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Staurosporine enhances ATRA-induced granulocytic
differentiation in human leukemia U937 cells
via the MEK/ERK signaling pathway
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Abstract. Although all-trans retinoic acid (ATRA) is regarded
as a prominent example of differentiation therapy, it is not
effective for the treatment of other subtypes of acute myeloid
leukemia (AML) beyond acute promyelocytic leukemia (APL).
Therefore, new strategies need to be explored to extend the
efficacy of ATRA-based therapy to non-APL AML patients.
In the present study, staurosporine, a protein kinase C (PKC)
pan-inhibitor, exhibited synergism with ATRA to promote
granulocytic differentiation in poorly ATR A-sensitive U937
cells but not in ATRA unresponsive K562 and Kasumi
cells. Staurosporine or the combined treatment did not
affect PKC activity in U937 cells. Moreover, other selective
PKC inhibitors, UCN-01, Go6976 or rottlerin failed to
enhance ATRA-induced granulocytic differentiation in U937
cells. Therefore, staurosporine-enhanced ATRA-induced
granulocytic differentiation in U937 cells may be independent
of PKC. Staurosporine activated mitogen-activated protein
kinase kinase (MEK) and extracellular signal-regulated
kinase (ERK). Meanwhile, staurosporine also enhanced
ATRA-promoted upregulation of the protein level of
CCAAT/enhancer-binding protein § (C/EBPf) and C/
EBPe¢ in U937 cells. Furthermore, blockade of MEK
activation suppressed staurosporine-enhanced differentiation
as well as the elevated protein level of C/EBPs. Taken
together, we concluded that staurosporine enhanced
ATRA-induced granulocytic differentiation in U937 cells
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via MEK/ERK-mediated modulation of the protein level of
C/EBPs.

Introduction

Acute myeloid leukemia (AML) accounts for approximately
80% of acute leukemia cases with a median age of 67 years (1).
Its incidence is expected to increase with the improvement in
life expectancy. In AML patients younger than 60 years, the
clinical management is based on high-dose chemotherapy.
However, in the majority of AML patients older than 60 years,
such chemotherapy is associated with high mortality. Thus,
the development of novel and effective anti-AML therapies is
urgently required.

Differentiation therapy, which is associated with relatively
less severe side effects, may be an alternative to chemotherapy
in this circumstance. All-trans retinoic acid (ATRA), a promi-
nent example of differentiation therapy, has been successfully
applied in the treatment of acute promyelocytic leukemia (APL)
for decades (2). The degradation of promyelocytic leukemia
(PML)-retinoic acid receptor (RAR) a fusion protein, the
key player in APL leukemogenesis, is widely accepted as one
of the important mechanisms of ATRA treatment in APL
patients (2). Unfortunately, ATRA-induced differentiation of
AML cells has only been observed in APL patients. Since the
RA signaling pathway is involved in the regulation of myeloid
differentiation and all other AML subtypes express RARs,
research approaches that further sensitize cells to ATRA
and extend the efficacy of ATRA-based therapy to non-APL
AML are being sought. Molecules involved in the epigenetic
modulation of the RA signaling pathway have become thera-
peutic targets of AML. For example, valproic acid (VPA), an
inhibitor of histone deacetylase, was found to exhibit a syner-
gistic differentiation-inducing effect with ATRA in an AML
cell line and primary AML cells (3). However, clinical trials of
VPA combined with ATRA in AML patients did not demon-
strate improvement in complete remission (4-6). Inhibition of
lysine-specific demethylase 1 by tranylcypromine was shown
to unlock the ATRA-triggered differentiation in non-APL
AML, suggesting that such epigenetic therapy with ATRA
may yield clinical benefit in AML (7). Other approaches which
prevented the degradation of RARa were also demonstrated to
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increase sensitivity to ATRA in ATRA-responsive cell lines,
HL-60 and NB4 (8,9).

Staurosporine is a highly potent but non-specific inhibitor
of protein kinase C (PKC), which has demonstrated antitumor
activity in a variety of cell lines by inducing apoptosis or
differentiation (10-14). Staurosporine was found to synergize
with ATRA to trigger granulocytic differentiation in the
ATRA-sensitive HL-60 cell line, an AML-M2 cell line with
morphology similar to APL cells but without the APL symbol,
PML-RARa fusion protein (15). Moreover, such synergism
was also observed in ATRA-resistant APL cell lines (16).
Since the differentiation induced by the combined treatment
was independent of the PML-RARa fusion protein in ATRA-
resistant APL cell lines (16) and such a combination was also
effective in one non-APL AML cell line HL-60, we were
encouraged to investigate the effect of the combined treatment
on other AML cell lines. The AML-M2b cell line Kasumi,
erythroleukemia cell line K562 and monocytic leukemia
cell line U937 were studied. Staurosporine could not restore
ATRA sensitivity in ATRA unresponsive cell lines, K562 and
Kasumi. However, it significantly enhanced ATR A-induced
granulocytic differentiation and upregulation of CCAAT/
enhancer-binding protein § (C/EBPf) and C/EBPe¢ in U937
cells. Both enhanced effects of staurosporine were dependent
on mitogen-activated protein kinase kinase (MEK)/extracel-
lular signal-regulated kinase (ERK) activation.

Materials and methods

Reagents. ATRA was purchased from Sigma-Aldrich
(St. Louis, MO, USA). UCN-1, Go6976, rottlerin, staurospo-
rine and U0126 were obtained from EMD Chemicals, Inc.
(San Diego, CA, USA). They were all dissolved in dimethyl
sulfoxide (DMSO) as a stock solution at 1 mM, 100 uM,
100 uM, 2 mM, 2 uM and 10 mM, respectively.

Cell culture, cell viability and cell proliferation. U937, K562
and Kasumi cell lines were cultured in RPMI-1640 medium,
supplemented with 10% fetal calf serum (Thermo Fisher
Scientific Inc., Waltham, MA, USA) in a humidified atmo-
sphere of 95% air/5% CO, at 37°C. To avoid possible effects of
cell density on cell growth and survival, the cells were main-
tained at less than 5x10° cells/ml. Cell viability was assessed
by trypan-blue exclusion assay. Actual viable cell numbers
were calculated by multiplying diluted times with the counted
viable cell numbers.

Cell differentiation assays. Cell maturation was evaluated by
cellular morphology and the content of cell surface differentia-
tion-related antigen CD11b. Morphology was determined using
May-Griinwald-Giemsa staining of cells centrifuged onto
slides by cytospin (500 rpm, 5 min; Shandon, Runcorn, UK)
and viewed at x1,000 magnification. The expression of cell
surface differentiation-related antigen CD11b was determined
by flow cytometry (EPICS XL; Beckman Coulter, Hialeah, FL,
USA). Fluorochrome-labeled anti-human CD11b/FITC anti-
bodies were purchased from Immunotech (Marseilles, France).

PKC activity assay by ELISA. Detection of PKC activity was
performed by ELISA using PKC kinase activity kit (Enzo Life
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Sciences, Inc., Farmingdale, N'Y, USA) according to the manu-
facturer's instructions. Briefly, the cells were lysed with lysis
buffer (20 mM MOPS, 1% NP-40,5 mM EGTA,2 mM EDTA,
1 mM DTT) and cell lysates were centrifuged at 13,000 rpm
for 20 min at 4°C. Supernatants were collected and quantified
by Bio-Rad DC protein assay (Bio-Rad Laboratories, Hercules,
CA, USA). Five micrograms of protein extracts together with
10 ug ATP were added to PKC substrate microtiter plate
and incubated at 30°C for 90 min. After washing four times,
samples were incubated with phospho-specific substrate anti-
body followed by horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG. Protein binding was quantified by adding TMB
substrate and measuring absorbance at 450 nm in a microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA).

Western blot analysis. Cells were washed with phos-
phate-buffered saline (PBS) twice and lysed with RIPA buffer
(Sigma-Aldrich). Cell lysates were centrifuged at 13,000 rpm
for 10 min at 4°C. Supernatants were collected and quantified
by Bio-Rad DC protein assay. Protein extracts were loaded
on 8% SDS-polyacrylamide gel, subjected to electrophoresis,
and transferred to polyvinylidene difluoride membranes (GE
Healthcare UK Ltd., Buckinghamshire, UK). After blocking
with 5% nonfat milk in PBS, the membranes were probed
with antibodies against C/EBPe, C/EBPf, anti-B-actin (all
from Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
phospho-MEK1/2 (Ser217/Try 221) and phospho-p44/42
Erk1/2 (Thr202/Try 204) (Cell Signaling Technology, Inc.,
Beverly, MA, USA). Then, the membranes were incubated
with HRP-conjugated secondary antibody (GE Healthcare
UK Ltd.). Immunocomplexes were visualized by a chemi-
luminescence kit (GE Healthcare UK Ltd.) according to the
manufacturer's instructions. To detect Erk1/2 and MEK1/2, the
same membrane incubated with the phosphorylated MEK1/2
or Erk1/2 was stripped with stripping buffer (2% SDS,
100 mM f-mercaptoethanol, 50 mM Tris, pH 6.8) followed
by blocking and probing with anti-MEK1/2 or anti-Erk1/2
(both from Cell Signaling Technology, Inc.). The density of the
protein band was quantitated using ImageJ software (National
Institutes of Health, Bethesda, MD, USA) and expressed as
the mean + standard deviation (SD) of the relative levels of the
objective protein and [-actin from three independent experi-
ments.

Statistical analysis. For the PKC kinase assay and quantitated
analysis of the proteins, a two-tailed unpaired Student's t-test
was used. The flow cytometric analysis of CD11b was analyzed
by Chi-square test ().

Results

Staurosporine enhances ATRA-induced granulocytic differen-
tiation in U937 cells. To investigate the effect of the combined
treatment of staurosporine and ATRA on K562, Kasumi and
U937 cells, we first tested the concentration of staurosporine
studied in these cell lines. Five nanomoles of staurosporine
was used to treat the K562 cells while 2 nM was applied to
treat the Kasumi and U937 cells since they were the maximum
concentrations with no obvious effects on cell proliferation
and survival in these cell lines for 72 h (data not shown). The
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Figure 1. Staurosporine promotes all-trans retinoic acid (ATRA)-induced granulocytic differentiation in U937 cells. (A) One representative image of the
morphologic analysis of U937, K562 and Kasumi cells treated with staurosporine (ST) or/and ATRA (RA) for 72 h. Magnification, x1,000. Similar results were
obtained in three independent experiments. (B) The representative histogram of flow cytometric analysis of CD11b expression in U937, K562 and Kasumi cells
following the indicated treatments for 72 h. The percentages of CD11b* cells are shown in the corresponding panels. (C) The bar graph of CD11b expression in
U937 cells for three independent experiments with the indicated treatments for 72 h. Each value represents the mean + SD of three independent measurements.
"P<0.001 vs. DMSO treated cells. ##P<0.001, indicates a significant difference between RA and ST+RA. (D) Cell growth and (E) viability of U937 cells
treated with the indicated drugs were assessed as described in Materials and methods. One representative experiment is shown. Each value represents the
mean + SD of triplicate samples. Similar results were obtained in three independent experiments.

corresponding DMSO concentrations were regarded as solvent
controls since both ATRA and staurosporine were dissolved
in it.

The cells were treated with 1 uM ATRA and the corres-
ponding concentration of staurosporine for 72 h. Parental
U937 cells presented irregular nuclei and a high nuclear/
cytoplasm ratio, which was almost retained in the cells treated
with 2 nM staurosporine (Fig. 1A, upper panel). After 1 uM
ATRA treatment for 72 h, cells with decreased nuclear/
cytoplasm ratio and kidney-shaped nuclei were observed.

Following the combined treatment of 2 nM staurosporine
and 1 uM ATRA for 72 h, cells displayed the appearance of
matured granulocytes, such as lobed nuclei accompanied by
markedly decreased nuclear/cytoplasm ratio (Fig. 1A, upper
panel). However, no significant morphological change was
presented in the K562 or Kasumi cells with either ATRA
treatment or the combined treatment for 72 h (Fig. 1A, middle
and lower panels). There was also no marked alteration in the
population of CD11b* cells in these two cell lines following
these treatments (Fig. 1B, middle and lower panels). As shown
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Figure 2. Assessment of protein kinase C (PKC) signaling. (A and B) PKC activity was assessed by ELISA as described in Materials and methods. One rep-
resentative experiment is shown. Each value represents the mean + SD of triplicate samples. Similar results were obtained in three independent experiments.
(A) Cells were treated with 1 M all-trans retinoic acid (ATRA) (RA) and/or 2 nM staurosporine (ST) for the indicated times. (B) Cells were incubated with
the indicated concentrations of staurosporine for 6 h. ““P<0.001 vs. DMSO-treated cells. (C) One representative image of the morphologic analysis of cells
treated with other PKC inhibitors or/and ATRA (RA) for 72 h. Magnification, x1,000. Similar results were obtained in three independent experiments. (D) The
representative histogram of flow cytometric analysis of CD11b expression in cells treated with other PKC inhibitors and ATRA (RA) for 72 h. The percentages
of CDI11b* cells are shown in the corresponding panels. Similar results were obtained in three independent experiments.

in Fig. 1B and C, consistent with the morphological change,
the percentage of CD11b* cells was enhanced following
ATRA treatment in the U937 cells (RA compared with
DMSO0, 29.6+3.2 vs. 2.0+0.5%, x*=2877.1, P<0.001). Although
staurosporine treatment alone did not elevate the percentage of
CD11b* U937 cells, following the combination of staurosporine
and ATRA, a more than additive effect was observed. The
percentage of CD11b* U937 cells was significantly increased
following the combined treatment (ST+RA compared with
DMSO, 57.3+2.9 vs. 2.0+0.5%, x*=7347.3, P<0.001; ST+RA
compared withRA,57.3£2.9vs.29.6+3.2%,%*=1561.4,P<0.001;
Fig. 1B and C). However, the percentage of CD14* U937 cells
was not altered with either ATRA or the combined treatment
(data not shown). Thus, it was demonstrated that staurosporine

enhanced ATRA-induced granulocytic differentiation in
the U937 cells but not in the ATRA-unresponsive K562 and
Kasumi cells. Meanwhile, staurosporine neither suppressed
cell proliferation nor affected ATRA-inhibited cell growth in
the U937 cells (Fig. 1D). The cell viability was maintained
above 90% with any treatment for 72 h (Fig. 1E).

Staurosporine-enhanced ATRA-induced granulocytic differ-
entiation in U937 cells is independent of PKC. To explore
the mechanisms of the enhanced effect of staurosporine on
ATRA-induced differentiation in U937 cells, we first examined
the role of PKC since staurosporine is a potent PKC inhibitor
with ICs, value of 2.7 nM in an isolated enzyme assay (10), a
slightly higher concentration than we used in this study. As
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Figure 3. Staurosporine activates mitogen-activated protein kinase kinase (MEK) and enhances the upregulated protein levels of CCA AT/enhancer-binding
protein § (C/EBPp) and C/EBPe by all-trans retinoic acid (ATRA). (A) Protein levels were detected by western blot analysis. Cells were treated with 2 nM stau-
rosporine (ST), 1 uM ATRA(RA) alone and the combined treatment (ST+RA) for 24 h. Expression of 3-actin was assessed as internal control. (B) Quantitated
analysis of proteins in the U937 cells treated with 2 nM staurosporine (ST) and/or ATRA (RA) for 24 h. Values are expressed as protein/B-actin. The data are
expressed as mean + SD of three experiments. "P<0.05, ““P<0.001 vs. DMSO-treated cells. *P<0.05, #P<0.01, indicate a significant difference between RA

and ST+RA.

shown in Fig. 2A, compared with the PKC activity noted in
the DMSO-treated cells, a similar level of PKC activity was
detected following treatment with 2 nM staurosporine or the
combined treatment. Staurosporine did inhibit PKC activity
in the U937 cells only at concentrations of 10 nM or higher
after a 6-h incubation (Fig. 2B). However, as mentioned above,
2 nM was the maximum concentration of staurosporine that
could be applied in this study. Therefore, 2 nM staurosporine
or the combined treatment had no effect on PKC activity.
U937 cells express PKC-fI, -pIIL, -9, -€ and - isoforms (17).
To further confirm the role of PKC, we evaluated whether the
combination of ATRA with several selective PKC inhibitors
could mimic the effect of staurosporine on ATRA-induced
differentiation in U937 cells. Go6976 (an inhibitor of PKC-q,
-pI and -u isoforms), UCN-01 (an inhibitor of PKC-a, -f3, -v,
-9, and -¢ isoforms) and rottlerin (an inhibitor of PKC-9, -a, -f,
-v, -€ and -C isoforms) were used in the following experiment.
Compared with ATRA treatment alone, no more matured cells
were observed following the combined treatment of ATRA and
any of the above selective PKC inhibitors (Fig. 2C). CD11b*
cells were slightly increased by the combined treatment of
rottlerin and ATRA while Go6976 or UCN-01 decreased the
ATR A-enhanced population of CD11b* cells (Fig. 2D). Thus,
these selective PKC inhibitors did not enhance ATR A-induced
differentiation in the U937 cells. Therefore, it was suggested
that staurosporine-enhanced ATRA-induced granulocytic
differentiation in U937 cells may be independent of PKC.

Staurosporine activates MEK/ERK and enhances ATRA-pro-
moted upregulation of C/EBPs. To further investigate the

molecular mechanisms of the enhanced effect of stauro-
sporine on ATR A-induced differentiation in U937 cells, we
focused on certain proteins or signaling pathways involving
in granulocytic differentiation. First, we examined the protein
level of C/EBPf and C/EBPe by immunoblotting. The induc-
tion of C/EBPf and C/EBPe expression is implicated in the
later stage of granulocytic differentiation (18,19). Moreover,
C/EBPP and C/EBPe were demonstrated to be required
for ATRA-mediated differentiation in APL cells (20,21).
Therefore, U937 cells were treated with 2 nM staurosporine,
1 uM ATRA, or the combined treatment for 24 h. As shown
in Fig. 3, ATRA enhanced the protein levels of both C/EBPf
and C/EBPe while staurosporine only slightly elevated the C/
EBPp protein level but not C/EBPe. However, with the addi-
tion of staurosporine to ATRA treatment, the upregulation of
C/EBPp and C/EBPe was more marked (Fig. 3).

Activation of MEK/ERK was demonstrated to be required
for some cytokine-induced myeloid differentiation as well
as ATRA-triggered granulocytic differentiation in APL
cells (22-26). To explore whether the MEK/ERK signaling
pathway was activated, phosphorylated MEK and ERK1/2
were assessed by western blot analysis in cells treated with
1 uM ATRA or/and 2 nM staurosporine for 24 h. As shown
in Figs. 3 and 4A, staurosporine but not ATRA increased
the amount of phosphorylation of MEK and ERK1/2. Similar
levels of phosphorylated MEK and ERK1/2 were detected
following the combined treatment. The total amount of MEK
and ERK1/2 in both cell lines remained almost unaltered.
Therefore, only staurosporine could activate the MEK/ERK
signaling pathway.
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Figure 4. Inhibition of mitogen-activated protein kinase kinase (MEK) activation blocks the enhanced differentiation effect of staurosporine on all-trans
retinoic acid (ATRA)-induced granulocytic differentiation. Cells were exposed to 10 M U0126 for 1 h prior to other treatments. (A) The attenuation of MEK
activation by U0126 (U) was measured by western blot analysis of phosphorylated extracellular signal-regulated kinase (ERK)1/2 in U937 cells with the
indicated treatments for 24 h (left panel). Expression of (3-actin was assessed as internal control. Quantitated analysis of p-ERK and ERK was expressed as
protein/B-actin (right panel). The data are expressed as mean = SD of three experiments. ““P<0.001 vs. DMSO-treated cells. #P<0.01, indicates a significant
difference between ST+RA and U+ST+RA. (B) Inhibitory effect of U0126 on morphologic changes in U937 cells incubated with the indicated drugs for
72 h. Magnification, x1,000. One representative experiment among three independent assays is shown. Similar results were obtained in three independent
experiments. The inhibitory effect of U0126 on differentiation was also confirmed by flow cytometric analysis of CD11b expression in U937 cells with the
indicated drugs for 72 h. (C) One representative histogram of flow cytometric analysis of CD11b expression. The percentages of CD11b* cells are shown in
the corresponding panels. (D) The bar graph of CD11b expression in U937 cells of three independent experiments with the indicated treatments for 72 h. Each

value represents the mean + SD of three independent measurements. ##P<0.001, indicates a significant difference between ST+RA and U+ST+RA.

MEK/ERK activation is required for the enhanced effect of
staurosporine on ATRA-induced granulocytic differentiation
and the upregulation of C/EBPs. Having validated the acti-
vation of MEK/ERK by staurosporine, we next ascertained
whether the MEK/ERK signaling pathway was required for
staurosporine-enhanced ATRA-induced granulocytic differ-
entiation in U937 cells. Cells were treated with 10 uM UO0126,
a specific inhibitor of MEK for 1 h prior to the other treat-
ments. The effectiveness of U0126 was assessed by ERK1/2
phosphorylation. U0126 did suppress ERK1/2 activation in
the U937 cells following the combined treatment (Fig. 4A).
Meanwhile, U0126 partially inhibited differentiation induced
by the combination of staurosporine and ATRA. Following

UO0126 pretreatment, typical granulocytic differentiated cells
with lobed nuclei observed following the combined treat-
ment were displaced by cells with kidney-shaped or round
nuclei, which were also presented following ATRA treat-
ment (Fig. 4B). However, U0126 pretreatment barely affected
the morphological change with ATRA treatment (Fig. 4B).
In addition, following U0126 pretreatment, the increased
percentage of CD11b" cells following the combined treatment
was significantly decreased to a similar level as that following
ATRA treatment (U+ST+RA compared with ST+RA,
31.9+3.1 vs. 57.3+2.9%, 4*=1312.8, P<0.001; Fig. 4C and D).
Whereas, U0126 only slightly suppressed the population of
CDl11b* cells with ATRA treatment (Fig. 4C and D). These



3078

A

DMSO ST RA

ONCOLOGY REPORTS 36: 3072-3080, 2016

ST+RA U U+RA U+ST+RA

C/EBPp —# —

C/EBPg —=

pacin — | W N W G S W —

Fold change of C/EBPpB
(normalized to f-actin)

Fold change of C/EBPg

(normalized to B-actin)

Figure 5. Inhibition of mitogen-activated protein kinase kinase (MEK) activation suppresses the enhanced effect of staurosporine on all-trans retinoic
acid (ATRA) upregulated protein levels of CCAAT/enhancer-binding proteins (C/EBPs). Cells were exposed to 10 xM U0126 for 1 h prior to other treat-
ments. (A) The protein levels of C/EBPf and C/EBPe in U937 cells with the indicated drugs for 24 h was determined by western blot analysis. Expression of
B-actin was assessed as internal control. (B and C) Quantitated analysis of C/EBPf and C/EBPe was expressed as protein/B-actin. The data are expressed as
mean = SD of three experiments. “P<0.05, #P<0.01, indicates a significant difference between ST+RA and U+ST+RA.

results excluded the effect of the MEK/ERK signaling pathway
on ATRA-triggered differentiation but highlighted its major
role in the enhanced effect of staurosporine on ATR A-induced
granulocytic differentiation in U937 cells.

Consistent with cell differentiation, U0126 pretreatment
attenuated the combined treatment-enhanced C/EBPf and
C/EBPe protein levels to a similar level of that following ATRA
treatment. However, the increased protein levels of C/EBPp
and C/EBPe following ATRA treatment were not altered in the
presence of U0126 (Fig. 5). Therefore, staurosporine-enhanced
upregulation of C/EBPf and C/EBPe following ATRA treat-
ment was mediated by the MEK/ERK signaling pathway.

Discussion

In the present study, we first demonstrated that staurosporine
enhanced ATRA-induced granulocytic differentiation in
U937 cells. A high concentration of staurosporine (1 yM) was
reported to induce necroptotic cell death while a relatively lower
concentration (100 nM staurosporine) was found to activate
rapid homotypic intercellular adhesion of U937 cells (27,28).
To the best of our knowledge, this is the first study to show that
very low concentrations of staurosporine exhibit synergism
with ATRA to promote granulocytic differentiation in U937
cells. However, the combination of staurosporine and ATRA
did not induce differentiation in ATRA-unresponsive cell
lines K562 and Kasumi. It was also previously shown that the
same combined treatment synergized to trigger differentiation
in ATRA-resistant APL cell lines NB4-R1 and NB4-R2 (16).
Although NB4-R1 and NB4-R2 cell lines were regarded as
ATR A-resistant cell lines, they are not completely unrespon-
sive to ATRA. They are just poorly sensitive to ATRA, that is,
ATRA slightly increased the content of CD11b* cells accom-
panied by some morphologically partial differentiation cells
in these two cell lines (16). Meanwhile, 5 nM staurosporine

also achieved the similar enhanced effect in ATRA-sensitive
HL-60 cells (15). Therefore, it was suggested that staurosporine
may only be able to enhance ATRA-promoted differentiation
but not to restore ATRA sensitivity.

Staurosporine is a potent but non-selective PKC inhibitor.
Some PKC isoforms regulate granulocytic differentiation,
that is, PKC-a was suggested to negatively modulate terminal
neutrophil differentiation while activated PKC-9 resulted in
ATRA resistance in APL cells (29,30). Thus, we first deter-
mined the role of PKC in the combination of staurosporine
and ATRA in U937 cells. Two nanomoles of staurosporine,
which was used in this study, did not suppress PKC activity.
However, being a PKC inhibitor, in concentrations of 10 nM
or higher, staurosporine did inhibit PKC activity in the U937
cells. Since the ICy, value of staurosporine, which was 2.7 nM,
was tested in isolated enzyme, it was possible that much higher
concentrations of staurosporine were required to suppress
PKC activity in the whole cell system. In further study, we
used other selective PKC inhibitors, whose inhibition spec-
trum covered all the PKC isoforms expressed in U937 cells.
However, it was confirmed that they all failed to enhance
ATRA-induced granulocytic differentiation in U937 cells.
Therefore, staurosporine-enhanced ATRA-induced granu-
locytic differentiation in U937 cells may be independent of
PKC. Some other biological effects of staurosporine were also
reported to be PKC-independent (31-35).

To further survey the possible mechanisms of the enhanced
effect of staurosporine on ATRA-induced differentiation in
U937 cells, due to sparse information regarding the mecha-
nisms of ATRA-triggered differentiation in U937 cells, we
focused on certain proteins or signaling pathways involved
in granulocytic differentiation. Although an abundance of
literature has highlighted the important role of the MEK/ERK
signaling pathway in promoting the proliferation and survival
of myeloid leukemia cells, rapid and sustained activation of
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MEK/ERK is also required for myeloid differentiation (22-26).
In addition, 100 nM staurosporine was demonstrated to activate
ERK in U937 cells (28). In the present study, staurosporine but
not ATRA activated the MEK/ERK signaling pathway and the
blockade of MEK activation inhibited staurosporine-enhanced
differentiation in the U937 cells. Meanwhile, consistent with
the fact that no MEK/ERK activation was detected following
ATRA treatment, inhibition of MEK activation barely affected
ATRA-induced differentiation. Therefore, it was concluded
that MEK/ERK activation was required for the enhanced
effect of staurosporine on ATRA-induced granulocytic differ-
entiation in U937 cells.

The protein levels of C/EBPB and C/EBPe were shown
to be increased following ATRA treatment in U937 cells.
Accompanied by the enhanced effect of staurosporine on
ATRA-induced granulocytic differentiation, the upregulation
of these two proteins was also elevated by the addition of
staurosporine to the ATRA treatment. Meanwhile, although
staurosporine activated MEK/ERK, it did not significantly
promote the expression of C/EBPf and C/EBPe as well as the
differentiation in U937 cells. Hence, it was suggested that the
increased protein levels of C/EBPf and C/EBPe are associated
with differentiation in this system. Interestingly, further study
confirmed that the inhibition of MEK activation suppressed the
enhanced effect of staurosporine not only on ATR A-induced
differentiation but also on the upregulation of protein levels
of C/EBPp and C/EBPe. Thus, the enhanced effect of stau-
rosporine on ATRA-induced granulocytic differentiation was
modulated by MEK/ERK-mediated upregulation of C/EBPp
and C/EBPe. Being the downstream target of the MEK/ERK
signaling pathway, the expression as well as the transcription
activity of C/EBPpP was modulated by MEK/ERK (36-40).
Moreover, in ATRA-treated APL cells, C/EBPfB was demon-
strated to promote the expression of C/EBPe (20). Hence, there
may exist an MEK-C/EBP-C/EBPe cascade in the enhanced
effect of staurosporine on ATRA-induced granulocytic differ-
entiation in U937 cells.

In conclusion, staurosporine synergized with ATRA to
promote granulocytic differentiation in poorly ATR A-sensitive
U937 cells but not in ATRA unresponsive K562 and Kasumi
cells. It was implicated that such a combination may be a
potential therapeutic strategy for various subtypes of AML
with poor sensitivity to ATRA. Staurosporine enhanced
ATRA-induced granulocytic differentiation in U937 cells via
MEK/ERK-mediated modulation of the protein level of C/
EBPs. Hence, stimulation of the MEK/ERK signaling pathway
or upregulation of C/EBPs may be an alternative therapeutic
approach for certain subtypes of AML.
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