurosporine and sphingosine, potent protein kinase C
inhibitors, did not induce AchE activity (data not shown). The
results suggest that differentiation of Cl cells is unrelated to
inhibition of protein kinase C activity.

Differentiation of Antisense Oligomer-treated Cells. For direct
determination of whether abl tyrosine kinase has a role in the
control of growth and differentiation of Cl cells, the cells were
treated with the abl antisense oligomers. The \-abl antisense
oligomer caused roughly linear dose-dependent inhibition of
proliferation of Cl cells. After treatment with 8 UM of the
antisense oligomer for 4 days, 26.6% of the cells became AchE-
positive, whereas only 3.8% of the untreated cells were AchE-
positive (Table 3). The viability of the treated cells was more
than 95%, like that of untreated cells. A human c-abl antisense
oligomer that was not complementary to \-abl mRNA served
as a control; exposure to this oligomer had no significant effect
on the proliferation or differentiation of Cl cells. The effect of
the antisense oligomer on the level of v-abl mRNA was exam
ined for comparison with the time course of induction of AchE-
positive cells. The reduction of abl RNA level could be seen
after 14 h of treatment with the antisense oligomer (Fig. 5). On
the other hand, the mRNA level of actin was unaffected by
exposure to the antisense oligomer. The induction of AchE
activity was preceded by the reduction of abl RNA level when
Cl cells were treated with 8 Â¿Â¿Mantisense oligomer.

Tyrosine-phosphorylated Proteins in Cl Cells Treated with
Various Compounds. The steady-state levels of tyrosine-phos-
phorylated proteins in Cl cells were determined by immuno-

precipitation with an antibody specific for phosphotyrosine.
Immunoprecipitation detected one major tyrosine-phosphory-
lated protein and several faint bands of tyrosine-phosphorylated

Fig. 3. Morphological changes of Cl cells treated with H-7. A, untreated Cl cells; B, cells treated with 40 Mg/ml of H-7 for 5 days, x 800.

4651

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/17/4649/2445012/cr0510174649.pdf by guest on 19 M

ay 2023



A-MuLV-RIX OMBINANT SV40 RETROVIRUS CO1NFECTION

1000

500

1000

e 500

d>
O

1000

500-

O 10 15 20 25

Diameter (/^m)

Fig. 4. Enlargement of Cl cells on treatment with H-7. Cells were treated with
40 Mg/ml of H-7 for 2 days (A) and 4 days (c). a, untreated Cl cells. Cell sizes of
viable cells were determined with a Coulter Counter Channelyzer.

Table 2 Effect of various profein kinase inhibitors on induction ofAchE activity
of CI cells

Cells were treated for 4 days with the K >,,concentrations of all inhibitors,
except HA 1004, which was added at 50 >ig/ml. Averages Â±SD for four separate
experiments.

InhibitorHerbimycin

A(31)Genistein
(32)Erbstatin
(33)ML9
(34)A3
(35)Staurosporine(36,

37)Sphingosine
(38)H-7
(24)H-8
(24)H-9
(24)HA

1004(24)NoneSpecificity

of
inhibitorTK"TKTKMLCPKA,

PKGPKC,
MLC,S6KPKCPKC,

PKA,PKGPKG,
PKAPKG,
PKAPKG,

PKAGrowth

inhibition
ICso(Mg/ml)0.011.251.317.026.590.060.8927.945.928.3>50Induction

of AchE
activity (% of
positivecells)41

Â±259
Â±229

Â±29Â±17Â±

14Â±112

Â±191
Â±327
Â±236

Â±326
Â±53Â±

1
Â°TK, tyrosine kinase; MLC, myosin light chain kinase; S6K, S6 kinase; PKA,

cAMP-dependent protein kinase; PKG, cGMP-dependent protein kinase; PKC,
protein kinase C; H-8, jV-[2-(methylamino)ethyl]-5-isoquinolinesulfonamide: H-
9, N-(2-aminoethyl)-5-isoquinolinesulfonamide; HA 1004. iV-(2-guanidinoethyl)-
5-isoquinolinesulfonamide.

Expressions of abl mRNA and Â«{Â¿/-associatedKinase Activity
in Genistein-treated Cells. The effects of H-7, genistein, and
herbimycin A on the level of abl mRNA were examined for
comparison with the autophosphorylation activity of v-abl.
Northern blot analysis showed that untreated Cl cells expressed
high levels of abl transcripts of heterogeneous molecular sizes
(6) and that treatment with H-7 for 3 days only slightly reduced
their mRNA expression (69% of control) (Fig. 7). Reduction in
the level of \-abl mRNA by genistein and herbimycin A was
detectable after 3 days, but Staurosporine did not affect v-abl
mRNA expression of Cl cells. On the other hand, a dramatic
reduction in autophosphorylation of the abl protein was ob
served to induce megakaryocytic differentiation in Cl cells
treated with herbimycin A at 30 ng/ml or genistein at 5 ^g/ml
(Fig. 8). Erbstatin, a potent inhibitor of tyrosine kinases, also
reduced the autophosphorylation of abl protein within 3 days
(data not shown). The reduction of genistein was detectable
after 6 h. Treatment with H-7, even for 2 days, did not reduce
autophosphorylation of v-abl protein (Fig. 8).

DISCUSSION

Cl cells showed the characteristics of the megakaryocytic
lineage, such as AchE activity, platelet glycoproteins GPIIb-
GPIIIa, and platelet peroxidase (6). These cells were found to
be megakaryoblastic cells that were capable of maturation and
differentiation. Addition of protein kinase inhibitors to their
culture medium induced the features of maturation. However,
none of the cytokines tested induced differentiation of Cl cells,
although some cytokines, such as IL-3, IL-6, and granulocyte-
macrophage CSF, stimulate megakaryopoiesis of normal bone
marrow cells (13-15). TPA enhanced expression of megakary-
ocytoid characteristics by some human leukemia cell lines (16-
17). TPA also induced megakaryocytic differentiation of Cl

Table 3 Effects of v-abl antisense oligomer on growth and differentiation of
Cl cells

Oligonucleotides ix . \i i were added after cell seeding and then at 24 h intervals.
Cell numbers and AchE activities were determined after 4 days.

Treatment with
oligomerNone

\-abl antisense
Human i- ubi antisenseCell

number
(% ofcontrol)100

Â±353
Â±4

102 Â±3AchE

activity
(% of positivecells)3.8

Â±0.6
26.6 Â±0.9

4.3 Â±0.5

proteins (Fig. 6). When Cl cells were labeled with '-PÂ¡for 5 h

in the presence of IC50 concentrations of VD,, TPA, and some
protein kinase inhibitors, early reduction of tyrosine phos-
phorylation was demonstrated with treatment of tyrosine kinase
inhibitors (genistein, herbimycin A, and erbstatin) or VDj (Fig.
6, Panel 1). Although early reduction by TPA was not observed
(data not shown), tyrosine-phosphorylated proteins were greatly
reduced in the cells pretreated with TPA for 13 h (Fig. 6, Panel
2). On the other hand, H-7 did not significantly affect tyrosine
phosphorylation of Cl cells, even when the cells were treated
overnight with H-7 (Fig. 6, Panel 2). Similar results were
obtained from analysis by immunoblots with the anti-phospho-
tyrosine antibody (data not shown). Staurosporine also did not
affect tyrosine phosphorylation of Cl cells (Fig. 6), although
Staurosporine was reported to inhibit platelet-derived growth
factor receptor tyrosine kinase activity in Swiss mouse 3T3
fibroblasts(12).

4652
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Fig. 5. Expression of \-abl and actin mRNAs in Cl cells treated with or
without v-aft/ antisense oligomer. Cl cells were treated with or without 8 MM
antisense oligomer for 14 h. Lane a, untreated cells; Lane b, \-abl antisense-
trealed cells.
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Fig. 6. Patterns of tyrosine-phosphorylated proteins of Cl cells treated with various compounds on SDS-polyacrylamide gel electrophoresis. In Panel I cells were
labeled with 3:PÂ¡for 5 h in the presence of 50 ng/ml of VD, (Lane b), or IC,0 concentrations of protein kinase inhibitors. Lane c, 30 Mg/ml H-7; Lane d. 1.25 fig/ml
genistein; Lane e, 60 ng/ml staurosporine; Laneâ€¢f. 1.3 /ig/ml erbstatin; Lane g, 10 ng/ml herbimycin A; Lane a. untreated cells. In Panel 2 cells were treated with 10
ng/ml TPA (Lane a), 30 >ig/ml H-7 (Â£an?c), 1.25 Â»jg/mlgenislein (Â¿an?d), or 10 ng/ml herbimycin A (Lane e) for 13 h and then suspended in the phosphate-free
culture medium with the test compounds. Lane b, untreated cells. After MPÂ¡labeling for 5 h, the cell extracts (3 x IO7 cpm) were immunoprecipitated with
phosphotyrosine monoclonal antibody, and the resulting immune complexes were analyzed by four 20% SDS-polyacrylamidc gradient gel electrophoresis. Molecular
standards (in thousands): 200k. myosin H-chain; 97.4k, phosphorylase h; 68k. bovine serum albumin.

cells, although less effectively than kinase inhibitors. These
results suggest that the sensitivities of Cl cells to hematopoietic
growth factors are quite different from those of normal progen
itors and other megakaryoblastic cell lines. This cell line will
be useful for studying the mechanisms controlling growth and
differentiation of cells transformed by retroviral oncogenes.

Infection of hematopoietic growth factor-dependent cells
with some retroviral oncogenes results in abrogation of depend
ence on the hematopoietic growth factors. The \-abl oncogene
has also been shown to abrogate the requirement of IL-3-
dependent cell lines for IL-3 (3, 5, 18, 19). These findings
clearly indicate that the \-abl oncogene interferes with the
control mechanisms of cellular proliferation, but its precise
function in hematopoietic differentiation is unknown. Rovera
et al. (5) demonstrated that granulocyte CSF induced terminal
granulocytic differentiation of the IL-3-dependent 32D C13 cell
line, derived from normal mouse bone marrow. Infection of the
cells with A-MuLV not only abrogated their requirement for
IL-3 but also abolished their potential for terminal differentia
tion in the presence of granulocyte CSF. However, after onset

of differentiation of the cells by granulocyte CSF, they became
resistant to transformation by the retrovirus. From these find
ings Rovera et al. (5) postulated that the \-abl oncogene has a

profound effect not only on the proliferation but also on the
differentiation potential of hematopoietic progenitor cells, and
that its ability to transform these cells may be largely by
mechanisms that block entry of the cells into pathways that
lead to terminal differentiation. On the other hand, HiÃ±es(20)
suggests that v-abl expression alone is not sufficient for main
taining the leukemogenicity of infected myeloid lineage cells
and that a machinery necessary for suppressing the action of
the viral oncogene product exists within normal cells.

In the present study, we demonstrated that the v-ao/antisense
oligomer specifically induced AchE activity of Cl cells and that
tyrosine kinase inhibitors also induced the enzyme activity. The
induction of AchE activity was preceded by reduction of \-abl
kinase activity in genistein-treated cells. These findings suggest
that induction of megakaryocytic differentiation of Cl cells is
associated with inhibition of v-abl expression. The human
leukemia cell line K562 expresses a structurally altered c-abl
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protein with tyrosine kinase activity. Erythroid differentiation
of K562 cells was induced by tyrosine kinase inhibitors but not
by other kinase inhibitors including H-7. The erythroid differ
entiation was also induced by treatment with human c-abl
antisense oligodeoxynucleotide but not with the sense oligomer.
These results suggest that inhibition of ahi tyrosine kinase
activity is closely related to induction of erythroid differentia
tion of K562 cells (21). When Cl cells were treated with VD3
or TPA, induction of differentiation was preceded by a reduc
tion of tyrosine phosphorylation, although the reduction was
not an early event. Therefore, the inactivation of tyrosine kinase
activity may be an important step toward entry into the differ
entiation pathway of leukemia cells for which tyrosine kinase
activities have been implicated as determinants of the oncogenic
state.

On the other hand, H-7, which was the most potent inducer

of differentiation of Cl cells, scarcely affected the level of
tyrosine-phosphorylated proteins, v-abl mRNA, or autophos-
phorylation of v-abl protein. These results suggest that H-7
may influence other pathways that lead to growth arrest and
megakaryocytic differentiation. The malignant state of Cl cells
was associated with the expression of simian virus 40 large T-
and small t-antigens in addition to v-abl (6). Inhibition of the
large T/small t functions may also cause conversion of the
blastic cells to differentiated cells. The large T-antigen is phos-
phorylated at 8 or more serine/threonine sites, and the phos-
phorylations affect its function (22). The large T-antigen forms

1 2 3

200k:

97.4k

68k

1

Fig. 8. Autophosphorylation of \ uhi protein in cells treated with H-7 or
genistein. Cells were incubated with (Lane 2) or without (Lane I) 50 fig/ml of
H-7 for 2 days and with (Lane 4) or without (Lane 3) 5 Â«eml of genistein for 10
li. The extracts were immunoprecipitated with anti-aWantibody, and the resulting
immune complexes were incubated with ["y-"P]ATP and analyzed by SDS-
polyacrylamide gel electrophoresis.

f

9

Fig. 7. Expression of v-abl RNA in Cl cells treated with various compounds.
Cl cells were treated with 10 ng/ml of TPA (Lane b), 50 ng/ml of VD3 (Lane c),
and K -Dconcentrations of protein kinase inhibitors for 3 days. I.une d, 60 ng/ml
staurosporine; Lane e, 10 ng/ml herbimycin A; Lane f, 1.25 (ig/ml genistein;
Lane g, 30 Â»ig/mlH-7; Lane a, untreated cells. Panel I, RNA in 5 x 10* cells;
Panel 2, RNA in 2.5 X IO4cells.

complexes with p53 tumor suppressor gene product and the
retinoblastoma protein, whose growth-suppressing function is
controlled by phosphorylation (23). The action of H-7 might

be associated with these phenomena.
H-7 is known to inhibit cAMP-dependent, cGMP-dependent,

and Ca2+-phospholipid-dependent (protein kinase C) protein

kinases, with apparent K, values of 3.0, 5.8, and 6.0 MM,respec
tively (24). H-7 also inhibits calmodulin-dependent protein
kinase II activity (25). Previous reports have indicated that H-

7 induces differentiation of human and murine neuroblastoma
cells and have suggested a role of protein kinase C in the control
of neural differentiation (26, 27). On the other hand, there are
several reports that the effects of H-7 are not exclusively me
diated through protein kinase C or cyclic nucleotide-dependent
kinases (28-30). The present findings suggest that induction of
megakaryocytic differentiation of Cl cells by H-7 may be caused
by an effect of H-7 unrelated to its known ability to inhibit
protein kinases. H-7, which is structurally unrelated to ATP,

inhibits protein kinases competitively with ATP (24). From this
fact, we suspect that some phosphorylations may be associated
with megakaryocytic differentiation of Cl cells induced by H-

7. Further work is required to define the molecular mechanisms
involved in the induction of differentiation by H-7.
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