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Abstract

Vitamin D derivatives, including its physiological form 1α,25(OH)2 vitamin D3 (1,25D), have

anti-tumor actions demonstrated in cell culture and confirmatory epidemiological associations are

frequently reported. However, their promise for use in the cancer clinic is still incompletely

fulfilled, suggesting that a better understanding of the molecular events initiated by these

compounds is needed for therapeutic advances. While ERK1/2 has been intensely investigated and

is known to transmit signals for cell survival, growth, and differentiation, the role of other MAPK

pathways has been studied sporadically. Therefore, we utilized acute myeloid leukemia (AML)

cells in culture (HL60 and U937), to determine if ERK5 has a role in 1,25D-induced terminal

differentiation which is distinct from the previously shown involvement of ERK1/2. We

previously found that inhibition of kinase activity of ERK5 by specific pharmacological inhibitors

BIX02189 or XMD8-92 results in higher expression of general myeloid marker CD11b, but a

lower expression of the monocytic marker CD14. In contrast, the inhibition of the ERK1/2

pathway by PD98059 or U0126 reduced the expression of all differentiation markers studied. We

report here for the first time that the differentiation changes induced by ERK5 inhibitors are

accompanied by the inhibition of cell proliferation, and this occurs in the both G1 and G2 phases

of the cell cycle. Of note, inhibition of ERK5 auto-phosphorylation by XMD8-92 results in a

particularly robust cell cycle arrest in G2 phase in AML cells. This study provides a link between
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the 1,25D-elevated ERK5 pathway and changes in the cell cycle phase transitions in AML cells.

Thus, combinations of vitamin D derivatives and ERK5 inhibitors may be more successful in

cancer clinics than 1,25D or analogs alone.
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1. Introduction

The physiological form of vitamin D3, 1α, 25(OH)2 vitamin D3 (1,25D), and its synthetic

analogs (VDDs) have anti-leukemic actions demonstrated in numerous cell culture studies

(e.g. [1–3]). However, clinical trials performed so far were either inconclusive, or failed to

show objective improvements, when VDDs were tested as sole therapeutic agents for several

types of human cancer [4]. This suggests that a better understanding of the molecular events

which are initiated by VDDs and lead to differentiation-associated cell cycle arrest of

malignant cells is needed for the design of potential VDD-based regimens for cancer

treatment. Such understanding may also lead to selection of patients who are likely to

respond to VDDs in clinical trials.

ERK1/2 has been intensely investigated by oncologists as a target for kinase inhibitors in

clinical trials of MEK1/2 inhibitors and some successes in solid tumors have been reported

(e.g. [5]). A pathway that parallels ERK1/2 signaling is the MEK5-ERK5 pathway which

also has been shown to transmit signals for cell survival, growth, epithelial-mesenchymal

transition, differentiation, and angiogenesis (see [6] for a recent review). Both preclinical

and clinical data suggest an association between increased activity of this signaling pathway

and tumorigenesis as well as disease progression (e.g. [7]). However, in contrast to the

MEK1/2-ERK1/2 pathway, targeting of the MEK5-ERK5 pathway in clinic has been only

scarcely addressed.

Recently, we reported that 1,25D is capable of activating a proto-oncogene kinase Cot1

which results in the upregulation of ERK5, its downstream effector, in human AML cell

lines [8]. Further, we found that inhibition of Cot1 either by a pharmacologic inhibitor or by

Cot1-siRNA lead to increased cell differentiation and G1 cell cycle arrest in response to

1,25D [8]. However, the functional role of ERK5 in 1,25D-induced differentiation and

inhibition of cell cycle progression of AML cells remained unclear.

2. Materials and Methods

2.1. Cell lines, cell culture, and inhibitors

HL60-G cells (FAB M2), subcloned from HL60 cells, and U937 monoblastic cells (FAB

M4) were cultured in suspension under standard conditions [8]. For experiments, cells

(75K/ml) were pre-treated with kinase inhibitors. These were the specific ERK1/2 inhibitors

PD98059 (Selleckchem, Houston, TX) and U0126 (Selleckchem); as well as BIX02189

(Selleckchem), the inhibitor of MEK5 which phosphorylates ERK5 and MD8-92 (Santa
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Cruz, Dallas, TX), which inhibits autophosphorylation of ERK5 and its nuclear

translocation. The cells were treated with the indicated concentrations of these inhibitors or

with 0.1% DMSO (vehicle) for 1 h before the addition of 1,25D or 0.1% ethanol, followed

by incubation for another 96 h.

2.2. Determination of differentiation markers

The expression of cell surface markers of myeloid differentiation was determined by dual

labeling of the cells with 10 μL of PBS containing 0.5 μg anti-CD11b MO1-FITC and 0.5 μg

anti-CD14 My4-RD-1 (Beckman Coulter) followed by two-parameter flow cytometric

analysis, as described previously [8].

2.3. Cell proliferation assay

Cell number and viability were estimated on the basis of the trypan blue exclusion assay, by

enumerating live and dead cells in a Vi-Cell XR cell viability analyzer (Beckman Coulter).

2.4. Cell cycle analysis

The DNA content of HL60 and U937 cells was determined by propidium iodide staining and

analyzed using an EPICS or FC500 flow cytometer (Beckman Coulter) [8]. The resultant

histogram of DNA content was analyzed using the Multicycle program (Phoenix Flow

Systems) to determine the proportions of cells in each phase of the cell cycle.

2.5. Western blotting

Immunoblotting was performed by using total cell extracts according to standard procedures

[8]. The following antibodies: P-p21 Ser146 (sc-12902), p21 (sc-397), P-p27 Ser10

(sc-12939), p27 (sc-528), and Crk-L (sc-319) were obtained from Santa Cruz Biotechnology

(Dallas, TX).

2.6 Statistical analysis

Each experiment was repeated at least three times, and the results were expressed as the

mean ± SD, and were subjected to paired student’s t-test using the Microsoft Excel program.

A value of p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Inhibitors of ERK5, but not of ERK1/2, alter the phenotype of AML cells during terminal
differentiation

We have recently found that pretreatment of human AML cells with MEK5 inhibitor,

BIX02189 [9], or ERK5 autophosphorylation inhibitor, XMD8-92 [10], leads to a marked

decrease in 1,25D-induced expression of the monocytic differentiation marker CD14 and an

increase in the expression of CD11b, a general marker of myeloid differentiation (in

preparation). In the current report we focus on the role of ERK5 in cell cycle control of

AML cells induced to terminal differentiation by 1,25D, and also contrast this with the role

of ERK1/2 in this process. As shown in Fig. 1, pretreatment of U937 cells with BIX02189 or

XMD8-92 had contrasting effects on cell phenotype when compared to treatment with the
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widely employed MEK1/2 kinase inhibitors, PD98059 and U0126 (compare panels 9 and 10

with panels 7 and 8 in Fig 1). These data indicate that ERK5 and ERK1/2 pathways have

distinct contributions to 1,25D-induced terminal differentiation of AML cells.

3.2. ERK5 is required for optimal AML cell proliferation and cell cycle transitions

Inhibition of ERK5 autophosphorylation of its C-terminal by XMD8-92 had a greater effect

on cell cycle transitions than inhibition of ERK5 phosphorylation by BIX02189 or inhibition

of ERK1/2 by other MAPK inhibitors (Fig. 2). Although these differences between the two

classes of inhibitors were numerically quite evident, especially in U937 cells, statistical

significance was not reached in this small series, suggesting that further studies of these

phenomena may provide a better insight into 1,25D-induced changes in AML phenotype.

However, as shown in Fig 2, the differences resulting from the inhibitor treatment were

generally significant when compared to the control or 1,25D-treated groups.

The apparently greater effect of XMD8-92 on cell cycle transitions is probably due to the

abrogation by XMD8-92 of nuclear translocation of ERK5 which requires phosphorylation

on its C-terminal and thereby directs p27Kip1/p21Cip1 upregulation by nuclear transcription

factors [10]. In contrast, N-terminal phosphorylation of ERK5 by MEK5 was insufficient for

nuclear translocation, although activated cytoplasmic ERK5 can affect events such as AKT

or serum and glucocorticoid-inducible kinase (SGK) signaling, but not p27/p21 upregulation

[6, 11]. Accordingly, XMD8-92 is more effective than the other MAPK inhibitors studied

here in inducing cell cycle arrest. Note that cell cycle inhibition was particularly marked

when XMD8-92 was combined with 1,25D (Fig. 2), and inhibition of the ERK5 pathway

was accompanied by a slower rate of cell proliferation (data not shown).

3.3. ERK5 dampens the expression of negative regulators of cell cycle progression

Treatment of AML cells with 1,25D is known to increase the levels of cell cycle negative

regulators p27 and p21[12, 13], but at low 1,25D concentration these increases are modest in

short experiments (Fig. 3). However, the addition of ERK1/2 and, especially, of ERK5

inhibitors together with 1,25D markedly increased the protein levels of p27 proteins and, to

a lesser extent, the p21 proteins (Fig. 3). Consistent with the extent of cell cycle arrest, the

inhibitor of ERK5 autophosphorylation, XMD8-92, induced the most marked increase in

p27 in both cell lines. While the levels of phosphorylated p27 and p21 forms also increased

under these conditions, particularly in U937 cells, the principal increases were at the level of

protein abundance, not the phosphorylation of the cell cycle regulators.

4. Conclusion

We report here for the first time that the cell cycle arrest following addition of ERK5

inhibitors BIX02189 or XMD8-92 to AML cells differentiating in the presence of 1,25D can

take place in both G1 and G2 phases of the cell cycle. Of note, the inhibition of ERK5 auto-

phosphorylation by XMD8-92 results in a particularly robust cell cycle arrest in the G2

phase in these cells, and correlates with the most marked effect of XMD8-92 on monocytic

differentiation (Table 1). Thus, this study provides evidence that 1,25D- stimulated ERK5

pathway diminishes the ability of 1,25D to induce terminal differentiation of AML cells
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which is associated with cell cycle arrest. It therefore seems that combinations of vitamin D

derivatives with ERK5 inhibitors may be more successful in cancer clinics than 1,25D or its

analogs alone.
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Highlights

• ERK5 inhibitors combined with 1,25D arrest proliferation and cell cycle in

AML cells

• G1 and G2 cell cycle transitions are facilitated by ERK5 autophosphorylation

• 1,25D and ERK5 inhibitors increase p27 at the level of protein abundance
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Fig. 1. Reciprocal modulation of basal and 1,25D-induced expression of CD11b and CD14 by
MEK5/ERK5 inhibitors contrasts with effects of MEK1/2 inhibitors
Primary data from a typical experiment. Average CD11b and CD14 values are presented in

each panel as the means ± SE (n = 3–9). *, P < 0.05; **, P < 0.01 and ***, P < 0.001 versus

control. #, P < 0.05; ##, P < 0.01; ###, P < 0.001; and ####, P < 0.0001 versus 1,25D alone.
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Fig. 2. Inhibition of MAPK activity enhances 1,25D-induced G1 and G2 cell cycle arrest in AML
cells
G1 to S and G2 to S phase ratios. Values are the means ± SD (n = 3). *, P < 0.05 versus

control. #, P < 0.05 versus 1,25D alone.
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Fig. 3. Inhibition of ERK5 activity by pharmacological inhibitors enhances the 1,25D-induced
increase in the protein levels of cell cycle inhibitors p21Cip1 and p27Kip1
Representative Western blots with relative optical densities (OD) under each signal. The

ratios of phosphorylated to total protein expression are also indicated to show that

phosphorylation is not the primary event. Crk-L is the protein loading control.
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