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Abstract
Inhibition of p38MAPK alpha/beta is known to enhance 1,25-dihydroxyvitamin (1,25D)-induced
monocytic differentiation, but the detailed mechanism of this effect was not clear. We now show
that the enhancement of differentiation becomes apparent with slow kinetics (12-24h).
Interestingly, the inhibition of p38MAPK alpha/beta by their selective inhibitor SB202190 (SB)
leads to an upregulated expression of p38MAPK isoforms gamma and delta in 1,25D-treated
AML cells, in cell lines and in primary culture. Although the expression and activating
phosphorylations of p38MAPK alpha are also increased by an exposure of the cells to SB, its
kinase activity is blocked by SB, as shown by reduced levels of phosphorylated Hsp27, a
downstream target of p38MAPK alpha. A positive role of p38MAPKs in 1,25D-induced
differentiation is shown by the inhibition of differentiation by antisense oligonucleotides to all
p38MAPK isoforms. Other principal branches of MAPK pathways showed early (6h) activation of
MEK/ERK by SB, followed by activation of JNK1/2 pathway and enhanced expression and/or
activation of PU.1, ATF-2 differentiation-related transcription factors. Taken together with
previous reports, the results indicate that 1,25D-induced differentiation is enhanced by the
activation of at least three branches of MAPK pathways (ERK1/2; p38MAPK gamma/delta;
JNK1/2). This activation may result from the removal of feedback inhibition of an upstream
regulator of those pathways, when p38MAPK alpha and beta are inhibited by SB.
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Introduction
Vitamin D-derived compounds, such as the physiologically active hormonal form 1,25-
dihydroxyvitamin D3 (1,25D), are being studied as potential agents for differentiation
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therapy of acute myeloid leukemia (AML). This is based on numerous studies showing that
the exposure of human and rodent AML cells to these compounds induces differentiation
with monocytic/macrophage phenotype, and results in cell cycle arrest which limits cell
proliferation [1-4]. However, this has not as yet been translated to the clinic, because the
concentrations used for in vitro and animal experiments far exceed those than can be
tolerated by humans, as they cause life-threatening hypercalcemia [5,6]. Among the
approaches considered for improving the status of 1,25D as an anti-leukemia agent are
studies designed to elucidate the mechanistic basis for its differentiation-inducing actions,
and while there is a considerable body of knowledge on this subject, the total picture is still
not clear [7-11].

One focus of such studies has been the role of MAPK pathways in 1,25D induced monocytic
differentiation. Previous studies have shown that MEK/ERK pathway is activated during the
early stage of 1,25D-induced monocytic differentiation [7,12], and JNK pathway also
contributes to this process, particularly in the later stages of differentiation [13]. However,
the role of p38 MAPK has been unclear. Treatment of AML cells with 1,25D can increase
the activating phosphorylation of p38MAPK when detected as usually studied using an
antibody which recognizes all isoforms of p38MAPK, e.g. [14,15], suggesting that the
p38MAPK pathway may also activate processes that assist the acquisition of differentiated
phenotype. Seemingly in contrast, the addition of SB202190, generally regarded as a
specific inhibitor of p38MAPK, e.g. [16-19], to 1,25D-treated cells further increased the
differentiation process [14,15,20,21]. We now demonstrate that the increased differentiation
is due to inhibition of only the alpha/beta isoform of p38MAPK, with an apparently
compensatory increase in the expression of gamma and delta isoforms of p38MAPK, along
with the previously known activation of ERK and JNK1/2 pathways [14,15], and suggest a
mechanism linking these branches of the MAPKs pathways.

Materials and Methods
Cell culture

HL60 cells, derived from a patient with promyeloblastic leukemia [22], were obtained from
the ATCC, and the cells were maintained in Iscove’s Modified Dulbecco’s Medium
(IMDM) (ATCC, Manassas, VA), supplemented with 15% heat-inactivated, iron-enriched
bovine calf serum (HyClone, Logan, UT). Human myelomonocytic leukemia U937 [23]
cells, were maintained in RPMI 1640 medium (Mediatech, Washington, DC), supplemented
with 1% glutamine and 10% above mentioned bovine calf serum. All cells were kept in a
37°C incubator supplied with 5% CO2. The cells were passaged and fed with medium 2–3
times per week to maintain the log phase growth. Cell viability was determined using trypan
blue (0.25%) exclusion, and cell numbers by counting cells in a Neubauer hemocytometer.
Cell viability was also obtained by using gating in an Epics XL-MCL flow cytometry
instrument (Beckman Coulter, Fullerton, CA), based on forward and side scatter [24]. All
experimental groups were seeded in fresh tissue culture medium at certain proper
concentration for indicated time in 25-cm2 flasks, and incubated with 5 μM SB202190, 10
nM 1,25D for the indicated times. Each experiment was repeated at least three times.

Isolation and culture of mononuclear cells from patients’ peripheral blood
Peripheral blood mononuclear cells, obtained following the patient’s informed consent
according to the Institutional IRB protocol, were isolated by using Ficoll (Histopaque-1077,
Sigma-Aldrich, St Louis, MO) as previously described [25]. The isolated cells were cultured
with SB (added at time zero) and 1,25D (added at 30 min dissolved in ethanol) for periods
of time ranging from 5-9 days in RPMI plus 10% bovine calf serum. Control groups
received equivalent amount of DMSO and ethanol. The duration of incubation depended on
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culture viability, monitored by Trypan Blue exclusion. Before harvesting, the cultures were
observed under an inverted microscope for adherence of the cells to the bottom of the flask.
When adherence was noted, the cells were harvested by scraping with a rubber “policeman”.

Chemicals and antibodies
1,25D was a kind gift from Dr. Milan Uskokovic, BioXell, Inc., Nutley, NJ. The p38 MAPK
inhibitor SB 202190 (SB) was obtained from Sigma-Aldrich (St. Louis, MO), and the stocks
were prepared by dissolving in DMSO. SB was added to the cultures 1 hour before the
exposure to 1,25D.

Antibodies against total p38 alpha, PU.1, also known as Spi-1 (T-21), and calregulin
(H-170) were purchased from Santa Cruz Inc. Antibodies against p38 beta, p38 gamma, p38
delta, P-p38 (Thr 180/Tyr 182), P-ATF-2 (Thr 71), P-JNK (Thr 183/Tyr 185), P-HSP27
(Ser82), P-MEK (Ser217/221), P-ERK (Thr202/Tyr204), MLK3 and P-MKK3/MKK6
(Ser189/207) were purchased from Cell Signaling.

Antisense oligonucleotides
Antisense oligonuleotides were used to inhibit the product of genes of interest. The
scrambled and p38 antisense oligonucleotides were designed and synthesized by Integrated
DNA Technologies (IDT, Coralville, IA). The sequences of oligonucleotides used,
respectively, were: p38 scrambled, 5’-CCA CGG CCA TTA TGC GT ATC-3’; p38 alpha
antisense, 5’-G*A*G* CCC TGT ACC T*A*G *T-3’ (* the three nucleotides at each end
were phosphorothioated to stablize the oligonucleotide); p38 beta antisense, 5’-
A*G*C*TCCTTCCACTCCT*C*C*A-3’; p38 gamma antisense, 5’-C*C*C* TCT GTC
CTT CCT CT*G *C*A-3’; p38 delta antisense, 5’-T*C*C* CAG ATT TCC AGC CT*C
*C*A-3’. The final concentration of 5 μM scrambled or p38 antisense oligonucleotides were
added together with 1 μM Endo-porter (Gene Tools, Philomath, OR) to the cultures for
24-48 hours, then the whole experiments were set up by supplementing half amount of
oligonucleotides and then adding SB and 1,25D.

Determination of markers of differentiation
To analyze the expression of cell surface markers, aliquots of 106 cells were harvested at the
indicated times, washed twice with 1× PBS, then incubated for 45 min at room temperature
with 0.5 μl MY4-RD-1 and 0.5 μl MO1-FITC antibodies (Beckman Coulter), to detect the
expression of surface cell markers CD14 and CD11b, respectively. The cells were then
washed three times with ice cold 1× PBS, and resuspended in 0.5 ml 1×PBS. Two-parameter
analysis was performed using the same XL-MCL flow cytometer described above Isotypic
mouse IgG1 was used to set threshold parameters. Each experiment was repeated at least
three times.

In addition, monocytic differentiation was monitored by cytochemical determination of
nonspecific esterase (NSE) activity. Smears were made by resuspending 2 × 106 cells in 100
μl 1 × PBS and spreading on slides. The air-dried smears were fixed in formaldehyde and
acetone mixture buffer for 30 sec, then washed and stained for 45 min at room temperature
with the following solution: 0.067 M sodium phosphate buffer, pH 7.6, 8.9 ml, hexazotized
pararosaniline, 0.6 ml, 10 mg alpha-naphthyl acetate, and 0.5 ml ethylene glycol
monomethyl ether. The slides were then washed with distilled water for three times and then
air-dried. The percentage of positive cells in a total of 500 cells was counted using a
hemocytometer. Each experiment was repeated at least three times.
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Cell extracts and Western Blotting
These procedures were carried out as previously described except that Calregulin was used
as a loading control antibody [26].

Immunoprecipitation
Immunoprecipitation was performed by using Pierce Direct IP Kit (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s recommended procedure. Briefly, 10 μg of
anti-p38 alpha or anti-p38 gamma or anti-p38 delta antibody was coupled to 20 μl of
AminoLink Plus Coupling Resin in a spin column by adding 3 μl of the sodium
cyanoborohydride solution for every 200 μl reaction maintained in 1 × coupling buffer, and
incubated on a rotator at room temperature for 90-120 minutes, then a 300 μl aliquot of the
whole cell extract which contains 500 μg total protein was incubated with the antibody-
coupling resin with gentle end-over-end mixing or shaking at 4°C overnight. Next, the
immunoprecipitated proteins were eluted from the column and run on 10% SDS–PAGE gel,
transferred to a membrane, and probed with specified antibodies. The protein bands were
visualized with a chemiluminescence assay system (Amersham Pharmacia Biotech, Inc).

p38 Kinase enzyme assay
The kinase assay was performed by using the p38 MAP Kinase Assay Kit (Nonradioactive)
(Cell Signaling Technology) according to the manufacture’s protocol. Briefly, 45 μl eluted
IP proteins as described above prepared from 500 μg whole cell lysate of HL60 or U937
cells treated as indicated for individual experiments, 1 μl of ATF-2 fusion proteins and 1 μl
100 μM ATP was suspended in 5 μl 5 × kinase buffer (25 mM Tris-HCl, pH 7.5, 5 mM beta-
glycerophosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM MgCl2), and incubated for 30 min
at 30°C. For “in vitro” kinase assay groups, the final concentration of 5 μM SB202190 was
added to 50 μl reaction volumn. The reaction was terminated by 25 μl 3 × SDS sampling
buffer, boiled for 5 min, vortexed, and then microcentrifuged for 2 min. Samples (30 μl)
were loaded on 10% SDS-PAGE gel and analyzed by western blotting using phospho-ATF
antibody.

RNA extraction and Real-time PCR (qRT-PCR)
RNA was extracted from cells using TRIzol® Reagent (Invitrogen, Carlsbad, CA), which is
a mono-phasic solution of phenol and guanidine isothiocyanate, an improvement to the
single-step RNA isolation method developed by Chomczynski and Sacchi [27]. The
procedures were done as previously described. Briefly, 5-10 × 106 cells were homogenized
in 1 ml Trizol and incubated for 5 min at RT. After addition of chloroform followed by
centrifugation at 14,000 rpm, the aqueous phase was transferred to a fresh tube. The RNA
was precipitated by mixing with 500 μl isopropyl alcohol, and incubated 10 min at RT. RNA
pellet was obtained by centrifugation, the supernatant discarded, and the pellet washed with
75% ethanol in DEPC water, then briefly dried for 10 min. The RNA pellet was then
dissolved in 50-100 μl DEPC water. The forward and reverse primers sequences used,
respectively, were: p38 alpha, 5’-TGC CAA GCC ATG AGG CAA GAA A-3’ and 5’-TGG
TGG CAC AAA GCT GAT GAC T-3’, p38 beta, 5’-AGC CAT ATC TGG CAA GAA
GCT GGA-3’ and 5’-ACA AGG AAA GAG GAC TGA CCC ACA-3’, p38 gamma, 5’-
TTG AAT TGG ATG CGC TAC ACG CAG-3’ and 5’-AGG GCT TGC ATT GGT CAG
GAT AGA-3’, p38 delta, 5’-ACA GCC TTT CAA GCA GAG GAC AGA-3’ and 5’-GAA
ACC AAC ACA GCA TCA CTG CCA-3’, CD11b, 5’-GCA AGT GTC TGT GTG CAA
GTG TGT-3’ and 5’-TCA GTG GAG AGA AGC TGC TGT GTT-3’, CD14, 5’-AAC TCC
CTC AAT CTG TCG TTC GCT-3’ and 5’-GGG CAA AGG GTT GAA TTG GTC
GAA-3’, ARP0, 5’-AGA TGC AGC AGA TCC GCA T-3’ and 5’-GTG GTG ATA CCT
AAA GCC TG-3’. For reverse transcription, samples were incubated in an Eppendorf PCR
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system at 42°C for 15 min, then 99°C for 5 min, and 5°C for 5 min. For real-time PCR,
relative quantification of target cDNA was performed using a Roche LightCycler instrument
with Faststart DNA Masterplus Syber Green I kit (Hoffmann-La Roche) and gene-specific
primers. The parameters for PCR were as follows: 45 cycles of 1) 95°C for 15 s, 2) 58°C for
10 s, and 3) 72°C for 15 s followed by an incremental increase (0.1°C/s) of temperature
from 65 °C to 95°C to analyze the melting curve of the products. A mixture of forward and
reverse primers at a final concentration of 1.5 μM was used to detect target genes and ARP0
(acidic ribosomal protein p0, internal control). The Ct value, the cycle number at which
signal fluorescence surpassed fluorescence background noise, was recorded, and relative
fold values were calculated based on the equation 2-ΔΔCt, where ΔΔCt=ΔCt treated-
ΔCt calibrator (untreated samples) and ΔCt= Ct target gene-Ct ARP0.

Statistical analysis
Significance of the differences between mean values of two compared groups was assessed
by a two tailed student’s test. P < 0.05 was considered statistically significant. The
computations were performed with an IBM-compatible personal computer and used
Microsoft EXCEL.

Results and Discussion
SB increases p38MAPKγ and δ levels in AML cells induced to differentiate by 1,25D

It is known that SB202190 and SB203580 p38 inhibitors enhance 1,25D-induced monocytic
differentiation of human AML cells, and that SB202190 is more potent in this action
[15,28], but the rapidity of the enhancement was not characterized. We now show that in
both HL60 and U937 cells the surface marker of myeloid cells CD11b, and the monocytic
marker CD14, are not evident at 6h after exposure of the cells to 1,25D or to 1,25D/SB, but
CD14 significantly increased at 12h of such treatments, while the increase in CD11b was
evident by 24h (Fig 1). While SB alone did not significantly induce differentiation of HL60
and U937 cells, SB enhanced the intensity of the differentiation marker CD11b induced by
1,25D in both cell types. In contrast, no significant enhancement was noted for surface
expression of CD14 in HL60 cells, and there was only a variable decrease of CD14
expression in U937 cells, the reason for which needs to be further investigated (Fig 1).
However, the enhancement of differentiation by SB was confirmed in both HL60 and U937
cells by the increased presence of the cytoplasmic esterase characteristic of monocytes,
known as NSE (Supplementary Fig S1).

To initiate an analysis of the basis for the synergy between SB and 1,25D on differentiation-
related events, we examined the effects of these compounds on the expression of three
(alpha, gamma and delta) of the four known isoforms of p38MAPK, as the beta form is
expressed at low levels in HL60 cells, and shares properties with isoform alpha, the most
studied p38MAPK [29]. As shown in Fig 2, little change in mRNA levels of the isoforms
examined was noted at early (6h) times of exposure, while at the late stage of differentiation
(72h) we observed a dramatic elevation (16-fold) in the level of p38MAPK delta isoform in
HL60 cells exposed to 1,25D, which was enhanced by the addition of SB, resulting in a 43-
fold increase. Less marked, but also highly significant increases by 1,25D and enhancement
by SB were observed in U937 cells, here evident in both gamma and delta isoforms. No
significant increases in isoform alpha were noted in these experiments (Fig 2).

Determination of the protein levels of p38MAPK isoforms by Western blot analysis during
several stages of differentiation showed that, consistent with little change in mRNA levels
(Fig 2), there were no sustained variations in protein levels of p38MAPK isoform alpha in
either cell line, and SB had only a modest effect on the abundance of this isoform (Fig 3,
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and S2,A and B). In contrast, the other isoforms examined showed gradual increases that to
greater or lesser extent paralleled the differentiation process. These were gamma and delta in
HL60 cells, and beta, gamma and delta in U937 cells. Perhaps of functional significance, SB
further increased the protein levels of gamma and delta isoforms (Fig 3, and S2, A and B).
In addition, SB increased the levels of phosphorylated p38MAPK, measured as all isoforms
collectively, as an antibody for specific isoforms is not available.

During this study we had an opportunity to evaluate the responses of leukemic blasts
obtained from the blood of 3 patients with AML. These cells responded by monocytic
differentiation to both SB and 1,25D, and the combination of SB and 1,25D produced an
additive effect illustrated for one patient in Fig 4. Importantly, these responses correlated
with an increased expression of p38MAPK isoforms beta and gamma, while isoform delta
was only upregulated by SB, and isoform alpha showed no significant increase. In
particular, p38 gamma level was markedly increased by the combination of SB/1,25D. Since
there was only a slight increase in differentiation markers following this treatment, the
implication is that while p38 isoforms contribute to the induction of differentiation, they are
not sufficient to determine the phenotype.

The experiment with patient blasts adds significance to the studies with cell lines, and
strengthens the conclusion that the potentiation of 1,25D-induced differentiation of human
AML cells by SB is associated with an upregulated expression of two or more p38MAPK
isoforms.

SB inhibits p38MAPKα but not p38MAPKγ or p38MAPKδ kinase activity in human leukemia
cell lines

The observation noted above that SB increases the total level of phosphorylated p38MAPK
isoforms in HL60 cells, with similar but less obvious increases in U937 cells (Fig 3), raises
the question whether this indicates increased kinase activity of any of the four isoforms.
Since this takes place in the intracellular presence of SB, a p38MAPK inhibitor, this is not a
simple question to answer. However, as pointed out before, although SB is frequently
referred to as a specific inhibitor of p38MAPK, this applies only to p38MAPK alpha and
beta, with isoforms gamma and delta not being inhibited at all by SB at concentration up to
50 μM [28]. Further, it is also known that binding of SB to p38MAPK does not prevent its
phosphorylation by upstream kinases such as MKK3/6, though this phosphorylation does
not activate the enzyme activity of p38MAPK, when the p38MAPK kinase activity is
assessed in vivo by the levels of phosphorylation of downstream targets of p38MAPK, such
as Hsp27 [28]. This was described in HeLa cells, and is apparently cell-type specific, as in
LPS-stimulated THP-1 and arsenate-activated 293T cells SB inhibits p38MAPK activation
as well as phosphorylation [30,31]. Therefore, to determine if in AML cells SB actually
inhibits p38MAPKα/β activity we checked the activating phosphorylation levels of
p38MAPKs (all isoforms) and the phosphorylation levels of Hsp27, a documented
downstream target of p38MAPKα/β [32]. The results illustrated in Fig 5A demonstrate that
“in vivo” (intracellular) kinase activity of p38MAPKα/β is indeed inhibited in AML cells,
even though the activating phosphorylations are present, and actually their levels are
increased in HL60 cells by the presence of SB.

To address the question whether p38MAPK isoforms gamma and delta in AML cells
resemble the previously studied cell types, and are not inhibited by 5 μM SB, we performed
the standard in vitro assay in which the individual p38MAPK isoforms are
immunoprecipitated, and the phosphorylation of ATF-2, a known immediate target of
p38MAPKs [33,34], is measured in the presence and absence of SB added directly to the
assay mixture, since the active site of the p38MAPK is washed free of SB in the preparation
of the p38MAPK containing IP. The results shown in Fig 5B and S3 illustrate that, using IPs
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from HL60 cells, phosphorylation of the p38MAPK substrate ATF-2 by the isoform alpha is
inhibited, as expected, by the addition of SB in vitro (compare lane 3 with lane 6, and lane 4
with lane 7 in Fig 5B). However, in the same assay, isoforms gamma and delta are not
inhibited by SB. Similar results were seen when U937 cell extracts were tested (data not
shown), indicating that in AML cells, as in HeLa cells, isoforms gamma and delta retain
kinase activity and have potential function in the presence of moderate concentrations of SB.

Isoforms p38MAPKγ and p38MAPKδ play a positive role in 1,25D- and SB-1,25D-induced
cell differentiation

The increases in the expression of isoforms p38MAPKγ and p38MAPKδ during 1,25D-
induced differentiation demonstrated above, and the retention of the kinase activity of these
isoforms when SB was added to enhance the effect of 1,25D, raised the possibility that the
isoforms not inhibited by SB have a functional role in 1,25D-induced differentiation, and its
enhancement by SB. To test this, we employed the approach of incubating the cells with
antisense oligonucleotides (AS), since AML cells, particularly HL60 cells, lose viability
when subjected to transfections necessary for knock-down of gene expression by siRNA and
similar technique. Transfections appear to be especially difficult when stress-related genes
are knocked-down, and SB has been shown to cause cell death [17]. Thus, we initiated these
experiments using AS, to the individual isoforms, and found that each reduced 1,25D-
induced differentiation to some extent, irrespective if SB was added or not (Figs S4 and S5).
In HL60 cells no significant effect of p38MAPKα AS on CD11b levels was noted, but the
expression of CD14 was moderately but significantly reduced (14-20%) by the AS oligos to
p38MAPKα in cells exposed to 1,25D +/-SB (Fig S4A). In U937 cells AS oligos to isoforms
α and β both reduced CD11b and CD14; AS to isoform α by 44-69%, and AS to isoform β
by 78-79% for 1,25D +/-SB in each case (Fig S4B). We also performed a pilot experiment
using AS to isoforms γ and δ and found marked reductions in the expression of both CD11b
and CD14 (Fig S5).

However, since isoforms p38MAPKα and p38MAPKβ are inhibited by SB and therefore
cannot have a functional role in the SB-induced enhancement of differentiation, for further
studies we focused on isoforms p38MAPKγ and p38MAPKδ, used in combination to
resemble the presumably physiological situation. Fig 6 shows that the expression of the
differentiation markers was reduced by the AS oligos to γ and δ with high significance (p<
0.01) in both 1,25D and SB-1,25D treated groups. At this time it is not possible to assign the
degree of relative importance to these isoforms to the differentiation process, since their
expression appears to be cell-type specific, especially at protein level (Fig 3), but since the
knock-down of either isoform decreases differentiation, their functions appear redundant.
Importantly, however, there was no difference in the level of differentiation markers due to
SB enhancement when the isoforms p38MAPKγ and p38MAPKδ were knocked-down,
indicating that the enhancement is mediated by these isoforms. While this was evident in
both cell lines, the effect was numerically greater in U937 cells, most likely to due the
greater uptake of the AS oligos by the cells. We have therefore used these cells to further
explore the underlying mechanisms of AS-oligo action.

AS oligos to p38MAPKγ and p38MAPKδ reduce phosphorylation of differentiation-related
MAP kinases

We have confirmed that AS oligos can reduce the levels of their cognate proteins, and this is
most apparent in 1,25D-treated cells, with reductions at least by 60% for combined knock-
down of p38MAPKγ and p38MAPKδ, the isoforms not inhibited by SB (Fig S6). We have
therefore tested if the MAPKs representative of the three principal MAPK pathways, are
affected by these reductions. As shown in Fig 7, robust reductions in the phosphorylated,
active forms of representatives of all these pathways (P-MKK3/6, P-MEK, and P-JNK) are
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indeed evident, of similar magnitude as the knock-down of p38MAPKγ and p38MAPKδ
isoforms. This links the p38MAPKγ and p38MAPKδ isoforms to the previously known
participation of MEK/ERK and JNK/c-jun pathways in 1,25D-induced differentiation of
AML cells [7,13,35], and provides an explanation for finding activated p38MAPKs in SB-
treated cells (Fig 3, and Fig S2A), as P-MKK3/6 directly activates p38MAPKs [36-39].

Exposure of AML cells to SB enhances 1,25D-induced activation of MAPK pathways
downstream and upstream of p38MAPK, as well as of differentiation-related transcription
factors PU.1 and ATF-2

To further link the current finding that the isoforms not inhibited by SB, p38MAPKγ and
p38MAPKδ, play a positive role in 1,25D-induced differentiation and the enhancement by
SB of this process, we determined the effect of SB alone, and in combination with 1,25D, on
the MAPKs representative of the MEK/ERK and JNK MAPK pathways (Fig 8). It can be
seen that SB alone activates MEK/ERK starting at an early stage of differentiation (6h) in
both HL60 and U937 cells, but it does not increase the effect of 1,25D on this pathway (Fig
8 and data not shown). In contrast, SB alone modestly activates the JNK pathway,
principally at a late stage of differentiation (72h), but an enhancement of the effect of 1,25D
can be seen at 6h already. These findings show that SB influences the early, presumably
causative, events in 1,25D- induced differentiation, in which the ERK pathway is primarily
involved [7].

Since MAPK signaling impinges on transcription factors which mediate the expression of
myeloid/monocytic differentiation-related genes [40,41], in these experiments we monitored
the expression of two such transcription factors. One is PU.1, involved in upregulation of the
myeloid differentiation marker CD11b [42], the expression of which is enhanced by SB (Fig
1), and another one is the activated ATF-2, a principal component of the AP-1 transcription
factor essential for monocytic differentiation [35]. Fig 8 shows that SB and 1,25D induce a
synergistic increase in the expression of PU.1 at the late stage of differentiation, consistent
with the effect of this combination on the appearance of the surface CD11b (Fig 1).
Similarly, treatment of both HL60 and U937 cells with SB and 1,25D for 72h results in an
increased level of activated ATF-2 (Fig 9), which is also known to have a positive effect on
differentiation [35].

We propose that MAPK pathways become over-activated when SB inhibits the kinase
activity of p38MAPK alpha/beta due to a lack of negative feedback inhibition of an up-
stream regulator, normally provided by a down-stream target of p38MAPK alpha/beta (Fig
10). Such down-stream target is probably Hsp27, and the MAPK that fits the role of the
“master” regulator is a kinase upstream of Mixed Lineage Kinase 3 (MLK3). MLK3 has
been shown to regulate JNK and p38 MAPK pathways [43,44], and possibly also the MEK/
ERK pathway [45,46]. The evidence supporting this hypothesis is shown in Fig 9. SB alone
increased the expression of MLK3 in both HL60 and U937 cells, and enhanced the effect of
1,25D on MLK3 expression. These effect were paralleled by a similar increase in the level
of a downstream target of MLK3, P- MKK3/6, while phosphorylation of Hsp27, a down-
stream target of p38MAPK alpha/beta showed inhibition when the cells were exposed to SB,
as discussed before. Interestingly, the level of phosphorylated ATF-2 increased in cells
treated with SB/1,25D combination (Fig 9), showing that the inhibition of p38MAPK alpha/
beta activity by SB can be more than compensated by the increased activity of its isoforms
and/or JNK1/2.

Fig 10 illustrates the concepts generated by the present data, integrated with some of the
existing knowledge of the molecular basis of the signaling circuitry that can lead to the
normalization of the malignant phenotype of AML cells. A more complete picture has been
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presented in a recent review, in which the complexity of the signaling networks and
temporal changes are discussed [10].

In conclusion, we show for the first time that isoforms of p38MAPK alpha can positively
contribute to differentiation of AML cells induced by 1,25D, and that their expression is
markedly increased when the activity of p38MAPK alpha/beta is inhibited. The data
provided are consistent with the hypothesis that phosphorylation of a target of p38MAPK
alpha/beta normally results in the inhibition of an upstream regulator of multiple branches of
MAPK pathways. Thus, lack of the inhibition of the candidate regulator upstream of MLK3
results in upregulation of MEK/ ERK (early) and JNK (principally late) pathways, which
participate in 1,25D–induced differentiation (Fig 10). The role of ERK appears to be in the
control of p27 expression which leads to G1 cell cycle block associated with differentiation
[47-50], and of JNK to promote expression of VDR which initiates 1,25D signals. Since the
effects of SB on 1,25D-induced differentiation resemble in many respects those of silibinin
[25], a plant antioxidant with anti-tumor properties [51], our elucidation of the mode of
action of SB in AML cells should also facilitate studies of the anti-leukemia actions of plant
antioxidants, by comparing perturbations of signaling pathways induced by these
compounds with those elicited by a pharmacological agent with an established mechanism
of action. Thus, an improved understanding of the molecular basis for the interaction
between the hormonal form of vitamin D and this pharmacological agent is likely to be
valuable for the design of therapy of human diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Fig.1. SB ehances effect of 1,25D with kinetics corresponding to the kinetics of 1,25D induction of
differentiation, and mainly increases the cell surface differentiation marker CD11b
HL60 and U937 cells were treated with SB (5 μM) and 1,25D (10 nM) for the indicated
times, and cell surface differentiation markers CD11b and CD14 were determined by flow
cytometry. Note that the expression of differentiation markers was increased in these two
cell lines treated with 1,25D, and SB potentiated the 1,25D-induced expression of CD11b by
12 hours treatment in HL60, but by 24 hours in U937 cells. Means ± SD are shown; n=3. *
signifies p<0.05 for CD11b upregulation comparing 1,25D with SB-1,25D treated groups.
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Fig.2. SB increases 1,25D-induced p38MAPKγ and δ mRNA levels
(A) Quantiative RT-PCR shows that SB dramatically enhanced 1,25D-induced expression of
p38MAPKδ mRNA in HL60 cells after 72 hours treatment, indicating an effect of SB at the
transcriptional level. Means ± SD are shown; n=3. *** signifies p<0.0001 for the dramatic
upregulation of p38MAPKδ, comparing 1,25D with SB-1,25D treated groups. (B) Similarly,
SB significantly enhanced 1,25D-induced mRNA levels of both p38MAPKγ and δ mRNAs
in U937 cells after 72 hours treatment. Means ± SD are shown; n=3. * signifies p<0.05 for
p38γ and p38δ upregulation comparing 1,25D with SB-1,25D treated groups.
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Fig.3. Expression of p38MAPK isoforms increases variably in human AML cell lines after
exposure to 1,25D for 6 and 72 hours, and protein levels of at least two isoforms other than
isoform p38MAPKα are enhanced by SB
(A) Western blots showing that in HL60 cells SB upregulated the 1,25D-induced expression
of p38MAPKγ and p38MAPKδ after 72 hours, and that of phosphorylated p38 (all
isoforms). p38MAPKα changed only slightly following the exposure to 1,25D or SB-1,25D.
Expression of p38MAPKβ at protein level was not detectable in the HL60 cell strain used
for these experiments. (B) Western blots showing that in U937 cells SB similarly
upregulated 1,25D-induced expression of p38MAPKγ and p38MAPKδ after 72 hours
exposure, although p38MAPKδ expression was relatively low in this cell line. The
expression of p38MAPKβ was upregulated by SB only to a minor extent, while the
expression of p38MAPKα changed little as a result of 1,25D or SB exposure. The O.D.
values are shown below each panel as the ratio of the signal of each band to the
corresponding signal for calregulin, the loading control.
* Expression of p38 beta was not detectable in HL60 cells.
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Fig.4. SB can potentiate 1,25D-induced differentiation and upregulate expression of p38MAPK
isoforms in ex vivo patient specimens
(A) Differentiation markers CD11b and CD14 were increased by an exposure to SB alone,
1,25D, and their combination for 5 days. (B) Western blots showing that SB alone increased
the expression of p38MAPKβ, p38MAPKγ and p38MAPKδ, and potentiated the 1,25D-
induced expression of these isoforms. The expression of p38MAPKα essentially unchanged.
The O.D. values are shown below each panel as the ratio of the signal of each band to the
signal of the corresponding loading control, calregulin.
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Fig.5. SB inhibits p38MAPKα but not p38MAPKγ or p38MAPKδ kinase activity in human AML
cell lines
(A) Western blots showing that SB induces higher levels of activating phosphorylation
(Thr180/Tyr182) of p38MAPKs in HL60 cells, but inhibits p38MAPK α/β activity in both
HL60 and U937 cells, as shown by reduced phosphorylation of their downstream target,
Hsp27. The O.D. values shown below each panel represent the ratio of the signal of each
band to the signal of the corresponding loading control, calregulin. (B) Western blots of
kinase assays showing that SB202190 inhibits p38MAPKα but not p38MAPKγ or
p38MAPKδ kinase activity, determined by “in vitro” kinase reaction in HL60 cells. Lane
5-7 cells were treated, harvested and the protein extracted in exactly the same way as the
cells shown in lanes 2-4. The “SB in vitro” indicates that during the kinase reaction, the
same concentration of SB was added again to the 50 μl reaction buffer. ATF-2 was used as
the substrate for each p38MAPK isoform, and phosphorylation of ATF-2 was detected by
western blot analysis for activating phosphorylations (indicated by bracket on the right side
of each panel). The O.D. values are shown as the ratio of the signal of phospho-ATF-2 of
each band to the signal of the corresponding loading control, ATF-2.
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Fig.6. Isoforms p38MAPKγ and p38MAPKδ play a positive role in 1,25D and SB-1,25D-induced
cell differentiation
Combined p38MAPKγ and p38MAPKδ antisense oligos (indicated as p38g/d in the figure,
final concentration 10 μM, were added 48 hours before exposure to SB (5 μM) and 1,25D
(10 nM). Cells were treated with SB and 1,25D for 72 hours. Note that the expression of
both differentiation markers was significantly reduced by the antisense oligos in 1,25D and
SB-1,25D treated groups in both cell lines. SC: scrambled oligos, p38g/d AS: p38MAPKγ/δ
antisense oligos. The reductions for HL60 cells were, CD11b and CD14, respectively: SC-
D3 vs p38MAPKγ/δ AS-D3, 25% and 15%; SC-SB-D3 vs p38MAPKγ/δ AS-SB-D3 36%
and 16%. For U937 cells SC-D3 vs p38MAPKγ/δ AS-D3, 82% and 66%; SC-SB-D3 vs
p38MAPKγ/δ AS-SB-D3 82% and 71%. Means ± SD are shown; n=3. ** signifies p<0.01
for reduction of CD11b and CD14 expression comparing 1,25D with SB-1,25D-treated
groups.
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Fig.7. In 1,25D-treated cells p38MAPKγ and p38MAPKδ antisense oligos reduce
phosphorylation of differentiation-related MAP kinases
Western blots showing that p38MAPKγ and p38MAPKδ antisense oligos reduced
expression of phospho-MKK3, an upstream regulator of p38MAPK, as well as that of
phospho-MEK and phospho-JNK in 1,25D-treated cells.
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Fig.8. SB activates MEK/ERK at the early stage, while JNK and the myeloid differentiation-
related transcription factor expression PU.1 are activated principally at a late stage of
differentiation
Enhancement by SB of 1,25D-activation of these signaling molecules also takes place.
Western blots showing that SB alone increased phospho-MEK/ERK after 6 h treatment in
both cell lines. In HL60 cells phospho-JNK and the expression of differentiation-related
transcription factor PU.1 did not increase at that time; however, after 72 hours at the later
stage of cell differentiation, SB enhanced 1,25D-activated phosphorylation of JNK and
1,25D-induced expression of PU.1. In U937 cells an increase in P-JNK1/2 was already
noted at 6h. The lanes represent cells treated for 6h or 72h, as indicated, with: 1. Vehicle
control. 2. SB (5 μM). 3. 1,25D (10 nM). 4. SB-1,25D. The O.D. values shown below each
panel represent the ratios of the signal of each band to the signal of the corresponding
loading control, calregulin.
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Fig.9. Inhibition of p38MAPKα by SB results in increased expression of its upstream regulator
MLK3 and the activation of MKK3/6
Western blots showing that SB (5 μM, 48h) increased the expression of MLK, an upstream
regulator of p38MAPK, and increased phosphorylation of MKK3/6, but reduced
phosphorylation of Hsp27, a downstream target of p38MAPKα. However, SB increased
1,25D-induced phospho-ATF-2, a component of transcription factor AP-1, which
contributes to 1,25D-induced cell differentiation. The O.D. values are shown below each
panel as the ratio of the signal of each band to the signal of the corresponding loading
control, calregulin.
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Fig.10. A hypothetical scheme for the mechanisms of enhancement of 1,25D-induced cell
differentiation by a p38α/β kinase inhibitor SB202190
It is proposed that in proliferating cells a target of p38MAPKα, e.g. Hsp27, has a negative
feedback on a kinase, perhaps upstream of MLK3, that regulates p38MAPK and JNK
pathways, and to a lesser extent the MEK/ERK pathway. Removal of this restraint (the
negative feedback loop) by the selective p38α/β kinase inhibitor SB activates all three
MAPK pathways, which are involved in 1,25D-induced cell differentiation. In addition, SB
increases the expression of the other two p38MAPK isoforms, γ and δ, which activate one of
the principal components of AP-1, ATF-2, and perhaps also PU.1. Upregulation of c-jun and
ATF-2 results in the expression of VDR, which in turn enhances the expression of other
genes required for differentiation such as and C/EBPbeta. Dotted lines denote pathways
which are speculative.
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