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Induction of HL-60 cell differentiation by the p38 mitogen-
activated protein kinase inhibitor SB203580 is mediated
through the extracellular signal-regulated kinase signaling
pathway
Jin-Xia Zhanga, Wie-Jian Zhuanga, Ka-Hung Poona, Michael Yanga and
Wang-Fun Fonga

The pyridinyl imidazole p38 kinase inhibitor, SB203580,

was initially used to block inflammatory cytokine synthesis.

Here we report that SB203580 by itself could induce

human promyeloid leukemic HL-60 cells to differentiate

mainly along the granulocytic lineage, as evidenced by

cellular morphological changes, and the concurrent ex-

pression of cell surface markers CD11b and CD14. This

differentiation induction was time and dose dependent.

After 12 h exposure to 10mM SB203580, 12.5% of the cells

became CD11bþ as compared to only 2.6% in untreated

control cells. By 96 h, CD11bþ cells increased to 72.3%,

and among them, 26% were CD14þ . Morphologically, the

cells were smaller in size with lower nuclear/cytoplasmic

ratio. The nucleus was indented and nucleoli markedly

reduced. However, 10mM SB203580 had little effect on HL-

60 cell growth and survival during the first 72 h, but by 96 h

the percentage of cells in G1 phase was markedly

increased. These effects of SB203580 were not attributa-

ble to its inhibition of p38 kinase activity. Instead, the

essential kinases in the extracellular signal-regulated

kinase (ERK) pathway such as phospho-Raf-1, phospho-

MEK1/2, phospho-ERK1/2 and phospho-p90RSK were all

elevated dramatically shortly after cells were exposed to

SB203580 and lasted for 24 h before declining. Pre-

incubation of cells with 20 mM of PD98059 1 h before

addition of SB203580 could completely block the expres-

sion of differentiation markers. Our results suggest that

SB203580-induced differentiation in HL-60 cells was

mediated by activation of MEK/ERK signaling. In conclu-

sion, our data have shown that SB203580 possessed

biological activities other than inhibition of p38 and these

activities could make it a potential candidate as an inducing

agent for cell differentiation in the therapeutic treatment of

leukemia. Anti-Cancer Drugs 14:31–38 �c 2003 Lippincott

Williams & Wilkins.
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Introduction

The mitogen-activated protein kinases (MAPKs) are

proline-directed serine–threonine kinases, which serve

as mediators for cellular responses to a variety of

extracellular stimuli. The superfamily of MAPKs consists

of at least three major groups, i.e. the extracellular signal-

regulated kinases (ERK1 and ERK2), the c-jun N-

terminal kinases (JNKs), and p38 MAP kinase. ERKs

are characteristically activated by various growth factors

in association with cell proliferation and protection

against apoptosis. Members of the JNK and p38

subfamilies are strongly activated in response to stress

stimuli such as ultraviolet radiation, heat shock and

hyperosmolarity [1–3], and thus they have been given the

name ‘stress-activated protein kinases’ (SAPKs). The p38

MAPKs are also strongly activated by pro-inflammatory

cytokines such as interleukin (IL)-1 and tumor necrosis

factor (TNF)-a. They have been shown to play important

roles in inflammatory-related diseases, thus making them

a possible therapeutic target for inflammatory diseases.

However, a number of cellular functions unrelated to

stress responses, including cell differentiation, prolifera-

tion and survival, have also been shown to be related to

P38 MAPK activities [4].

The pyridinyl imidazole p38 kinase inhibitors, such as

SB203580, SB202190 and other similar p38 kinase

inhibitors, were originally prepared as inflammatory

cytokine synthesis inhibitors [5,6] exerting potent anti-

inflammatory function both in vitro and in vivo [7].

Subsequently, they were found to be specific inhibitors of

p38 MAP kinase [8]. Structural analysis shows that

SB203580 is bound inside the ATP pocket and,

thereby, specifically inhibits ATP’s enzymatic activity [9].
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Interestingly, besides inhibiting p38 activity, reports of

other new functions of SB203580 began to emerge

recently. It activates Raf-1 in smooth muscle cells [10],

and potentiates ERK pathways in the 1a,25-dihydrox-

yvitamin D3-induced monocytic differentiation in HL-60

cells [11,12] and epidermal growth factor-stimulated

PC12 cell differentiation [13]. However, all these studies

indicate that SB203580 by itself exerts no effects on ERK

activity or cell differentiation. A controversial report by

Yuki showed that SB203580 alone could induce HL-60

cell differentiation [14]. The present study was aimed at

resolving this controversy by studying the role of

SB203580 with regard to cell differentiation and ERK

activation. We found here that SB203580 and SB202190

could, not only induce cell differentiation, but also

moderately inhibit cell growth in HL-60 cells. In

addition, these effects were not due to the inhibition of

p38 MAPK kinase activity, but probably involve ERK

kinase activation.

Materials and methods
Chemicals and antibodies

P38 inhibitors SB203580, SB202190 and MEK inhibitor

PD98059 were purchased from Calbiochem (La Jolla,

CA). All-trans-retinoic acid (ATRA) and Wright–Giemsa

staining solution were purchased from Sigma (St Louis,

MO). Anti-CD11b and anti-CD14 antibodies were

purchased from PharMingen (San Diego, CA); phospho-

Erk1/2 pathway sampler kit was from Cell Signaling

Technology (Bedford, MA); mouse anti-phospho-p38 and

mouse anti-p38 antibodies were from Santa Cruz

Biotechnology (Santa Cruz, CA).

Cell culture

The human promyelocytic leukemia cell line HL-60 was

obtained from the ATCC (Manassas, VA) and cultured in

RPMI 1640 medium (Gibco/BRL, Grand Island, NY)

supplemented with 15% fetal bovine serum. Cells were

subcultured 2–3 times weekly to maintain a log phase

growth.

Testing of cell proliferation and cell viability

Cells were seeded at 1.5� 105/ml in 24-well plates and

were allowed to grow for 4 days in normal growth medium

or medium containing various amounts of SB203580 as

indicated in the text. Their numbers were counted each

day using a hemocytometer. Cell viability was determined

by Trypan blue dye exclusion method. All the experi-

ments were repeated at least 3 times.

Cell differentiation assay

HL-60 cells were suspended at 3.5� 105 cells/ml in fresh

medium, and various amounts of SB203580 were added as

indicated in the text and incubated at 371C with 5% CO2

for various durations. After incubation, the cells were

harvested and aliquots were used for cell cycle and

differentiation analysis.

Cell differentiation was determined by cell morphological

changes and cell surface markers (CD11b and CD14)

expression. For detection of cell surface markers, 1� 106

cells were harvested at indicated time, washed twice with

ice-cold phosphate buffer solution (PBS) before 20 ml of

phycoerythrin (PE)-conjugated anti-CD11b and FITC-

conjugated anti-CD14 antibodies were added and in-

cubated for 45 min at room temperature. After incuba-

tion, the cells were washed twice again with cold PBS and

re-suspended in 0.5 ml of PBS. Two-parameter analysis

was performed by FACSCalibur flow cytometry with the

aid of CellQuest software (Becton Dickinson, Mountain

View, CA). All the differentiation-induction experiments

were independently performed at least 3 times.

The morphology of differentiated cells was examined

microscopically using the Wright–Giemsa stain according

to the manufacturer’s instruction.

Analysis of cell cycle distribution

Aliquots of 1� 106 cells from the same differentiation-

induction experiments were washed twice with ice-cold

PBS and fixed in 70% ethanol at �201C overnight. The

cells were washed with PBS and incubated with 100 mg/

ml RNase at 371C for 30 min. Propidium iodide (PI)

solution was added at a final concentration of 40 mg/ml.

Analysis was performed immediately after PI staining by a

FACSCalibur flow cytometer (Becton Dickinson).

Cell extracts and immunoblotting

Cells were washed with ice-cold PBS and were lysed in a

lysis buffer (1% NP-40, 50 mM Tris pH 7.4, 100 mM

NaCl, 0.5 mM MgCl2, 2 mM EDTA, 10 mM EGTA, 5%

glycerol, 2 mM Na3VO4, 50 mM NaF, 1 mM PMSF, 1 mg/

ml leupeptin, 1 mg/ml pepstatin A, 1 mg/ml aprotinin) for

10 min on ice. The whole-cell lysates were then

centrifuged at 14 000 r.p.m. for 15 min at 41C. Protein

concentration was determined by the Bradford assay.

Extracted samples containing 40 mg of protein were

separated by SDS–PAGE and transferred to a nitrocellu-

lose membrane. The membrane was blocked for 1 h at

room temperature with 5% non-fat milk in PBS and then

incubated with primary antibodies at 41C overnight

followed by horseradish peroxidase-conjugated secondary

antibody at room temperature for 30 min.The protein

bands were visualized using a chemiluminescence assay

system (Amersham, Piscataway, NJ).

Results
SB203580- and SB202190-induced cell surface markers

and morphological changes during differentiation

When induced to differentiate, HL-60 cells may express a

myeloid cell surface marker, CD11b, and/or a monocytic
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cell marker, CD14. After SB203580 treatment, we found

that HL-60 cells expressed only the myeloid cell surface

marker, CD11b, but the monocytic cell marker, CD14 was

not visible. The expression of CD11b was dose and time

dependent (Fig. 1A and B), and could be observed as

early as 12 h, with 12.5% cells labeled positively compared

to 2.6% in control cells. By 96 h, the percentage of

CD11bþ cells increased up to 72.3% (Fig. 1A). At the

same time, CD14 marker began to express in 26% of the

cells implying that SB203580 induced HL-60 cells to

differentiate mainly, but not exclusively, towards the

granulocyte lineage. Similar results were found when the

cells treated with another pyridinyl imidazole p38

inhibitor, SB202190 (Fig. 2).

As positive controls, we studied effects of ATRA (1 mM),

a well-known granulocyte differentiation inducer and

1a,25-dihydroxyvitamin D3, a monocytic differentiation

inducer. As expected, ATRA induced HL-60 cells to

express only CD11b marker and 1a,25-dihydroxyvitamin

D3 to induce CD11b and CD14 markers (data not

shown).

Fig. 1
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Dose- and time-dependent expression of cell surface differentiation
markers in SB203580-treated HL-60 cells. HL-60 cells were harvested
at 12, 24, 48, 72 and 96 h. Untreated HL-60 cells were used as the
control. Surface differentiation markers, i.e. CD11b (vertical scale) and
CD14 (horizontal scale), were determined by flow cytometry as
described in Materials and methods. The total percentages of positive
cells (CD11bFtwo upper quadrants; CD14Ftwo right-side
quadrants) are indicated within each panel. Experiment were repeated
3 times with similar results. (A) Time dependent. (B) Dose dependent.
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Besides induction of cell surface marker expression,

SB203580 could induce changes in cell morphology. In

the absence of SB203580, HL-60 cells were predomi-

nantly promyelocytes with large round nuclei, each of

which contained two to four nucleoli with dispersed

nuclear chromatin. The nuclear:cytoplasmic ratio was

relatively high (Fig. 3A). After treatment with 10 mM

SB203580, the cells became smaller in size and the

nuclear:cytoplasmic ratio lower. The nucleoli were

markedly reduced or completely disappeared, and the

nucleus was indented and convoluted. These changes

became dominant after 72 h of SB203580 treatment

(Fig. 3B).

Effects of SB203580 on HL-60 cell proliferation and cell

cycle

Addition of 10 mM SB203580 to HL-60 cells had little

effect on cell growth and survival during the first 72 h, as

evidenced by the unaltered proliferation rate and Trypan

blue permeability. However, there was very little increase

in cell number after 4 days of treatment with 30 mM

SB203580. As a matter of fact, cell growth was inhibited

after 72 h and this inhibition was dose dependent

(Fig. 4A). When cell viability was tested concurrently

by the Trypan blue exclusion method (Fig. 4B),

SB203580 did not alter the HL-60 cell viability even at

a concentration as high as 30 mM. This suggests that the

lack of an increase in cell number is due to an inhibition

of cell growth, but not to cell death or apoptosis.

However, the other p38 inhibitor, SB202190, appears to

be more toxic to HL-60 cells as the cell viability

decreased appreciably when treated with 30 mM

SB202190 (Fig. 4C).

To investigate further the inhibitory mechanism of

SB203580 on HL-60 cell growth, Table 1 summarizes

the cell cycle distribution of HL-60 after SB203580

treatment. During the first 72 h of treatment, the cell

cycle distribution, as expected, did not change. However,

after 96 h exposure to 10 mM SB203580, the proportion of

cells in the G1 phase was markedly increased.

Induction of cell differentiation by SB203580 was

mediated by the ERK pathway

The next question was whether the induction of cell

differentiation and inhibition of cell growth by SB203580

was mediated by p38 MAPK inhibition. We firstly

determined the protein levels of phospho-p38; the

activated form of p38 protein, in SB203580-treated HL-

60 cells. As shown in Figure 5, the phospho-p38 level was

not decreased, but slightly increased shortly after the

drug treatment from 30 min to 6 h. From thence onward,

this level fell slightly after 48–72 h. Nonetheless, total

p38 protein level remained unchanged through the entire

time course (Fig. 5) suggesting neither p38 protein

expression nor p38 activity is drastically affected by

SB203580 treatment in our experimental system.

Fig. 3

(A) (B)

Morphological changes in SB203580-treated HL-60 cells. (A) Untreated HL-60 cells, (B) HL-60 cells were treated with 10 mM SB203580 for 72 h
before being stained with Wright–Giemsa.
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In the light of recent observations that SB203580

activates ERK signaling and the involvement of ERK

activity in HL-60 cell differentiation, we next studied the

effect of SB203580 on the MEK/ERK pathway in our

system by examination of the levels of phospho-MEK and

phospho-ERK in SB203580-treated HL-60 cells. At

30 min after 10 mM SB203580 was added to the cells,

phospho-ERK1/2 proteins were elevated dramatically and

this increase lasted for 24 h before the kinase activity

declined. Since ERK2 is the predominant form of ERK in

HL-60 cells, what we observed was mainly phophos-

ERK2 (Fig. 6A). The immediate up-stream kinase of

ERK1/2, i.e. MEK1/2, also showed a similar pattern of

activation. The activation of the downstream target of

ERKs, p90RSK, during the same time course was less

significant as compared with the two upstream kinases.

We then examined the activity of Raf-1 after SB203580

treatment. As shown in Figure 6(B), Raf-1 activation was

observed at 30 min and lasted until 96 h. Active Raf-1 is

known to be able to phosphorylate MEK at two adjacent

serine residues. To sum up, our data here show that

SB203580 activated the whole pathway of MEK/ERK

signaling, possibly initiated through the activation of

Raf-1.

To further determine whether the activation of ERK

signaling was responsible for HL-60 cell differentiation

induced by p38 inhibitors, we examined the effect of

PD98059 on the expression of cell surface differentiation

markers. PD98059 is considered to be a specific inhibitor

to MEK1 and, thus, it selectively inhibits ERK activation

[15]. When HL-60 cells were pre-treated with PD98059

(20 mM) for 1 h before addition of SB203580 for further

incubation of 72 h, pretreatment of PD98059 completely

blocked the expression of differentiation markers CD11b

and CD14 (Fig. 7). This suggests that ERK activity is

responsible for SB203580-induced differentiation in HL-

60 cells. Since differentiation began only 12 h after the

drug exposure, and became more prominent after 48 h,

these results indicate that the ERK pathway was

activated by SB203580 well before the appearance of

the differentiation phenotype.

Discussion
The pyridinyl imidazole p38 kinase inhibitors SB203580,

SB202190 and other similar compounds were originally

prepared as inhibitors against inflammatory cytokine

synthesis [5,6]. Subsequent studies had revealed that

these compounds selectively inhibited p38 MAPK

activity in a variety of cells including HL-60 cells [16–

19] but not on other MAP kinases, such as ERKs and

JNKs kinases [17]. Interestingly, our present study shows

that SB203580 or SB202190 alone at concentrations

higher than the reported IC50 concentration for p38

inhibition [16,17,20] effectively induced HL-60 cell

differentiation as manifested by cellular morphological

changes and expression of cell surface differentiation

markers (CD11b and CD14). After SB203580 or

SB202190 treatment, general myeloid cell surface marker

CD11b was detected as early as 24 h, but the specific

monocytic surface marker CD14 was observed only in

Fig. 4
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The effects of SB203580 and SB202190 on HL-60 cell proliferation
and cell viability. Cells (1.5�105/ml) were seeded in 24-well plates
and incubated for 4 days with or without the indicated drugs, and the
cell numbers were counted every day (A). Cells treated with
SB203580; cell viability was monitored by Trypan blue exclusion (B,
cells treated with SB203580; C, cells treated with B202190). Data
presented as the means of three independent experiments.

Table 1 Effects of 10 mM SB203580 on HL-60 cell cycle distribution

Time (h) Treatment G1 S G2/M

24 control 42.770.8 2070.2 3570.8
SB203580 4271.4 1871.9 2972.6

48 control 49.770.2 18.971.1 31.573.1
SB203580 56.275.2 15.174.7 21.674.4

72 control 57.773.8 15.571.8 26.672.4
SB203580 60.974.4 21.473.7 17.673.3

96 control 53.373.9 27.172.2 19.371.8
SB203580 80.275.1 5.977.2 14.173.7
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small proportion (22.6%) of CD11bþ cells after 72 h and

prolonged incubation showed no further increase. To-

gether with the morphological changes, we suggest that

SB203580 induced HL-60 cells to differentiate mainly

towards the granulocytic lineage. Moreover, this induc-

tion to express surface differentiation markers by

SB203580 or SB202190 was both time and dose

dependent. Examination of p38 kinase activity in

SB203580-treated cells by Western blot shows that

phospho-p38 protein did not decrease immediately as

expected after the cells were exposed to SB203580, but

instead increased slightly. Only a moderate decrease in

Fig. 5
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P-p38

p38

SB203580 10 µM

Effects of SB203580 on p38 activity. HL-60 cells exposed to 10mM SB203580 were harvested at the indicated time and lysed. Samples of 40 lg
of protein were separated on 12% SDS–PAGE gels. The protein levels of phospho-p38 and total p-38 were analyzed by immunoblotting.

Fig. 6
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Time-dependent activation of MEK/ERK pathway in HL-60 cells after exposure to 10 mM SB203580. HL-60 cells were harvested at the indicated
time and lysed. Samples of 40 lg of protein were separated on 10–12% SDS–PAGE gels. The protein levels of phospho-MEK, phospho-ERK1/2,
phospho-p90RSK and phospho-Raf-1 were analyzed by immunoblotting. Untreated HL-60 cells were used as the control. þPD, 20 lM PD98059
was added to the cells for 1 h before addition of SB203580.
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the phospho-p38 level was observed after 48 h of

SB203580 treatment. These findings are consistent with

those reported by other laboratories, demonstrating that

p38 kinase activity was actually increased in HL-60 cells

after exposure to SB203580 or SB202190 [11,14]. One

possible explanation, as suggested by Wang et al. [11], is

that the effect of SB203580 abrogates the negative

feedback loop from a target of p38 MAPK to an upstream

regulator of this pathway, leading further to a compensa-

tory up-regulation of the p38 MAPK pathway. They

showed that the immediate upstream regulators of p38

kinase, e.g. MKK3 and MKK6, were activated by

SB203580 treatment [11]. Since the expression of cell

surface differentiation markers was observed well before

the subsequent decrease in the phospho-p38 protein

level at 48 h, we conclude that the differentiation

induction in HL-60 cells cannot be attributable to

inhibition of p38 kinase.

ERK activities have been implicated to play important

roles in differentiation in HL-60 cells [21,22,24,25]. Our

data show that SB203580-induced cell differentiation in

HL-60 was mediated by activation of the ERK pathway,

as indicated by increased levels of different activated

forms of kinases such as phospho-Raf-1, phospho-MEK,

phospho-ERK2 and phospho-p90RSK in the ERK cas-

cade. To support this observation further, we also found

that SB203580-induced cell differentiation was abolished

by PD98059, a specific MEK1 inhibitor. Pre-incubation of

cells with 20 mM of PD98059 1 h before addition of

SB203580 completely blocked the expression of differ-

entiation markers, suggesting that ERK activities are

intimately involved in the SB203580-induced differentia-

tion. This is in contraction with several previous reports

that SB203580 could neither activate ERK nor induce

differentiation, although it could potentiate the function

of other stimulators, such as 1a,25-dihydroxyvitamin D3

and ATRA [11–13]. We do not know the reason for such a

discrepancy amongst different laboratories. It is possible

that different sublines of HL-60 cells used by different

laboratories could evolve different responses to

SB203580, particularly with regard to ERK activation.

In summary, p38 kinase inhibitor SB203580 could activate

the ERK pathway, and induce differentiation and growth

inhibition in HL-60 cells, but not affect cell viability,

suggesting that SB203580 might posses certain biological

activities that are not attributable solely to its better-

known action of being an inhibitor of p38. Possession of

these activities could make it a potential and valuable

candidate as a differentiation-inducing agent for ther-

apeutic treatment of leukemia.
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Effects of MEK inhibitor PD98059 on SB203580-induced differentiation marker expression. PD98059 was added to one of the two sets of HL-60
cells 1 h before the addition of SB203580. The other set of cells was treated with SB203580 only. Untreated HL-60 cells were used as the control.
The cells were incubated for 72 h, harvested, stained with anti-CD11b and anti-CD14 antibodies, and analyzed by two-parameter FACSCalibur flow
cytometry as described in Materials and methods.
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