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Abstract: All-trans retinoic acid (ATRA) resistance continues to be a critical problem in acute promyelocytic leukemia 
(APL)-relapsed patients. In this study, a clinically achievable concentration of enzastaurin synergized with ATRA to 
induce differentiation and apoptosis in ATRA-resistant APL cell lines, NB4-R1 and NB4-R2. Mechanistically, although 
enzastaurin is a protein kinase Cβ (PKCβ) inhibitor, PKCβ may not be required since the activity of PKCβ was not 
suppressed by enzastaurin-ATRA (enz-ATRA) co-treatment, and another PKCβ-selective inhibitor did not mimic the 
effects of enzastaurin. An MEK inhibitor but not a RAF-1 inhibitor suppressed enz-ATRA treatment-triggered differ-
entiation, activation of MEK/ERK and up-regulation of CCAAT/enhancer binding protein β (C/EBPβ) and/or PU.1. 
Therefore, RAF-1-independent MEK/ERK signaling was required for enz-ATRA treatment-induced differentiation via 
modulation of the protein levels of C/EBPβ and/or PU.1. Enz-ATRA treatment collapsed mitochondrial transmem-
brane potential without the activation of caspase-3, -6 and -7. Moreover, caspase-3/7- and caspase-6-specific in-
hibitors had no inhibitory effect on enz-ATRA treatment-triggered apoptosis. Therefore, enz-ATRA treatment-induced 
apoptosis was mitochondria-dependent but caspase-independent. Enz-ATRA treatment degraded PML-RARα, which 
may be involved in enz-ATRA treatment-induced dual effects and may also be beneficial for APL eradication. These 
findings may provide a potential therapy for ATRA-resistant APL patients.
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Introduction

Since the introduction of all-trans retinoic acid 
(ATRA) and arsenic trioxide (ATO) in the conven-
tional chemotherapy of acute promyelocytic 
leukemia (APL), the remission and overall sur-
vival have been dramatically improved to excep-
tional rates [1]. Nevertheless, there are still 
5%-10% patients who eventually relapse and/
or become resistant to ATRA [2]. Until now, ATO 
has been the first choice for ATRA-resistant 
relapsed APL patients [3]. However, as ATO 
therapy is more and more widely adopted in 
APL treatment, acquired resistance to ATO ther-
apy has been recognized in clinical practice [4]. 
Therefore, the development of novel approach-
es to avoid or reverse ATRA resistance contin-
ues to be a goal in the treatment of this dis-
ease. Gemtuzumab ozogamicin (GO) has been 

successfully used in combination with ATRA 
and ATO for newly diagnosed APL patients, as 
well as used as a single agent for patients with 
molecular relapsed APL [5-9]. However, no large 
randomized study of GO for APL treatment has 
been performed. LG-362B was demonstrated 
to overcome ATRA resistance in vitro and in vivo 
via targeting of PML-RARα [2]. However, the 
clinical applicability of LG-362B remains to be 
determined. Other agents, such as cAMP, STI- 
571, granulocyte colony-stimulating factor, tu- 
mor necrosis factor, oridonin, dasatinib, matrine 
and interferon-γ have been shown to synergize 
with ATRA to induce differentiation in ATRA-
resistant APL cells [10-17]. Clinical trials are 
urgently needed to verify their efficacy. 

Protein kinase C (PKC) is a family of serine/
threonine kinases, which consists of 13 iso-
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zymes that are involved in proliferation, differ-
entiation, apoptosis, cell migration and gene 
expression. Intensive studies have explored the 
role of PKC in carcinogenesis and have ren-
dered it as an attractive target for cancer ther-
apy. PKCα is specifically down-regulated during 
human neutrophil terminal differentiation, sug-
gesting its negative role in neutrophil differen-
tiation [18]. Although PKC activity has been 
confirmed to be increased by ATRA treatment, 
both in the APL cell line-NB4 and in APL primary 
cells, its role in ATRA-induced granulocytic dif-
ferentiation has been controversial [19-22]. A 
structural-biology study showed that ATRA  
competed with a PKC activator to bind to the 
C2-domian of PKCα and may thereby modula- 
te PKCα activity [23]. Interestingly, PKCα and 
PKCγ are able to phosphorylate retinoic acid 
receptor α (RARα) at S157 in vitro and subse-
quently disrupt the formation of RARα/retinoid 
X receptor (RXR) heterodimer, resulting in de- 
creased transcriptional activity [24]. Therefore, 
there is interference between retinoic acid 
(RA)-signaling and PKC-signaling pathways. Mo- 
reover, PKCδ contributes to ATRA resistance by 
overexpression of topoisomerase II β [19]. 
However, activated PKCδ has also been dem-
onstrated to be required for ATRA-induced dif-
ferentiation in APL cells [22]. Therefore, the role 
of PKCδ in ATRA-induced differentiation in APL 
cells has been disputed.

Enzastaurin is an isoenzyme-specific deriva- 
tive of PKC pan-inhibitor staurosporine. It was 
designed to suppress the activation of PKCβ by 
inhibiting the binding of ATP. Unlike the unac-
ceptable toxicity of staurosporine, enzastaurin 
has been demonstrated to be safe and well tol-
erated in multiple clinical trials. Moreover, it 
has exhibited promising anti-cancer activity in a 
variety of preclinical studies [25]. 

For hematological malignances, enzastaurin 
either as a single agent or in combination with 
other medicines exerts anti-cancer activity in 
acute myeloid leukemia, lymphoma and multi-
ple myeloma cells by inhibiting proliferation or 
promoting apoptosis [25]. However, to our kn- 
owledge, enzastaurin has not yet been report-
ed to induce/enhance differentiation. As men-
tioned above, since PKC may be one of the 
mediators of ATRA resistance in APL-relapsed 
patients and may also be the negative regula- 
tor of neutrophil-terminal differentiation, these 

phenomena prompted us to investigate wheth-
er enzastaurin could restore ATRA sensitivity in 
ATRA-resistant APL cell lines. This study used 
clinically achievable concentrations of enza-
staurin. Unexpectedly, the combination of enza-
staurin and ATRA (enz-ATRA) induced both ter-
minal granulocytic differentiation and apopto-
sis in ATRA-resistant APL cell lines, NB4-R1 and 
NB4-R2, in a dose-dependent manner. Further 
study showed that the enz-ATRA combinati- 
on-overcoming differentiation block required 
MEK/ERK-mediated modulation of the protein 
levels of CCAAT/enhancer-binding protein β (C/
EBPβ) and/or PU.1. Additionally, the enz-ATRA 
combination-induced apoptosis was mitochon-
dria-dependent but caspase-independent. En- 
zastaurin also synergized with ATRA to degrade 
PML-RARα, the pathogenic protein of APL.

Material and methods 

Reagents

ATRA was purchased from Sigma-Aldrich (St 
Louis, MO, USA). Enzastaurin and sorafenib 
tosylate were purchased from Selleckchem 
Chemicals (Houston, TX, USA). U0126 and Z- 
DEVD-FMK were obtained from EMD Chemicals 
(San Diego, CA, USA). Z-VEID-FMK was pur-
chased from R&D systems (Minneapolis, MN, 
USA). A PKCβ inhibitor was obtained from Merck 
(Darmstadt, Germany). All reagents were dis-
solved in dimethyl sulfoxide (DMSO).

Cell culture, cell viability and cell proliferation

The ATRA-resistant cell lines, NB4-R1 and NB4-
R2 (kindly gifted from Dr Michel Lanotte, Ho- 
pital Saint Louis, Paris, France), were cultured 
in RPMI-1640, supplemented with 10% fetal 
calf serum (Thermo Fisher Scientific Inc, Wal- 
tham, MA, USA) in a humidified atmosphere of 
95% air and 5% CO2 at 37°C. Trypan-blue exclu-
sion was used to evaluate cell viability. 

Cell differentiation assays

Cell maturation was evaluated by cellular mor-
phology, nitroblue tetrazolium (NBT) reduction 
assay and the content of cell surface differenti-
ation-related antigen CD11b. Morphology was 
determined with May-Grunwald-Giemsa’s stain-
ing and viewed at 1000× magnification. For 
NBT reduction, 1×106 cells were collected and 
incubated with 1 mg/mL NBT (Sigma-Aldrich) 
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solution containing 10 μM phorbol 12-myristate 
13-acetate (Sigma-Aldrich) at 37°C for 1 h. 
Cells were lysed by 10% sodium dodecyl sul- 
fate (SDS) and 0.04 M hydrochloric acid. The 
absorbance at O.D 570 nm was detected by 
spectrophotometer (Beckman Coulter, Brea, 
CA, USA). The expression of cell surface differ-
entiation-related antigen CD11b (Coulter, Mar- 
seilles, France), was determined via flow cytom-
etry (EPICS XL, Coulter, Hialeah, FL, USA).

Annexin-V analysis

Annexin-V assay was performed according to 
instructions provided in the Annexin V-7AAD 
Apoptosis Detection Kit (BD Biosciences Ph- 
armingen, San Diego, CA, USA). Briefly, 5×105 
cells were harvested and washed with binding 
buffer provided in the kit. Then, cells were incu-
bated with 5 μL annexin-V and 5 μL 7-Amino-
Actinomycin at room temperature in the dark 
for 15 min. Fluorescent intensities were deter-
mined via flow cytometry (Coulter).

Determination of mitochondrial transmen-
brane potentials (DYm) on flow cytometry

After washing twice with PBS, about 1×106 cells 
were incubated (37°C, 30 min) with 10 mg/mL 
rhodamine 123 (Rh123). Then, 50 mg/mL pro- 
pidium iodide (PI) was added to cells. Fluo- 
rescent intensities were determined via flow 
cytometry (Coulter).

Western-blotting analysis

Cells were washed with phosphate-buffered 
saline (PBS) and lysed with RIPA buffer (Sigma-
Aldrich). Cell lysates were centrifuged at 13,000 
rpm for 10 min at 4°C. Supernants were col-
lected and quantified by Bio-Rad Dc protein 
assay (Bio-Rad Laboratories, Hercules, CA, 
USA). Nest, 20 or 50 μg protein extracts were 
loaded onto 8% SDS-polyacrylamide gel, sub-
jected to electrophoresis, and were then trans-
ferred to polyvinylidene difluoride membranes 
(GE Healthcare UK Ltd, Buckinghamshire, UK). 
After blocking with 5% nonfat milk or BSA in 
PBS, the membranes were probed with the fol-
lowing primary antibodies: RARα, C/EBPβ, C/
EBPε, PU.1 from Santa Cruz Biotech (Santa 
Cruz, CA, USA); phospho-p44/42 Erk1/2 (Thr- 
202/Try204), phospho-MEK1/2 (Ser218/222), 
Phospho-PKC (pan) (βII Ser660), Phospho-
PKCα/βII (Thr638/641) from Cell Signaling Te- 

chnology (Beverly, MA, USA); β-actin from Sig- 
ma-Aldrich. Subsequently, membranes were in- 
cubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (GE Healthcare 
UK Ltd). Immunocomplexes were visualized 
with chemiluminescence kit (GE Healthcare  
UK Ltd) according to the manufacturer’s instr-
uctions. To detect Erk1/2, MEK1/2 and PKCβ, 
the same membrane incubated with the anti-
bodies to phosphorylated Erk1/2, MEK1/2 or 
PKCβ was stripped with stripping buffer (2% 
SDS, 100 mM beta-mercaptoethanol, 50 mM 
Tris, pH 6.8), followed by blocking and probing 
with anti-Erk1/2 (Cell Signaling Technology), 
anti-MEK1/2 (Cell Signaling Technology) or 
anti-PKCβ (Santa Cruz Biotech).

Immunofluorescent analysis for PML/PML-
RARa proteins

Cells were centrifuged onto slides and fixed 
with 4% paraformaldehyde. After blocking with 
5% BSA in PBS, cells were incubated with anti-
PML monoclonal antibody (Santa Cruz Biotech) 
for 1 h at room temperature. Then, cells were 
washed with PBS and incubated with FITC-
conjugated anti-mouse IgG (Sigma). Subsequ- 
ently, cells were washed with PBS and covered 
with mounting medium (Agilent Technologies, 
Santa Clara, CA, USA). Slides were viewed on a 
Zeiss LSM870 confocal fluorescent microscope 
(Carl Zeiss Microscopy GmbH, Jena, Germany).

Statistical analysis

For NBT reduction, a two-tailed paired Student’s 
t test was used (n = 3). The flow-cytometric 
analysis of CD11b was analyzed by chi-square 
test (n = 20,000).

Results

The combination of enzastaurin and ATRA 
induces terminal granulocytic differentiation 
and apoptosis of NB4-R1 and NB4-R2 cells in 
a dose-dependent manner

A phase I clinical trial using oral enzastaurin 
(500 mg QD or 250 mg BID) showed that the 
average drug concentration of enzastaurin and 
its active metabolite under steady-state condi-
tions (Cav, ss) is between 1120-2000 nM [26]. 
For feasibility in future clinical applications, this 
study used a clinically achievable concentra-
tion of 2 μM as the maximum concentration of 
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enzastaurin in both NB4-R1 and NB4-R2 cells. 
As illustrated in Figures 1A, 1B, 2A and 2B, a 
low concentration (1 μM) of enzastaurin treat-
ment alone for four days only suppressed prolif-
eration, while a high concentration (2 μM) of 
enzastaurin inhibited cell growth and also re- 
duced cell viability in both cell lines. The combi-
nation of 1 μM enzastaurin and ATRA attenuat-
ed proliferation and slightly decreased cell via-
bility in both cell lines. However, the combina-
tion of 2 μM enzastaurin and ATRA induced 
significant growth inhibition and cell-viability 
reduction in both cell lines. Therefore, the enz-
ATRA combination inhibited proliferation and 
triggered cell death in both cell lines in a dose-
dependent manner.

Morphologically, a slightly decreased nuclear/
cytoplasm ratio was observed in both cell lines 
treated with 1 μM enzastaurin for four days and 
in NB4-R1 cells treated with 1 μM ATRA for the 
same period (Figures 1C and 2C). After treat-
ment with 2 μM enzastaurin for four days in 
both cell lines, some cells presented a decr- 
eased nuclear/cytoplasm ratio with kidney-
shape nuclei, while some displayed nuclear 
fragmentation that was the characteristic of 
apoptosis (Figures 1C and 2C). More mature 
morphology was observed in both cell lines 
treated with any concentration of enzastaurin 
and ATRA co-treatment (Figures 1C and 2C). 
Moreover, with the combination of 2 μM enza-
staurin and ATRA for four days, fully granulo- 
cytic-differentiated cells, such as lobed nuclei 
accompanied by markedly decreased nuclear/
cytoplasm ratio were presented in both cell 
lines. Compared with 1 μM enzastaurin and 
ATRA co-treatment, more apoptotic cells were 
observed in both cell lines with 2 μM enzastau-
rin and ATRA co-treatment (Figures 1C and  
2C). In both cell lines, the content of Annexin V+ 
cells was increased with 2 μM enzastaurin or 
the combination of any concentration of enza-
staurin and ATRA for four days. The combina-
tion of 2 μM enzastaurin and ATRA had the 
highest content of Annexin V+ cells and showed 
synergistic effect (Figures 1D and 2D). Thus, 
apoptosis was induced by enz-ATRA combined 
treatment or by 2 μM enzastaurin in both cell 
lines. Consistent with the morphological re- 
sults, enz-ATRA treatment for four days also 
enhanced NBT reduction in a dose-dependent 
manner in both cell lines (Figures 1E and 2E). 
Moreover, a synergistic effect of enzastaurin 
and ATRA on the content of CD11b+ cells was 

also observed in a dose-dependent manner in 
both cell lines (Figures 1F, 1G, 2F and 2G). 
Therefore, these results demonstrate that the 
combination of enzastaurin and ATRA exerts 
dual effects, triggering differentiation and 
apoptosis in a dose-dependent manner.

PKCβ is not involved in enz-ATRA treatment-
triggered differentiation and apoptosis

To further investigate the mechanisms of enz-
ATRA treatment-triggered differentiation and 
apoptosis, 2 μM enzastaurin was used in the 
subsequent studies. Since enzastaurin was de- 
signed to inhibit PKCβ, we first examined the 
role of PKCβ in enz-ATRA treatment-triggered 
differentiation and apoptosis. Phosphorylation 
of Ser660 or Thr641 controls PKCβ activity 
[27]. Phosphorylation of Thr641 but not that of 
Ser660 could be detected. With any treatment 
for 3 h, the phosphorylated level of this site 
remained unchanged in NB4-R2 cells and was 
elevated in NB4-R1 cells (Figure 3A). Thus, en- 
zastaurin alone or in combination may not 
inhibit PKCβ activity. To further confirm the role 
of PKCβ, another PKCβ inhibitor was combined 
with ATRA to test whether such combination 
could mimic the effect of enzastaurin and ATRA 
co-treatment. According to manufacturer’s in- 
structions, the IC50 to inhibit PKCβI and PKCβII 
of this PKCβ inhibitor is 21 nM and 5 nM, 
respectively. 200 nM PKCβ inhibitor was used. 
There were no typical fully differentiated cells 
or apoptotic cells present with PKCβ inhibitor-
ATRA co-treatment in both cell lines (Figure 3B 
and 3C). Meanwhile, the content of CD11b+ 
cells was only slightly enhanced with PKCβ in- 
hibitor-ATRA co-treatment compared with AT- 
RA, but did not lead to a similar increase of 
CD11b+ cells by enz-ATRA co-treatment (Figure 
3D-F). The content of Annexin V+ cells was hard-
ly increased with PKCβ inhibitor-ATRA co-treat-
ment in both cell lines when compared with 
ATRA (Figure 3G and 3H). Therefore, enz-ATRA 
treatment did not inhibit the activity of PKCβ 
and PKCβ may not be required for enz-ATRA 
treatment-triggered differentiation and apop- 
tosis.

Enz-ATRA treatment degrades PML-RARα, el-
evates the protein levels of C/EBPβ and PU.1, 
and activates MEK/ERK pathway

PML-RARa is not only a molecular marker of 
APL but has also been demonstrated to play an 
important role in the pathogenesis of APL [1]. 
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Figure 1. Effects of enz-ATRA treatment on cell growth, survival, apoptosis and differentiation in NB4-R1 cells. NB4-R1 cells were treated with 1 μM (1EN), 2 μM 
enzastaurin (2EN), 1 μM ATRA (RA) and in enz-ATRA combination (EN+RA) for four days. One representative experiment of cell growth (A) and cell viability (B) is 
shown. Each value represents the mean ± SD of triplicate samples. Similar results were obtained in three independent experiments. Representative morphology 
of NB4-R1 cells treated with the indicated drugs for four days (C). Scale bar represents 5 μm and the magnification is 1,000. Similar results were obtained in three 
independent experiments. Annexin-V assay of NB4-R1 cells treated with enzastaurin or/and ATRA for four days (D). The percentages of Annexin V+ cells are shown 
in the corresponding panels. Results were representative among three independent experiments. Differentiation was also evaluated by NBT-reduction assay (E) and 
flow-cytometric analysis of CD11b expression in NB4-R1 cells (F) with the indicated treatment for four days. For NBT-reduction assay, one representative experiment 
is shown. Each value represents the mean ± SD of triplicate samples. Similar results were obtained in three independent experiments. For flow-cytometric analysis 
of CD11b expression, each value represents the mean ± SD of three independent measurements. *P<0.05, **P<0.01, ***P<0.001 versus DMSO treated cells. 
##P<0.01, ###P<0.001, versus ATRA treated cells. &&P<0.01, &&&P<0.001, as compared with 1EN+RA in NB4-R1 cells. The representative histogram of flow-
cytometric analysis of CD11b expression in NB4-R1 cells with the indicated treatment for four days is also shown (G). The percentages of CD11b+ cells are shown 
in the corresponding panels.
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Figure 2. Effects of enz-ATRA treatment on cell growth, survival, apoptosis and differentiation in NB4-R2 cells. NB4-R2 cells were treated with 1 μM (1EN), 2 μM 
enzastaurin (2EN), 1 μM ATRA (RA) and in enz-ATRA combination (EN+RA) for four days. One representative experiment of cell growth (A) and cell viability (B) is 
shown. Each value represents the mean ± SD of triplicate samples. Similar results were obtained in three independent experiments. Representative morphology 
of NB4-R2 cells treated with the indicated drugs for four days (C). Scale bar represents 5 μm and the magnification is 1,000. Similar results were obtained in three 
independent experiments. Annexin-V assay of NB4-R2 cells treated with enzastaurin or/and ATRA for four days (D). The percentages of Annexin V+ cells are shown 
in the corresponding panels. Results were representative among three independent experiments. Differentiation was also assessed by NBT-reduction assay (E) and 
flow-cytometric analysis of CD11b expression in NB4-R2 cells (F) with the indicated treatment for four days. For NBT-reduction assay, one representative experiment 
is shown. Each value represents the mean ± SD of triplicate samples. Similar results were obtained in three independent experiments. For flow-cytometric analysis 
of CD11b expression, each value represents the mean ± SD of three independent measurements. **P<0.01, ***P<0.001 versus DMSO treated cells. ##P<0.01, 
###P<0.001, versus ATRA treated cells. &&P<0.01, &&&P<0.001, as compared with 1EN+RA in NB4-R2 cells. The representative histograms of flow-cytometric 
analysis of CD11b expression in NB4-R2 cells with the indicated treatment for four days are also shown (G). The percentages of CD11b+ cells are shown in the cor-
responding panels. 
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Figure 3. PKCβ may not be involved in enz-ATRA treatment-induced differentiation and apoptosis. (A) NB4-R1 (left panel) and NB4-R2 (right panel) cells were treated 
with 2 μM enzastaurin (ENZA), 1 μM ATRA (RA) alone and in combination (ENZA+RA) for 3 h. The activation of PKCβ was measured by Western-blotting analysis 
of phosphorylated PKCβ at serine 641. The same membrane incubated with anti-phospho-PKCβ (Ser 641) was stripped and followed by detection of PKCβ. The 
expression of β-actin was evaluated as internal control. The morphology of NB4-R1 (B) and NB4-R2 (C) cells treated with 200 nM PKCβ inhibitor and/or 1 μM ATRA 
(RA) for four days. Scale bar represents 5 μm and the magnification is 1,000. One representative experiment among three independent assays is shown. Differen-
tiation was also assessed by flow-cytometric analysis of CD11b expression (D), and each value represents the mean ± SD of three independent measurements. 
##P<0.01, versus ATRA treated cells. The representative histograms of flow-cytometric analysis of CD11b expression in NB4-R1 (E) and NB4-R2 (F) cells with the 
indicated treatment for four days are also shown. Apoptosis was evaluated by flow-cytometric analysis of Annexin-V in NB4-R1 (G) and NB4-R2 (H) cells with the 
indicated treatment for four days. The percentages of CD11b+ cells or Annexin-V+ cells are shown in the corresponding panels. Similar results were obtained in three 
independent experiments.
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ATRA and ATO are both regarded as successful 
examples of targeted therapy for malignance 
due to their ability to degrade PML-RARα. As 
shown in Figure 4A, ATRA treatment alone for 
72 h decreased the protein level of PML-RARα 
in NB4-R1 cells, but not NB4-R2 cells, while 
enz-ATRA treatment promoted the degradation 
of PML-RARα in both cell lines. PML-RARα se- 

31]. In this study, with enz-ATRA treatment for 
24 h, the protein levels of PU.1 and C/EBPβ, 
especially the short form but not C/EBPε, was 
remarkable elevated in both cell lines (Figure 
4A).

The mounting literature has highlighted the 
important role of MEK/ERK pathway in certain 

Figure 4. Enz-ATRA treatment degrades PML-RARa, enhances the protein 
levels of C/EBPβ and PU.1 and activates MEK/ERK pathway. A. NB4-R1 (left 
panel) and NB4-R2 (right panel) cells were treated with 2 μM enzastaurin 
(ENZA), 1 μM ATRA (RA) alone and in combination (ENZA+RA) for 12 h, 24 h 
or 72 h. The same membrane incubated with the antibodies to phosphory-
lated Erk1/2 or MEK1/2 was stripped and followed by detection of MEK and 
ERK1/2. Each time point has the corresponding expression of β-actin as 
internal control. Similar results were obtained in three independent experi-
ments. B. Subcellular localization of PML/PML-RARa was analyzed by immu-
nofluorescence with the indicated treatments for 72 h. One representative 
experiment among three independent assays is shown.

questers PML from PML nu- 
clear body (PML-NB) and dis-
rupts PML-NB, whereas the 
degradation of PML-RARα by 
ATRA treatment restores PML-
NB [3]. PML-NB was visualized 
as a doughnut-shaped mac- 
romolecular structure by imm- 
unofluorescent analysis with  
an anti-PML antibody. In APL 
cells, PML-RARα delocalized 
PML into aberrant micro-spe- 
ckled nuclear structures. As 
shown in Figure 4B, in NB4-
R1 and NB4-R2 cells, hun-
dreds of very small intranucle-
ar dots were detected. With 
enz-ATRA treatment for 72 h, 
the micro-punctate nuclear 
dots were replaced with a few 
large nuclear dots in some 
NB4-R1 and NB4-R2 cells. Th- 
is result suggests that PML-
NB was restored in some cells 
with enz-ATRA treatment via 
degradation of PML-RARα. 

Next, we explored the mecha-
nisms of enz-ATRA treatment-
induced differentiation. Since 
RA is a natural differentiation 
inducer of granulocytes and 
the addition of enzastaurin ov- 
ercame ATRA resistance in 
APL cells, we investigated sev-
eral proteins and signal path-
ways involved in ATRA-induced 
differentiation in APL cells. C/
EBPβ, C/EBPε and PU.1 (a me- 
mber of the ets family) play a 
crucial role in the maturation 
of the myeloid lineages [28]. 
In addition, their expression 
was reported to be induced by 
ATRA, and they were all re- 
quired for ATRA-promoted dif-
ferentiation in APL cells [29-
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cytokine-induced myeloid differentiation, as 
well as in ATRA-triggered differentiation of APL 
cells [32-34]. As shown in Figure 4A, 12 h ear-
lier than the induction of C/EBPβ and PU.1, the 
phosphorylation of MEK and ERK was enhanced 
significantly with enz-ATRA treatment in both 
cell lines. Thus, the enz-ATRA combination acti-
vated MEK/ERK pathway earlier than its modu-
lation of C/EBPβ and PU.1.

Enz-ATRA treatment induces differentiation 
through RAF-1-independent MEK/ERK modu-
lation of the protein levels of C/EBPβ and/or 
PU.1

To further investigate the role of MEK/ERK 
pathway in enz-ATRA treatment-triggered dif- 
ferentiation and apoptosis, cells were pretreat-
ed with 0.5 μM U0126, which is a specific in- 
hibitor of MEK. Of note, this concentration of 
U0126 was confirmed to be the highest that 
had no effect on cell viability when added to 
enz-ATRA treatment. U0126 attenuated MEK 
activity in both cell lines, as determined by 
Western blotting of phosphorylated ERK1/2 
(Figure 5A and 5B). With U0126 pretreatment, 
fully differentiated cells observed in enz-ATRA 
treatment were replaced by primary cells with  
a large nuclear/cytoplasm ratio and round 
nuclei in both cell lines. However, typical apop-
totic cells were still present (Figure 5C and 5D). 
The contents of CD11b+ cells were also signifi-
cantly suppressed by U0126 in both cell lines 
(Figure 5F-H). Meanwhile, Annexin V+ cells were 
partially inhibited by U0126 pretreatment (Fi- 
gure 5E). Since there is post-maturation apo- 
ptosis, U0126 partially inhibiting apoptosis 
might be the result of the suppression of dif-
ferentiation. To clarify the source of apoptotic 
cells inhibited by U0126, cells were double-
stained by CD11b and Annexin V. About half of 
differentiated cells (CD11b+ cells) underwent 
apoptosis in NB4-R1 and NB4-R2 cells (Anne- 
xin V+/CD11b+ cells compared with CD11b+ 
cells, 34.7±2.1% vs. 74.8±3.3% in NB4-R1 cells 
and 44.6±2.6% vs. 79.3±4.5% in NB4-R2 cells, 
Figure 5F, 5I and 5J). Moreover, most of the 
cells inhibited by U0126 were CD11b+ cells in 
both cell lines (U+En+RA compared with EN+ 
RA, Annexin V+/CD11b+ cells in NB4-R1 were 
26.4±1.3% vs. 34.7±2.1%, Annexin V+/CD11b- 
cells in NB4-R1 were 4.8±0.7% vs. 5.6±0.6%, 
Annexin V+/CD11b+ cells in NB4-R2 were 24.3± 
1.6% vs. 44.6±2.6%, Annexin V+/CD11b- cells 

in NB4-R2 were 9.4±1.7% vs. 14.2±2.3%, 
Figure 5I and 5J). Therefore, about half of  
differentiated cells underwent apoptosis and 
U0126 mainly suppressed post-maturation 
apoptosis. These results suggest that the 
U0126 inhibitory effect on apoptosis might be 
the result of its suppression of differentiation. 
In the presence of U0126, enz-ATRA treatment-
enhanced protein level of PU.1 was remarkably 
decreased in both cell lines while the protein 
level of C/EBPβ was suppressed only in NB4-
R2 cells (Figure 5K and 5L). Taken together, 
these results demonstrate enz-ATRA treatment-
induced differentiation via MEK/ERK modula-
tion of the protein levels of C/EBPβ and/or 
PU.1, while MEK/ERK pathway may have only  
a limited effect on enz-ATRA combination-
induced apoptosis.

RAF-1 is a classical upstream regulator of  
MEK/ERK pathway. To clarify whether RAF-1 
was required for enz-ATRA activation of MEK/
ERK pathway, cells were pretreated with 0.5 
μM sorafenib tosylate, a specific inhibitor of 
RAF-1 for 1 h. However, sorafenib tosylate did 
not attenuate the phosphorylation of MEK in 
both cell lines (Figure 6A and 6B). Meanwhile, 
sorafenib tosylate did not inhibit enz-ATRA 
treatment-induced differentiation, as determ- 
ined by morphology (Figure 6C and 6D) and 
CD11b expression (Figure 6E-G). Thus, enz-
ATRA combination-induced differentiation and 
activation of MEK/ERK pathway may be inde-
pendent of RAF-1.  

Enz-ATRA treatment-triggered apoptosis is 
mitochondria-dependent but caspase-indepen-
dent

Apoptosis can be classified into extrinsic apop-
tosis which is death receptor-dependent, and 
intrinsic apoptosis which is mitochondria-de- 
pendent [35]. The mitochondrial transmembr- 
ane potential (Δψm) was assessed by uptake of 
rhodamine 123 (Rh123). With double staining 
of Rh123 and PI, most untreated and ATRA-
treated NB4-R1 and NB4-R2 cells were PI neg-
ative and Rh123 positive. With enzastaurin 
treatment for four days, Rh123 negative cells 
were presented and enz-ATRA treatment re- 
markably elevated this cell population in both 
cell lines (Figure 7A and 7B). Thus, enz-ATRA 
treatment-triggered apoptosis acted through 
an intrinsic apoptotic pathway. Apoptosis is ma- 
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Figure 5. MEK inhibition primarily suppresses differentiation and restores the protein levels of C/EBPβ or PU.1. Cells were exposed to 0.5 μM U0126 for 1 h prior 
to other treatment. The attenuation of MEK activation by U0126 (U) was detected by Western-blotting analysis of phosphorylated ERK1/2 in NB4-R1 (A) and NB4-
R2 cells (B) with indicated treatments for 12 h and 36 h, respectively. The same membrane incubated with the antibody to phosphorylated Erk1/2 was stripped 
and followed by detection of ERK1/2. Similar results were obtained in three independent experiments. Effect of U0126 on morphology in NB4-R1 (C) and NB4-R2 
cells (D) incubated with the indicated drugs for four days. Scale bar represents 5 μm and the magnification is 1,000. One representative experiment among three 
independent assays is shown. Similar results were obtained in three independent experiments. The effect of U0126 on apoptosis and differentiation was also con-
firmed by Annexin-V assay (E) and flow-cytometric analysis of CD11b expression (F) in NB4-R1 and NB4-R2 cells with the indicated treatments for four days. Each 
value represented the mean ± SD of three independent measurements. ###P<0.001 versus ENZA+RA. The representative histograms of flow-cytometric analysis 
of CD11b expression in NB4-R1 (G) and NB4-R2 cells (H) with the indicated drugs for four days are also shown. The percentages of CD11b+ cells are shown in the 
corresponding panels. The column graph of CD11b and Annexin V double staining in NB4-R1 (I) and NB4-R2 cells (J) with the indicated drugs for four days. Results 
were representative among three independent experiments. The protein levels of C/EBPβ and PU.1 in NB4-R1 (K) and NB4-R2 (L) cells with the indicated drugs 
for 48 h was determined by Western-blotting analysis. Expression of β-actin was assessed as internal control. Similar results were obtained in three independent 
experiments.
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Figure 6. RAF-1 is not required for enz-ATRA combination-activated MEK/ERK pathway and dif-
ferentiation. NB4-R1 and NB4-R2 cells were pretreated with 0.5 μM sorafenib tosylate (SORA) 
for 1 h. The effect of SORA on MEK activation was measured by phosphorylated MEK with the 
indicated treatments for 12 h and 36 h respectively in NB4-R1 (A) and NB4-R2 cells (B). The 
same membrane incubated with the antibody to phosphorylated MEK was stripped and followed 
by detection of MEK. Expression of β-actin was assessed as internal control. Similar results were 
obtained in three independent experiments. The effect of SORA on enz-ATRA treatment-induced 
differentiation for four days was observed by morphologic changes in NB4-R1 (C) and NB4-R2 
cells (D). Scale bar represents 5 μm and the magnification is 1,000. One representative experi-
ment among three independent assays is shown. The effect of SORA on enz-ATRA treatment-
induced differentiation was also confirmed by flow-cytometric analysis of CD11b expression (E). 
Each value represents the mean ± SD of three independent measurements. ###P<0.001 ver-
sus ENZA+RA. The representative histograms of flow-cytometric analysis of CD11b expression 
in NB4-R1 (F) and NB4-R2 cells (G) with the indicated drugs for four days are also shown. The 
percentages of CD11b+ cells are shown in the corresponding panels.
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inly mediated by caspases, which are subdivi- 
ded into initiators and executors, the latter of 
which include caspase-3, -6 and -7. Caspases 
normally exist as inactive zymogens and are 
cleaved into large and small subunits when 
being activated [35]. As shown in Figure 7C and 
7D, caspase-3 and -7 remained intact with any 
treatment for four days in both cell lines, while 
caspase-6 was not detected. Further studies 
showed that different concentrations of DEVD 
(caspase-3/7 inhibitor) or VEID (caspase-6 in- 
hibitor) did not suppress enz-ATRA treatment-
promoted apoptosis in either cell lines (Figure 
7E and 7F). Therefore, enz-ATRA treatment-trig-
gered apoptosis may be caspase-independent.

Discussion

In this study, the combination of enzastaurin 
and ATRA exerted dual effects, triggering differ-
entiation and apoptosis in a dose-dependent 
manner in ATRA-resistant APL cell lines. En- 
zastaurin has been reported to promote apop-
tosis or inhibit proliferation in a variety of malig-
nances [25]. To our knowledge, this is the first 
study to demonstrate enzastaurin’s differentia-
tion-enhancing and ATRA-resistance-reversing 
effects at a clinically achievable concentration. 
Hence, the efficacy of enz-ATRA combination  
on the primary cells from APL-relapsed pati- 
ents merits further investigation.  

Although enzastaurin was designed to target 
PKCβ, the activity of PKCβ was not inhibited 
either by enzastaurin alone or with enz-ATRA 
treatment. Moreover, another PKCβ specific in- 
hibitor could not mimic the effect of enzastau-
rin in its combination with ATRA. Thus, PKCβ 
might not involve in enz-ATRA combination-in- 
duced differentiation and apoptosis. PKCβ-in- 
dependent effect of enzastaurin has also been 
reported in other cell lines [36-38]. Enzastaurin 
inhibits PKCβ at lower concentrations, while it 
also inhibits other PKC isozymes at higher con-
centrations reached in clinical trials (1-4 μM) 
[36]. Thus, we still cannot exclude the involve-
ment of other PKC isozymes in enz-ATRA treat-
ment-induced dual effects.

In this study, further experiments showed that 
MEK/ERK pathway was activated, and that the 
protein levels of C/EBPβ and PU.1 were elevat-
ed remarkably with enz-ATRA treatment. An 

MEK specific inhibitor, U0126, suppressed enz-
ATRA treatment-induced differentiation and re- 
stored protein levels of C/EBPβ and/or PU.1. 
Although U0126 partially inhibited enz-ATRA 
combination-triggered apoptosis, it was con-
firmed that the inhibitory effect of U0126 on 
apoptosis was the result of its suppression of 
differentiation. Unexpectedly, a specific inhibi-
tor of RAF-1, sorafenib tosylate, neither attenu-
ated the phosphorylation of MEK nor inhibit- 
ed enz-ATRA treatment-induced differentiation. 
Hence, enz-ATRA combination-induced differ-
entiation was controlled by RAF-1-independent 
MEK/ERK-mediated modulation of the protein 
levels of C/EBPβ and/or PU.1. Mounting evi-
dence has indicated a critical role of MEK/ERK 
signaling in myeloid differentiation and its in- 
duction of C/EBPβ and PU.1 expression [32-34, 
39-41]. However, the mechanisms of how MEK/
ERK signaling regulates the expression of C/
EBPβ and PU.1 remain unknown. Since PKC, 
phosphatidylinositol-3 kinase (PI3K), protein 
kinase A (PKA) and MEK kinase (MEKK) are all 
known upstream kinases to activate MEK, RAF-
1-independent MEK/ERK activation is not rare 
[42-45]. 

The degradation of PML-RARα fusion protein, 
the main driver of APL, by two active drugs, ATO 
and ATRA has been regarded as the key me- 
chanism of successful therapy for APL. In the 
present study, the addition of enzastaurin was 
shown to promote the degradation of PML-
RARα in both cell lines. The mechanism of en- 
zastaurin accelerating the degradation of PML-
RARα by ATRA remains to be elucidated. How- 
ever, the MEK/ERK pathway might not be 
involved since ATRA has been demonstrated to 
degrade PML-RARα by a caspase-3-like protea-
some, and the role of MEK/ERK in PML-RARα 
destruction has been ruled out in ATRA-induced 
differentiation in APL cells [34, 46]. Although 
other agents in combination with ATRA have 
been shown to induce differentiation in ATRA-
resistant APL cell lines, they have failed to 
degrade PML-RARα [10-12, 14, 16]. It is note-
worthy that loss of PML-RARα has been demon-
strated to be essential for APL clearance [46]. It 
has been suggested that, similar to ATRA or 
ATO, the combination of enzastaurin and ATRA 
might eradicate APL due to abolishing leuke-
mia-initiating activity of PML-RARα. Whether 
enz-ATRA treatment has the same efficacy as 
ATRA and/or ATO needs to be further surveyed. 
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Figure 7. Enz-ATRA treatment-triggered apoptosis is mitochondria-dependent but caspase-independent. NB4-R1 (A) and NB4-R2 (B) cells were treated with 2 μM en-
zastaurin (EN) and/or 1 μM ATRA (RA) for four days. One representative scatter plots of flow-cytometric analysis of mitochondrial transmembrane potential (assessed 
by uptake of rhodamine 123 [Rh123]) is shown. The percentages of Rh123- cells are shown in the corresponding panels. Western-blotting analysis of caspase-3, 
caspase-6 and caspase-7 in NB4-R1 (C) and NB4-R2 (D) cells treated with 2 μM enzastaurin and/or 1 μM ATRA for 24 h. Expression of β-actin was assessed as 
internal control. Similar results were obtained in three independent experiments. NB4-R1 and NB4-R2 cells were pretreated with different concentrations of (1, 2, 4 
μM) DEVD (caspase-3/7 inhibitor) or different concentrations of (1, 5, 10 μM) VEID (caspase-6 inhibitor) for 1 h prior to enz-ATRA treatment for four days. The effect 
of DEVD or VEID on enz-ATRA treatment-triggered apoptosis in NB4-R1 (E) and NB4-R2 (F) cells was determined by Annexin V analysis. The percentages of Annexin 
V+ cells are shown in the corresponding panels. Results were representative among three independent experiments.
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In ATRA-treated APL cells, the degradation of 
PML-RARα could reinitiate myeloid differentia-
tion by forming RA-bound RARα complex [3]. 
The degradation of PML-RARα by enz-ATRA 
combination might also trigger differentiation 
in a similar manner. 

Due to the collapse of Δψm by enz-ATRA tre- 
atment, the combination of enzastaurin and 
ATRA-triggered apoptosis was mitochondrial-
dependent. However, enz-ATRA treatment did 
not activate any of known executor casapses 
and the inhibitors of these caspases could not 
suppress enz-ATRA treatment-promoted apop-
tosis. Thus, enz-ATRA treatment-triggered ap- 
optosis was caspase-independent. Consistent 
with our study, caspase has also not been 
required for enzastaurin-induced apoptosis in 
multiple myeloma cell line [37]. Besides execu-
tor casapses, nuclear translocation of apopto-
sis-inducing factor (AIF), apoptosis-inducing fa- 
ctor-homologous mitochondrion-associated in- 
ducer of death (AMID) or endonuclease G (en- 
do G) promotes caspase-independent apopto-
sis [47-49]. Whether these proteins were in- 
volved in enz-ATRA treatment-triggered apopto-
sis remains to be elucidated. Moreover, PML-
RARa fusion protein could disrupt PML-NB and 
interfere with the normal function of PML as a 
growth suppression and apoptotic activator by 
forming heterodimers with PML [46]. Since 
PML-NB was shown to be recovered with enz-
ATRA treatment in some cells, the destruction 
of PML-RARα fusion protein might also contrib-
ute to enz-ATRA treatment-triggered apoptosis 
by restoring the normal function of PML. 

Taken together, a clinically achievable concen-
tration of enzastaurin synergizes with ATRA to 
induce apoptosis and differentiation in ATRA-
resistant APL cell lines. Mechanistically, enz-
ATRA combination-induced differentiation is 
controlled by RAF-1-independent MEK/ERK-
mediated modulation of the protein levels of  
C/EBPβ and/or PU.1, while enz-ATRA combina-
tion-mediated apoptosis is mitochondrial-de- 
pendent but caspase-independent. Moreover, 
the degradation of PML-RARα by enz-ATRA 
treatment may be involved in enz-ATRA treat-
ment-induced dual effects and may also be benefi- 
cial to APL eradication. These findings may pro-
vide a potential therapy for ATRA-resistant APL 
patients.
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