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Abstract

Intracellular signaling pathways present targets for pharmacological agents with potential for
treatment of neoplastic diseases, with some disease remissions already recorded. However,
cellular compensatory mechanisms usually negate the initial success. For instance, attempts to
interrupt aberrant signaling downstream of the frequently mutated ras by inhibiting ERK1/2 has
shown only limited usefulness for cancer therapy. Here, we examined how ERKS5, that overlaps
the functions of ERK1/2 in cell proliferation and survival, functions in a manner distinct from
ERK1/2 in human AML cells induced to differentiate by 1,25D-dihydroxyvitamin D3 (1,25D).
Using inhibitors of ERK1/2 and of MEK5/ERKS at concentrations specific for each kinase in
HL60 and U937 cells, we observed that selective inhibition of the kinase activity of ERK5, but not
of ERK1/2, in the presence of 1,25D resulted in macrophage-like cell morphology and
enhancement of phagocytic activity. Importantly, this was associated with increased expression of
the macrophage colony stimulating factor receptor (M-CSFR), but was not seen when M-CSFR
expression was knocked down. Interestingly, inhibition of ERK1/2 led to activation of ERKS5 in
these cells. Our results support the hypothesis that ERK5 negatively regulates the expression of
M-CSFR, and thus has a restraining function on macrophage differentiation. The addition of
pharmacological inhibitors of ERK5 may influence trials of differentiation therapy of AML.
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INTRODUCTION

Differentiation and lineage selection of hematopoietic stem cells present multiple points at
which errors can occur and, thus, lead to hematopoietic malignancies. For instance, point
mutations in the c-fms proto-oncogene, which encodes the receptor for Macrophage-Colony
Stimulating Growth Factor (M-CSF or CSF1), known as M-CSFR or CSF1R, are not
infrequently found in Myelodysplastic Syndrome (MDS) and Acute Myeloid Leukemia
(AML), particularly of the monocytic subtypes, M4 and M5 [1]. Also, the loss of the c-fms
(M-CSFR) has been reported to play a role in microglial (brain macrophage) proliferation
and differentiation [2] These findings suggest that the differentiation of bone marrow
promonocytes to macrophages is a potential control point which requires an intact M-CSFR,
and its loss or malfunction can lead to neoplastic differentiation arrest.

M-CSFR, as well as receptors for the granulocyte (G-CSF or CSF3) and granulocyte-
macrophage (GM-CSF or CSF2) colony simulating factors, are individually or collectively
responsible for mediating the effects of cell environment on proliferation, survival and
differentiation of progenitor cells of the corresponding lineage (see [3, 4] for reviews). The
downstream signaling from these plasma membranespanning receptors, which function as
protein tyrosine kinases [5-8], are usually transmitted by several phosphorylation cascades
(e.0. [7, 9-11)).

In the case of M-CSFR the reported signaling includes JAK/STAT, PI3K/AKT and MAPK
pathways [10, 12-14]. The latter pathway consists of a family of related protein kinases, of
which ERK1/2 (MAPK3/MAPK1) has received most attention (e.g., [15-18]). However,
ERK5 (MAPKT7) shares a number of properties and some functions with ERK1/2, yet the
overlap is often overlooked in the analysis of MAPK role in carcinogenesis and the
therapeutic approaches to malignancies. On the other hand, considerable attention has been
recently given to the role of ERKS5 in organ development and cell differentiation. For
instance, ERKS5 has an important role during cardiovascular development [19]. In neural
tissues, ERKS is required for neural outgrowth [20], and Z Xia group made extensive studies
of the role of ERKS5 in neurogenesis in several regions of the brain (e.g., [21-23]). At
cellular level, ERK5 pathway is required for Colony-Stimulating Factor-1(CSF-1)-induced
proliferation of macrophages [24], and is linked to cell metabolism in this cell type [25].

We have previously reported that the MAP3K8 known as COT1 is activated during
differentiation of cultured AML cells induced by a combination of two differentiation
agents, 1,25-dihydroxyvitamin D3 (1,25D) and the plant derived-polyphenol silibinin [26].
Interestingly, ERK5, a known downstream target of COT1 was also activated, and its
inhibition appeared to alter the expression of conventional markers in 1,25D-induced
differentiation of several types of cultured AML cell [27, 28]. Although the activation of
ERKS was paralleled by the expression of several markers of monocytic differentiation,
there was a reciprocal modulation of the relative levels of these markers, with general
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myeloid marker CD11b being increased by the addition of inhibitors of the ERK5 pathway
to either untreated or 1,25D-treated AML cells, while the specific monocytic marker CD14
was concurrently decreased. This suggested that this altered phenotype was due to the
reduced ERKS5 activity resulting in a change in differentiation state of the monocytes. Such
possibility was explored here, and our data suggest that ERK5 functions to retard the
progression of monocytes to the next functional stage of differentiation, the macrophage.
The principal mechanism for this partial and transient arrest at the stage of monocyte is, at
least in part, due to the ability of ERKS5, but not of ERK1/2, to inhibit upregulation of M-
CSFR levels, necessary for the macrophage phenotype.

MATERIALS AND METHODS

Reagents

1,25D was a kind gift from Dr. Milan Uskokovic (Bioxell, Nutley, NJ). The
pharmacological inhibitors of MAP2K5/MEKS5 kinase (BI1X02189), and of ERK5
(XMD8-92) were purchased from Selleck Chemicals (Houston, TX) and Santa Cruz
Biotechnology Inc., respectively. The MEK1/2 (MAP2K1/MAP2K?2) inhibitors PD98059
and U0126 were obtained from Cell Signaling Technologies (Danvers, MA). 12-O-
Tetradecanoylphorbol 13-acetate (TPA) was from Sigma-Aldrich (St. Louis, MO). Crk-L
(#sc-319) antibody was obtained from Santa Cruz Biotechnology (Dallas, TX). Phospho-
Erk1/2 (Thr202/Tyr204, #9101), Erk1/2 (#9102), phospho-ERKS5 (Thrl187/Tyr220, #3371),
Erk5 (#3372), M-CSF Receptor (#3152), anti-rabbit (#7074) and anti-mouse (#7076)
antibodies linked to HRP were purchased from Cell Signaling Technologies. Nitrocellulose
membranes were purchased from GE Healthcare (Pittsburgh, PA). All kinase inhibitors were
dissolved in DMSO.

Cells and culture

HL60-G cells were subcloned from HL60 cells derived from a patient with promyeloblastic
leukemia [29], and U937 monablastic cells were derived from a patient with histiocytic
lymphoma [30]. These cell lines were cultured in suspension in RPMI-1640 medium
supplemented with 10% bovine calf serum (Hyclone, Logan, UT), and incubated at 37°C in
a humidified atmosphere with 5% CO2. Routine microbiology testing for Mycoplasma was
conducted by selective culture techniques [31]. For experiments involving kinase inhibitors,
cells (0.1 x 108/ml) were pretreated with experimental agents or 0.1% DMSO (vehicle
control) for 1 h before the addition of 1,25D for additional 96 h. Cells were considered
adherent where pre-incubation with EDTA was required to loosen the cells from the
substratum. Cell number and viability were estimated on the basis of the trypan blue
exclusion assay.

Ex vivo samples

AML blasts were obtained from three patients and from two individuals without malignant
disease who provided normal bone marrow cells. All specimens were accrued in accordance
with an IRB approved protocol and with informed consent. Mononuclear cells were isolated
as described previously [27, 32]. The cells were placed in primary culture and treated in a
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manner described for the established cell lines, but because the experiments were limited by
the quantity of cells available, the investigations were not able to be as extensive.

Morphological analysis of Wright-Giemsa-stained cells

Following incubations, cells were washed twice with PBS and once with bovine serum.
Cells were then smeared on glass slides, air-dried, and subjected to Wright-Giemsa staining
procedure in a Hema Tek 2000 automated slide staining apparatus (Siemens Healthcare
Diagnostics, Tarrytown, NY, USA) in accordance with the manufacturer’s protocol. The
slides were then air-dried and examined under an Eclipse EGO0W light microscope (Nikon,
Tokyo, Japan) at 1000x magnification. Images were obtained by a DS-5M digital camera
(Nikon).

Phagocytosis assay

After incubation with the indicated compounds for 96 h, 5 x 10° cells were washed twice
with PBS, suspended in 495 ul RPMI-1640 containing 10% heat-inactivated FCS and
incubated at 37°C for 15 min with 5 pl of opsonized zymosan (1 mg/ml). Subsequently, the
cells were smeared on glass slides and stained with Wright-Giemsa, as described above.
Phagocytosis was determined under light microscope (500x magnification) in at least 500
cells, and defined as the percent of cells containing two or more phagocytized particles of
opsonized zymosan, as described previously [33].

Flow Cytometry

Aliquots of one million cells were harvested, washed twice with phosphate buffered saline
(PBS) and incubated for 45 min at room temperature with 0.5 pl CD14-RD1, 0.5 ul CD11b-
FITC or 5 ul human PE-conjugated CD115 (c-fms) antibodies (all from Beckman Coulter
Inc., Brea, CA) to analyze the expression of the corresponding surface markers of
differentiation. The cells were then washed three times with ice-cold PBS, resuspended in 1
ml PBS and analyzed using EPICS XL flow cytometer (Beckman Coulter). 1IgG-FITC,
IgG2b-RD1 and IgG2a-PE isotype controls were used to set threshold parameters.

Transfection of sIMCSFR oligonucleotides

RT-PCR

The siRNA targeting M-CSFR and a generic scrambled control siRNA were purchased from
Santa Cruz Biotechnology. Transfection was carried out by using Endo-Porter delivery
reagent from Gene Tools Inc. (Philomath, OR). siRNAs were transfected at a final
concentration of 20 nM for 48 hours, and the transfected cells were seeded at 2 x 10°
cells/ml and exposed to the specified agents for the indicated times. The cells were
examined for the efficiency of the knock down of M-CSFR expression at both mRNA and
protein levels.

Total cellular RNA was extracted by using Trizol (Invitrogen, CA) according to
manufacturer’s protocol and reverse transcribed for quantification by ABI cDNA Archive
Kit (Applied Biosystems, Foster City, CA) as previously described [26]. Quantitative RT-
PCR for M-CSFR was carried out using an ABI SYBR Green master kit (Applied
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Biosystems, Foster City, CA). Fold changes of mMRNA levels in target gene relative to the
RNA polymerase Il (RPII) control were calculated by relative quantification analysis.
Primers used for M-CSFR were: upstream 5’- CTG CTG ACT GTT GAG ACCTTA G -3,
downstream 5’- GGT ACT TGG GCT TCT GCT TAT -3’; for RPII, upstream 5’-GCA
CCA CGT CCA ATG ACAT-3’, downstream 5’-GTG CGG CTG CTT CCA TAA-3’. The
quality of PCR products was monitored using post-PCR melting curve analysis.

Western blotting

Western blotting was performed using total cell extracts, as described before [26]. Briefly,

membranes were incubated with different primary antibodies for 1-2 h, and then blotted

with HRP-linked secondary antibodies for 1 h. The protein bands were visualized using a

chemiluminescence assay system (Pierce Biotechnology, Rockford, IL), each membrane

was stripped and reprobed for Crk-L, as the internal loading control. The optical density of

each band was quantitated using ImageQuant 5.0 (Molecular Dynamics, Sunnyvale, CA),
and normalized to the signal of Crk-L loading control.

Statistical analysis

RESULTS

Each cell line experiment was performed at least three times and the results are expressed as
the mean + S.D. Significance of the differences between mean values was assessed by a
two-tailed Student’s t-test. A p value less than 0.05 was considered to be statistically
significant. All computations were performed using Microsoft EXCEL or GraphPad Prism
ver. 6.0 (GraphPad, La Jolla, CA).

Specificity of kinase inhibitors for ERK1/2 and ERK5 pathways

A number of synthetic inhibitors has been used in studies of MAPK function, and some
ERKZ1/2 inhibitors have been and currently are in clinical trials of various solid tumor and
leukemia therapy (e.g., [34-38]). However, there has been some discussion whether
compounds such as PD98059 and U0126, the well-studied inhibitors of ERK1/2 [39], also
inhibit the activation of ERKS5 (e.g., [40, 41]). Since at high concentrations the specificity of
pharmacological inhibitors is routinely lost (e.g., [42]), we used inhibitor concentrations
near or at the lowest concentration reported in previous studies, as summarized in
Supplemental Table 1. More importantly, in initial experiments we established that in the
cell system studied here 20 uM PD98059 (lane 4) and 1 uM U0126 (lane 6) inhibit 1,25D-
induced activation of ERK1/2, and the latter inhibitor actually increased the activation of
ERKS, as shown by its phosphorylation levels (Fig.1).

Conversely, Fig.1 also shows that 10 uM BIX02189 (lanes 7 and 8) and 5 uM XMD8-92
(lanes 9 and 10) inhibit both basal and 1,25D-induced activation of ERKS in both cell lines
studied. Additionally, in HL60 cells there is increased phosphorylation of ERK1/2, also
most likely a compensatory event. Thus, in human AML cells 20 uM PD98059 or 1 uM
U0126 specifically inhibit 1,25D-induced activation of ERK1/2, while 10 uM BIX02189
and 5 uM XMD8-92 specifically inhibit the ERK5 pathway, and a compensatory activation
of the parallel MAPK pathway can also occur, though these are inhibitorspecific events.
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Inhibition of ERK5 pathway changes AML cell morphology and cell surface marker
expression in a manner similar to changes seen with TPA, arecognized inducer of
macrophage phenotype

We have previously observed that the exposure of AML cells to 1,25D in the presence of
B1X02189 or XMD8-92 markedly reduces the surface expression of CD14, the principal
marker of monocytic differentiation [27, 28]. As mentioned above, this was accompanied by
an increase in the expression of CD11b, the general myeloid marker [43], raising the
possibility that the inhibition of the ERKS5 pathway results in a switch in the differentiation
lineage. Accordingly, we compared patterns of CD11b and CD14 expression in HL60 and
U937 cells treated with 1,25D and its combinations with MEK5/ERKS inhibitors to those in
cells incubated with TPA, a well-known inducer of macrophage differentiation [44]. In
addition, we performed microscopic examination of Wright-Giemsa stained cells following
different treatments.

Fig. 2A demonstrates that, in a striking similarity to the samples treated with
B1X02189+1,25D or XMD8-92+1,25D, TPA treatment resulted in a marked increase in
surface CD11b levels accompanied by a much less pronounced elevation of CD14 levels.
Further, as illustrated in Figs. 2B and C, control cells (treated with the vehicle only)
displayed blast-like morphology (large nuclear/cytoplasmic ratio, strongly basophilic
cytoplasm).Treatment with 1,25D alone induced moderate morphological changes (slightly
less basophilic cytoplasm and smaller nuclear/cytoplasmic ratio). The morphological
features of cells treated with PD98059 or U0126, in the absence or presence of 1,25D,
showed almost no difference compared with untreated control cells. However, cells treated
with BIX02189+1,25D and, particularly, XMD8-92+1,25D acquired the morphological
features consistent with macrophage-like cells, including enlarged cells with diffuse or
ameboid shape, abundant and less basophilic cytoplasm, ruffled cell membrane, and
adherence to the substratum. In some cells ameboid protrusions were seen, generally
considered to be specific for macrophage morphology [45]. BIX02189 and, more clearly,
XMD8-92 alone, had similar, but less pronounced effects. TPA treatment, used as a positive
control for macrophage-like phenotype induced in AML cells [44], showed substantial
similarity to the treatment with BIX02189+1,25D or XMD8-92+1,25D with regard to
morphological features (Fig. 2B and C), Thus, both cell morphology and cell surface marker
expression changes strongly suggest that inhibition of ERKS5 in HL60 and U937 cells results
in macrophage-like phenotype.

Changes in the expression of M-CSFR, a molecular marker of macrophage phenotype

Since cell morphology clearly excluded granulocyte phenotype in AML cells treated with
1,25D and inhibitors of the ERK5 pathway, we have focused on a definitive documentation
of the macrophage-like phenotype of the treated cells. First, we examined the expression of
mRNA for M-CSFR in HL60 and U937 in basal state and after 96 h exposure to 1,25D. As a
control we used cells treated with 10 nM TPA, known to upregulate M-CSFR expression in
AML cells [46]. Interestingly, while we detected small but consistent decreases in M-CSFR
mRNA levels after 1,25D exposure which were statistically significant (p < 0.05) in both
cell lines studied, addition of ERK1/2 inhibitors abrogated these decreases, whereas
inhibitors of ERKS increased M-CSFR mRNA expression in cells in basal state, and even
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more when combined with 1,25D treatment (Fig. 3). As in most respects, XMD8-92 was
somewhat a more potent upregulator of M-CSFR than BI1X02189 (Fig. 3). These data
suggest that while 1,25D promotes differentiation of AML cells, it tends to inhibit the
progression of the monocytes to macrophages, and that ERK5, which is upregulated by
1,25D (Fig. 1 and ref. [27]), is the principal mediator of this effect by inhibiting the
expression of M-CSFR. In contrast, ERK1/2 MAPKSs do not appear to be involved in this
aspect of differentiation control (Fig. 3).

We determined cellular protein levels of M-CSFR by two methods, Western blotting for
total protein, and by the expression of M-CSFR on the cell surface, known here as the
CD115 antigen. In these experiments we also used as a control cells treated with 10 nM
TPA, the inducer of macrophage-like differentiation. The Western blots, shown in Fig. 4, are
largely consistent with the mRNA results seen following exposure to ERK inhibitors,
indicating that the effects of these kinase inhibitors take place at the transcriptional level.
However, the decrease in M-CSFR mRNA in 1,25D-treated cells was not seen at protein
level, suggesting that 1,25D may stabilize this protein. Indeed, the surface detectable CD115
showed an increase in 1,25D-treated cells which reached statistical significance in U937
cells (Fig. 4B). These flow cytometric determinations confirmed that inhibitors of ERK1/2
had no discernible effect on the expression of M-CSFR in AML cells, while inhibitors of
ERKS can significantly (p< 0.05 to p< 0.01) increase the level of this receptor, approaching
the levels seen in TPA-treated AML cells, an established in vitro model of macrophages.

M-CSFR protein levels are critical for the enhancement of macrophage phenotype by
inhibition of ERKS5 activity

Further confirmation of the importance of M-CSFR for the modulation by ERKS5 of
differentiation was obtained by knock down (KD) of M-CSFR expression using silencing
oligonucleotides to M-CSFR. The KD greatly reduced the expression of M-CSFR in all
groups tested, but this was most evident when M-CSFR levels were enhanced by
XMD8-92+1,25D or TPA (Fig. 5A). Concurrently, KD of M-CSFR markedly diminished
the effect of XMD8-92 on increasing CD11b expression (Fig. 5B, lanes 3 in both HL60 and
U937 cells), and on the inhibition of CD14 expression (Fig. 5B, lanes 7). Thus, the
inhibition of ERKS activity by pharmacological agents BIX02189 and XMD8-92 requires
high M-CSFR levels to have an effect on macrophage differentiation.

Ex vivo AML cell studies

We also examined the effect of the addition of the potent ERKS5 inhibitor XMD8-92 on cells
obtained from the bone marrow of patients without hematologic disease (“Normal BM”),
and patients with AML. The accrual of these specimens was limited by patient availability
during these studies. The AML and normal human BM cells responded to 1,25D, XMD8-92,
and to their combination in a manner similar to AML cells in established culture. Namely,
1,25D increased surface expression of the monocytic marker CD14 more than of CD11b,
and, as previously reported [27, 28], this ratio was reversed by an exposure to the ERK5
inhibitor XMD8-92, but not to the ERK1/2 inhibitor PD98059 (data not shown).
Importantly, XMD8-92, but not PD98059, enhanced the expression of M-CSFR (CD115) in
both AML cells ex vivo, and in normal BM cells (Fig. 6A and B).These data imply that
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ERKS plays a role in normal human as well as neoplastic hematopoiesis by regulating the
expression of M-CSFR. The examination of morphological changes induced in the
experiments shown in Fig. 5B confirmed the macrophage-like morphology of AML cells
exposed to XMD8-92+1,25D (Fig. 6C).

AML cells in which the ERKS5 pathway is inhibited show macrophage function

One of the principal functions of macrophages is phagocytosis, and this function is shared
with only a few other cell types, such as granulocytes and dendritic cells (e.g., [47, 48]). To
further confirm that inhibition of ERK5, but not of ERK1/2, kinase activity confers
macrophage characteristics, we determined the ability of HL60 and U937 cells to
phagocytose opsonized zymosan particles in response to treatment with 1,25D and kinase
inhibitors, alone and in combination. The results illustrated in Fig. 6 and summarized in
Table 1 indicate that untreated control HL60 and U937 cells had a marginal phagocytic
activity which was moderately but significantly (p< 0.01) increased by 1 nM 1,25D in both
cell lines. The ability of cells to phagocytose was minimally influenced by kinase inhibitors
alone, except for XMD8-92, whose effect was comparable with that of 1,25D. Interestingly,
combined treatment with 1,25D and ERK1/2 inhibitors ether did not significantly affect
1,25D-induced phagocytic activity (in U937 cells) or even reduced it (in HL60 cells). On the
other hand, ERKS inhibitors strongly cooperated with 1,25D to stimulate phagocytosis in
both cell lines, XMD8-92 being the more effective, synergistically acting potentiating agent
(p< 0.001 in U937 cells; p< 0.0001 in HL60 cells). Importantly, the effects of the 1,25D
+XMD8-92 combination were superior to those induced by 10 nM TPA, the known inducer
of macrophage-like phenotype [44, 49]. Thus, taken together, our results provide evidence
that the reason for the well documented action of the near-physiological concentrations of
1,25D to induce differentiation of AML cells at monocyte, rather than macrophage stage
[50, 51], is the activity of ERKS5 upregulated by 1,25D [26], which retards the completion of
the maturation process.

DISCUSSION

One of the fundamental questions in the biology of neoplasia is how differentiating cells
restrain the unnecessarily rapid progression of the successive steps in this process. This
restraint, although necessary and beneficial under normal conditions, when due to mutations
or epigenetic errors can lead to inappropriately arrested, immature cells, and thus to
unrestrained proliferation. In this study we elucidated several novel aspects of this process.
Most importantly, we found that two seemingly parallel signaling pathways, while
overlapping to some extent, can also antagonize each other’s functions. Specifically, we
demonstrate that ERKS5 retards the progression of differentiation of macrophage precursors
that can be driven by ERK1/2 [52, 53].

Another intriguing finding is that treatment with MEKS5 inhibitor BIX02189 can produce a
compensatory increase in ERK1/2 activation. This is evident in HL60 cells, and although
some of the increases did not reach statistical significance, B1X02189 clearly enhanced the
activation of 1,25D-treated cells (Fig. 1A). Perhaps due to the more advanced maturation
state of U937 cells, this was not observed in these cells. However, the reverse situation, the
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compensatory increases in ERKS5 levels following treatment with ERK1/2 inhibitors, was
seen in both cell types treated with the inhibitor of ERK5 autophosphorylation XMD8-92
and 1,25D, and was previously noted to occur in HeLa cells in which the ERK1/2 pathway
stimulated by EGF was inhibited by PD184352 [42]. We therefore extend the previous
finding to show that ERK1/2 and ERKS5 pathways can provide a negative feedback to each
other.

The conclusions that we have reached regarding the effects of ERKS5 inhibition by
B1X02189 and XMD8-92 can be considered well founded, since they are based on the use
two inhibitors of the ERKS5 pathway with entirely different mode of ERKS5 inhibition -
B1X02189 inhibits MEKS5 phosphorylation and thus the activation of ERKS5, while
XMD8-92 inhibits ERK5 auto-phosphorylation. Since both have essentially the same effects
on M-CSFR expression in 1,25D-treated cells, using two cell lines and examining M-CSFR
expression at both transcriptional (Fig. 3) and protein (Fig. 4) levels, we felt confident that
this is a specific effect on ERKS5 activity. This conclusion was reinforced by the absence of
such effects of two ERK1/2 inhibitors, PD988059 and U0126 (Figs. 3 and 4). This is
important, as in many cell systems ERKS5 and ERK1/2 have overlapping effects, yet Figs. 3
and 4 show starkly contrasting effects of their inhibitors on M-CSFR expression. Further,
the results obtained with these pharmacological inhibitors were confirmed by the knock-
down of M-CSFR expression which also resulted in inhibited macrophage-like
differentiation (Fig. 4B). Further, our findings in AML cells in primary culture support the
view that our observations are not due to artifacts of prolonged culture, but reflect to a large
extent the situation in vivo.

However, some caveats need to be mentioned. Detailed immunophenotyping is unlikely to
help to identify the monocyte-macrophage phenotype, as various subtypes of these cells
have been described, with different functions and immunophenotypes (e.g., [54-57]).
Therefore, our conclusion that treatment of AML cells with ERKS5 inhibitors combined with
1,25D results in macrophage-like cells is based on cell morphology, induction of M-CSFR,
and most importantly, on vigorous phagocytosis by these cells. The latter finding is
supported by previous studies which demonstrated that increased levels of M-CSFR results
in enhanced phagocytosis (e.g., [58, 59]), while downregulation of M-CSFR leads to
impaired phagocytosis (e.g., [60, 61]) by tissue macrophages. The similarity in all these
respects to TPA-treated THP-1 cells, generally accepted to exhibit macrophage phenotype
[62] provides supporting evidence for this conclusion. To date, our experiments do not show
if the ERKS5 inhibitors act directly on M-CSFR expression, or are mediated by some
intermediaries, which are still unknown. In any case, ERKS5 inhibition requires M-CSFR for
optimal induction of macrophage phenotype, as shown by the knock down of M-CSFR
expression (Fig. 5A and B).

Some differences in the effects of BIX02189 and XMD8-82 are to be expected, as the
former inhibits activating phosphorylation of ERK5 by MEKS5, and the latter inhibits the
auto phosphorylation of activated ERKS5. Thus, the more pronounced effects of XMD8-82
are likely due to its more direct effect on the ERK5 pathway, as auto-phosphorylated ERK5
enters the cell nucleus, and is thus closer to the interacting transcription factors that transmit
the ERKS5 pathway signals to the gene promoters (e.g., [63]). Therefore, the main

Exp Cell Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 10

significance of this study is that the recognition of events altered by these pharmacological
agents should allow them to be included in appropriate modifications of regimens currently
not totally effective in the treatment of AML, and perhaps other neoplastic diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Western blots showing the specificity of ERK1/2 and ERKS inhibitors
(A) HL60 cells were pretreated with either MEK1/2 inhibitors, PD98059 (20 uM) and

U0126 (1 uM), or MEKS5/ERKS inhibitors, B1X02189 (10 pM) and XMD8-92 (5 uM), for 1
h, then 1,25D (1 nM) was added for an additional 96 h. TPA (10 nM) treated group was used
as positive control. P-ERK1/2 and P-ERKS protein levels were determined by Western
blots. Normalized optical densities of each band are shown in the bar charts. The blots
shown are representative of three experiments. CTL = Control. (B) U937 cells were treated
in the same manner as HL60 cells. ¢ = p<0.05, significantly increased vs. control group; <
= p<0.05, OO = p<0.01, significantly decreased vs. control group; # = p<0.05, significantly
increased vs. 1,25D-treated group; * = p<0.05, ** = p<0.01, significantly decreased vs.
1,25D-treated group; n=3.
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B. Morpholoqgy of HL60 cells
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C. Morphology of U937 cells
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Fig. 2. Inhibition of the MEK1/2-ERK1/2 and MEK5/ERKS5 pathways differentially affects the
cell surface marker expression and morphology of AML cells

(A) An example of primary flow cytometry data. These frames show the similarity of
changes in cell surface expression of differentiation markers induced by treatment with TPA
or MEKS5/ERKS inhibitors together with 1,25D. Note that TPA, like the inhibitors and
1,25D combinations, increases the expression of CD11b (horizontal scale), but reduces the
expression of CD14 (vertical scale). HL60 and U937 cells were pretreated with either
MEKS5/ERKS5 inhibitors, BIX02189 (10 uM) and XMD8-92 (5 uM), or TPA 10 (nM) for 1
h, then 1,25D (1 nM) was added for an additional 96 h. N=3. (B) HL60 cells were pretreated
with either MEK5/ERKS inhibitors, BIX02189 (10 uM) and XMD8-92 (5 uM), or MEK1/2
inhibitors, PD98059 (20 pM) and U0126 (1 uM) for 1 h, then 1,25D (1 nM) was added for
an additional 96 h. (C) U937 cells were subjected to identical treatments. Following
incubations, cell smears were stained with Wright-Giemsa and photographed at 1000x
magnification. TPA (10 nM) was used as the positive control for the induction of
macrophage differentiation. Arrows indicate the more abundant cytoplasm in cells treated
with MEK5/ERKS inhibitors, alone and in combination with 1,25D, and TPA, typical of
macrophages. Other typical features evident in this group are nuclear morphology, ameboid
pseudopodia, and abundant cytoplasmic inclusions, better seen in HL60 cells. Scale lines
within the panels indicate 10 pm.
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Fig. 3. ERKS5 inhibition selectively increases the expression of M-CSFR, a molecular marker of
macrophage differentiation, at mMRNA level

HL60 or U937 cells were pretreated with either MEK1/2 inhibitors, PD98059 (20 uM) and
U0126 (1 uM) or MEK5/ERKS inhibitors, BIX02189 (10 uM) and XMD8-92 (5 uM), for 1
h, then 1,25D (1 nM) was added for an additional 96 h. The levels of M-CSFR mRNA were
determined by SYBRGreen RT-gPCR in both HL60 and U937 cells. ¢ = p<0.05, ¢4 =
p<0.01, significantly increased vs. control group; & = p<0.05, significantly decreased vs.
control group; # = p<0.05, ## = p<0.01, significantly increased vs. 1,25D-treated group.
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Fig. 4. Expression of M-CSFR, a molecular marker of macrophage differentiation, at protein
level

AML cells were pretreated with either MEK1/2 inhibitors, PD98059 (20 uM) and U0126 (1
uM) or MEK5/ERKS inhibitors, BIX02189 (10 uM) and XMD8-92 (5 uM), for 1 h, then
1,25D (1 nM) was added for an additional 96 h. TPA (10 nM) treated cells were used as the
positive control. (A) M-CSFR (also known as CD115) total protein levels as determined by
Western blotting. Normalized optical densities of each band are shown in the bar charts.
Crk-L was used as a loading control. The blots shown are representative of three
experiments. CTL = Control. PD = PD98059, U0 = U0126, BIX = B1X02189, XMD =
XMD8-92.

(B) Expression of surface M-CSFR (CD115) was determined by flow cytometry. ¢ =
p<0.05, & = p<0.01, significantly increased vs. control group; # = p<0.05, ## = p<0.01,
significantly increased vs. 1,25D-treated group, n=3.
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Fig. 5. High levels of M-CSFR are required for ERKS5 inhibition of macrophage differentiation
AML cells were transfected with silencing oligonucleotides to M-CSFR before addition of

1,25D and ERKS5 inhibitor XMD8-92. (A) siM-CSFR abrogated the XMD+1,25D-induced
increase in M-CSFR protein levels in HL60 and U937 cells. The protein levels of a loading
control, Crk-L, were not significantly altered. (B) The knock down of M-CSFR markedly
diminished the effect of XMD8-92 on increasing CD11b expression and inhibition of CD14
expression in both HL60 and U937 cells. Asterisks (*) show a significant (p<0.05) decrease
in cells subjected to M-CSFR knockdown, while # denotes a significant (p<0.05) increase.
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Fig. 6. Macrophage-like phenotype induced by inhibition of ERKS5 activity in human AML cells
ex vivo

(A) Flow cytometric determination of surface expression of M-CSFR of AML cells in
primary culture. Mononuclear cells were separated from the total cells in specimens of bone
marrow, and then subjected to the same treatment as AML cell lines. The expression of M-
CSFR (CD115) in primary cultures was determined by flow cytometry. (B) Normal bone
marrow cells in primary culture were treated as described for AML cells. # = p<0.05,
significantly increased vs. 1,25D-treated group, n=3. (C) Effect of MEK5/ERKS inhibitors
on cell morphology of human AML cells ex vivo. The cells were stained and photographed
similarly to those shown in Fig. 2A and B. The cells shown here were from the FAB subtype

M2

sample.
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A Phagocytosis in HL60 cells
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B Phagocytosis in U937 cells
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Fig. 7. MEK5/ERKS inhibitors, but not MEK1/2-ERK1/2 inhibitors, promote phagocytic activity
of AML cells

(A) HL60 cells were pretreated with either MEK5/ERKS5 inhibitors, BIX02189 (10 uM) and
XMD8-92 (5 uM), or MEK1/2 inhibitors, PD98059 (20 uM) and U0126 (1 uM) for 1 h, then
1,25D (1 nM) was added for an additional 96 h. Cells (5 x 10°) were then incubated with
opsonized zymosan, smeared on glass slides and stained with Wright-Giemsa. Phagocytosis
was determined microscopically at 500x magnification. Arrows indicate examples of cells
containing phagocytized zymosan particles. TPA (10 nM) was used here as the positive
control for the induction of phagocytosis. (B) U937 cells treated as described above.
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Table 1
Quantitation of phagocytic activity following induction of macrophage phenotype

Page 25

Following treatments and phagocytosis assay (illustrated in Fig. 6, A and B) at least 500 cells were counted on
each slide. The percentage of cells containing two or more phagocytized particles of opsonized zymosan was

calculated and expressed as the mean £ S.D. (n=3).

Level of significance

Phagocytosis (%) | vs. Control | vs. 1,25D alone | vs. Inhibitor alone

HL60 cells
Control 02+04
D3-1nM 6.1+2.2 *x
PD-20 uM 0.9+0.1 *
D3+PD 28+0.6 ** ns *x
U0126-1 pM | 0.6 0.6 ns
D3+U0126 4922 * ns *
BIX-10 pM 1.7+038 *
D3+BIX 10.2+14 rEE ns xrE
XMD-5 uM 6.2+14 *x
Dy+XMD 48.0+3.8 — — —
TPA 10 nM 220+4.9 *x
U937 cells
Control 0.8+1.0
D3-1nM 6.0+1.1 **
PD-20 yM 26+1.0 ns
D3;+PD 6.8+2.8 * ns ns
U0126-1pM | 1.0+0.8 ns
D3+U0126 65+2.8 * ns **
BIX-10 pM 1.4+06 ns
Dy +BIX 92+18 R * i
XMD-5 uM 4407 *
D3+XMD 220+438 *xx roxx *x
TPA 10 nM 145+35 rxx

*: p<0.05;

2 <001

= peo.00t;

T2 p<0.0001.
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