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Abstract Purpose: XK469 (NSC 697887) is a novel
antitumor agent with broad activity against a variety of
tumors including drug-resistant tumors. Previous studies
have indicated that XK469 is an antiproliferative agent
with a low cytotoxic effect in human H116 tumor cells.
In this study, we sought to determine the signaling
pathways involved in mediating its antiproliferative ac-
tivity. Methods: The antiproliferative activity of XK469
was tested using human U-937 leukemia cells in culture.
XK469-induced cell cycle arrest was determined using
flow cytometric analysis. Phosphorylation/activation of
MEK and MAPK was analyzed using immunoblot
analyses with specific antibodies against p-MEK and
p-MAPK. Results: Cell cycle analysis revealed that
XK469 arrested U-937 cells at the G2/M phase. Com-
pared with conventional anticancer agents, XK469
showed very low, if any, cytotoxic or proapoptotic effect
against U-937 cells. In contrast, treatment of U-937 cells
with vinblastine, doxorubicin and m-AMSA resulted
in extensive cell death through apoptotic pathways.
XK469, but not other agents, potently inhibited the
phosphorylation/activation of MEK in U-937 cells cul-
tured in serum-containing medium. XK469 was also
able to block the activation of MEK by serum addition
in starved U-937 cells. Exposure of cells to XK469 for
1 h was sufficient to inhibit the activation of MEK and
its downstream kinase, MAPK. The antiproliferative
response to XK469 was correlated with a steady accu-
mulation of cyclins B1 and A, which appeared to be a

direct result of G2/M arrest. Conclusions: Our findings
suggest that the antiproliferative effect of XK469 is
mediated by inhibiting the MEK/MAPK signaling
pathways in U-937 human leukemia cells.

Keywords Antiproliferation Æ MEK Æ MAPK Æ XK469

Introduction

XK469 (NSC 697887), a synthetic quinoxaline phen-
oxypropionic acid derivative, has been found to have a
broad range of activity against a variety of tumors,
including MDR-expressing murine solid tumors [1, 2].
Gao et al. have shown that levels of XK469 in the mil-
limolar range inhibit topoisomerase IIb in various
mammalian cell lines by inducing reversible protein-
DNA crosslinks in a manner similar to m-AMSA [4¢-(9-
acridinylamino)methanesulfon-m-anisidide], a known
topoisomerase II inhibitor [3]. Kessel and Horwitz, on
the other hand, have reported that XK469 elicits an
apoptotic response in murine L1210 cells, which corre-
lates with the binding of the drug to the peripheral
benzodiazepine receptor [4]. In contrast, we have
recently shown that XK469 blocks human H116 cells in
culture at the G2/M phase with relatively low cytotoxic
activity [5]. Additionally, we have shown that this effect
is correlated with the inhibition of cyclin B1 ubiquiti-
nation, resulting in the accumulation of cyclin B1 in the
G2/M phase [6]. These findings suggest that XK469 may
have multiple sites of action that are critically involved
in growth regulation and survival.

Mitogen-activated protein kinases (MAPK/ERK)
play a pivotal role in the mitogenic signal transduction
pathway and are key components of the MAP kinase
cascade, which includes MAPKK (MEK) and Raf-1 [7].
This cascade provides not only signal amplification but
also additional regulatory intermediates that allow the
kinetics, duration and amplitude of the activity to be
precisely modified [8]. Disruption of the MAPK cascade
may contribute to the molecular pathogenesis of
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myeloid leukemias. Recent studies have shown that
constitutive activation of MEK/MAPK pathways is as-
sociated with the neoplastic phenotype of a relatively
large number of human tumor cells and myeloid leuke-
mias [9, 10, 11]. Furthermore, Hayne et al. have shown
that the MEK/MAPK pathway is essential for the G2/M
progression during cell cycle [12]. The involvement of
MEK/MAPK pathways in regulating cell cycle progress
suggests that they might be potential therapeutic targets
in the treatment of myeloid leukemias.

In this study, we sought to determine the signaling
pathways involved in the antiproliferative response to
XK469 using the U-937 human leukemia cell model.
Specifically, we asked whether XK469 might exert its
antiproliferative effect by targeting MEK/MAPK sig-
naling pathways. We now report that XK469 is an
inhibitor of MEK and its downstream substrate,
MAPK/ERK in U-937 leukemia cells. Our findings
reveal that XK469 has a unique antiproliferative activity
distinct from that of conventional antitumor and anti-
leukemia agents.

Materials and methods

Cells

Cells of the human p53-null macrophage-like cell line, U-937
(ATCC CRL-1593.2), were maintained in RPMI-1640 supple-
mented with 10% fetal bovine serum (FBS) and 2 mM glutamine.
The U-937 cell line was derived originally from a patient with
histiocytic lymphoma [13].

Reagents

XK469 (MW 326) was provided by Dr. Mark Wentland (Rens-
selaer Polytechnical Institute, Albany, N.Y.). Vinblastine, doxo-
rubicin, and m-AMSA were purchased from Sigma (St. Louis,
Mo.). Antibodies against cyclins A, B1, E and cdc2 were a gift from
Pharmingen (San Diego, Calif.). Anti-MEK, p-MEK, MAPK and
p-MAPK antibodies were obtained from Cell Signaling (Beverly,
Mass.).

Cytotoxicity of XK469

Cells (2·105/well) were cultured in 96-well plates for 24 h in the
presence of graded levels of drugs for various time periods. After
drug treatment, cell viability was determined by trypan blue
staining. Apoptotic cell staining was performed as described pre-
viously [14, 15]. In brief, after treatment cells were stained with
acridine orange (10 ll of a 100-lg/ml solution into 100 ll cell
suspension) in the dark. A minimum of 100 cells per sample were
counted under a fluorescence microscope. Cells with condensed
chromatin were counted as positive, whereas those with a normal
chromatin pattern were counted as negative.

Flow cytometry

Cells were treated with XK469 for various times at 37�C in a
humidified incubator in an atmosphere containing 7.5% CO2.
DNA cell cycle staining was done by resuspending washed U-937
cells (2·106 cells/ml) in 500 ll 1·PBS. An equal volume of etha-
nol (70%) was added drop-wise to cells and gently mixed, fol-
lowed by incubation on ice for 30 min. After decanting the

supernatant by centrifugation at 750 g for 5 min, the cells were
stained with 1 ml chilled propidium iodide (PI) solution (20 lg/
ml) containing RNase A (1000 U/ml) and Triton X-100 (0.1%
v/v) at 37�C for 30 min [6]. Cells were then analyzed by flow
cytometry with a FACScan (Becton Dickinson, San Jose, Calif.).
Data were analyzed using Modfit software (v.5.01) for cell cycle
profile.

Immunoblot analysis

Immunoblot analysis was performed as described previously [15].
Briefly, at the end of the treatment, cells were lysed and total cell
lysates (4·105/sample) were boiled in SDS gel-loading buffer for
10 min. The samples were subjected to electrophoresis on 10% or
8% one-dimensional SDS-polyacrylamide gel. After electrophore-
sis proteins were transferred to a nitrocellulose membrane (pore
size of 0.2 lm; Schleicher & Schuell, Keene, N.H.) at 4�C and 14 V
overnight or 40 V for 2 h. Nonspecific binding sites on the nitro-
cellulose membrane were blocked by incubating in blocking buffer
(5% nonfat milk) for 2 h at room temperature or overnight at 4�C.
The blots were washed with Tris-buffered saline once and incu-
bated for 2 h at room temperature with the primary antibody.
After the removal of excess primary antibody with three washes,
the blots were incubated with a secondary antibody (goat anti-
mouse or goat anti-rabbit antibodies conjugated with horseradish
peroxidase). The membrane was developed with the enhanced
chemiluminescence (ECL) reagent and exposed to Hyperfilm-ECL
(Amersham Life Science) for visualization.

Results

Cytotoxic effect of XK469 in vitro

U-937 cells were incubated with graded doses of XK469
and three widely used anticancer agents for various
times. The cytotoxic effect of XK469 was determined in
terms of trypan blue uptake. As shown in Fig. 1A,
XK469 had a very low cytotoxic effect against U-937
cells compared with other anticancer agents. At the
highest dose (100 lM), XK469 had killed only about
15% of the cells after a 24-h treatment. Yet treatment of
U-937 cells with vinblastine, doxorubicin and m-AMSA
caused extensive cell killing in a concentration- and
time-dependent manner. Cytotoxic responses to these
agents were mediated through an apoptotic pathway as
determined by morphological examination following
acridine orange staining (Fig. 1B). XK469 did not
induce apoptosis in U-937 cells.

XK469 is a G2/M phase blocker

We studied the effect of XK469 on cell cycle progression
in U-937 cells using a flow cytometric approach. U-937
cells were exposed to XK469 for 8, 16, 24 and 48 h,
washed and stained with PI. Essentially no cells in the
G2/M phase were detected in control culture of U-937
cells (Fig. 2). Exposure of U-937 cells to XK469 resulted
in a steady accumulation of cells in the G2/M phase. The
cell cycle profile indicated that over 55% of the cells
were arrested in the G2/M phase after treatment with
100 lM XK469 for 24 h. The percentage of cells in the
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G2/M phase did not increase further after prolonged
incubation with XK469 for 48 h.

XK469 inhibits the MEK/MAPK pathway

Since the MEK/MAPK pathway has been implicated in
regulating the G2/M transition [12], we assessed the
possibility that XK469 might inhibit cell growth by
targeting the MEK/MAPK signaling pathway in U-937
cells. The MEK activity in U-937 cells was determined

by detecting its phosphorylated form (p-MEK) using an
immunoblot analysis approach. Untreated control
U-937 cells constitutively expressed high levels of acti-
vated MEK (Fig. 3A). Exposure of the cells to XK469
led to profound decreases in the levels of MEK activity.
Inhibition of MEK activity was detected in U-937 cells
1 h after the addition of XK469 with a near complete
inhibition of MEK activity within 4 h. In contrast, none
of the anticancer agents (vinblastine, doxorubicin or
m-AMSA) examined in this study inhibited MEK.

Additional experiments were carried out to assess the
effect of XK469 on the activation of MEK in U-937 cells
that had been starved in serum-free medium for 24 h.
Starvation of U-937 cells resulted in a complete down-
regulation of MEK activity, which was readily reacti-
vated by the addition of fresh FBS to the culture
medium (Fig. 3B). Activation of MEK was inhibited by
prior treatment of starved U-937 cells with XK469, but
not by vinblastine, doxorubicin or m-AMSA. As
expected, inhibition of MEK activation by XK469 was
associated with depressed activation of MAPK, a
downstream kinase of MEK. Likewise, only XK469 was
found to inhibit the activation of MAPK in U-937 cells.

XK469 induces the accumulation cyclin B1

The preceding experiments using flow cytometry showed
that XK469 arrested U-937 cells at the G2/M phase.
Since the degradation of cyclins B1 and A is essential for
the G2/M transition during the cell cycle [16, 17, 18, 19],
we sought to determine whether XK469 might induce
the accumulation of cyclin B1 in U-937 cells. Cells were
treated with XK469 for various times. Total cell lysates
were subjected to immunoblot analyses with antibodies
against cyclin A, cyclin B1, cdc2, p53, p21 and cyclin E.
As shown in Fig. 4, treatment of U-937 cells with
XK469 led to a steady accumulation of cyclin B1 and, to
a lesser extent, cyclin A. In contrast, XK469 greatly
decreased the levels of cyclin E. The level of cdc2, a
cyclin B1-associated kinase, was not affected by XK469.
As expected, we did not detect p53 protein in U-937
cells, nor did we detect p21, a downstream mediator of
the p53 response, in either control or XK469-treated
U-937 cells.

Discussion

In this study, we examined the effect of XK469 on the
activation of MEK/MAPK signaling pathways. The
study was prompted by our observation that treatment
of U-937 cells with XK469 led to cell growth arrest at
the G2/M phase with low or no cytotoxic effect. Acti-
vation of MEK and MAPK was demonstrated in U-937
cells by immunoblot analyses with specific antibodies
against the phosphorylated form of MEK and MAPK.
We showed that XK469 was an inhibitor of MEK
activation. This property was not shared with other

Fig. 1A, B Induction of apoptosis by vinblastine (Vin), doxorubi-
cin (Dox) and m-AMSA but not XK469. A U-937 cells were
incubated in the continuous presence of various doses of
vinblastine, doxorubicin, m-AMSA and XK469 as indicated for
0, 8, 16 and 24 h. At the indicated times, cells were removed and
stained with trypan blue to determine cell viability. Data are
means±SD from three experiments. B After treatment, U-937 cells
were stained with acridine orange (10 ll of a 100-lg/ml solution
into 100 ll cell suspension) for 10 min at 37ºC, and examined for
apoptotic cells by fluorescence microscopy. Data are means±SD
from duplicate experiments
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commonly used anticancer agents including vinblastine,
doxorubicin and m-AMSA. Our results suggest that
XK469 has a unique mechanism of action distinct from
that of conventional anticancer agents.

XK469 not only inhibited the ability of MEK to
phosphorylated MAPK, but also inhibited the phos-
phorylation/activation of MEK itself (Fig. 3). The fact

that MEK phosphorylation was inhibited by XK469
implies that this agent inhibits the activation of Raf
under these conditions [7, 8]. Activation of MEK was
achieved by starving U-937 cells in serum-free medium
for 24 h, which resulted in nearly complete downregu-
lation of MEK activity. They were then exposed to
XK469, vinblastine, doxorubicin and m-AMSA for 1 h

Fig. 2 Cell cycle analysis.
Asynchronized U-937 cells were
cultured in the presence of
XK469 (100 lM) at 37ºC for 0,
8, 16, 24 and 48 h. At the end of
treatment, cells were washed,
resuspended in PBS and stained
with PI for flow cytometric
analysis as described in detail in
Materials and methods. Data
were analyzed using Modfit
software (v.5.01)
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prior to the addition of FBS to reactivate MEK. In a
series of experiments, we found that only XK469 was
able to prevent the activation of MEK and its down-
stream kinase, MAPK. This finding is consistent with
the notion that the antiproliferative effect of XK469 is
mediated by inhibiting the MEK/MAPK pathway and
that XK469 is a G2/M blocker (Fig. 2). In a recent
study, Hayne et al. [12] have established that the MEK/
MAPK pathway is necessary for G2/M progression. The
ability of XK469 to arrest cells in the G2/M phase is also
supported by the accumulation of cyclins B1 and A, but
not cyclin E, in XK469-treated U-937 cells (Fig. 4). It
has been established that degradation of cyclin B1 is
essential for the G2/M transition during the cell cycle
[16, 17, 18, 19].

A recent study by Gao et al. has indicated that
XK469 is a topoisomerase IIb poison. This was deduced
from the fact that XK469, like m-AMSA, can induce
reversible protein-DNA crosslinks in mammalian cells
[3]. However, the levels of XK469 used in the cell-free
systems (millimolar range) may be much greater than the
intracellular concentration of this agent. Using radio-
active XK469 (3H-XK469) as the probe, we have
recently shown that the total intracellular intake of
XK469 by H116 cells under optimal conditions is less
than 2% of the total extracellular XK469 in the culture
medium [6]. Furthermore, treatment of U-937 cells with
m-AMSA, a potent apoptotic inducer of U-937 cells,
could not block the activation of MEK and its down-
stream substrate, MAPK. Thus, it appears that XK469
is not a topoisomerase II poison in U-937 cells, in con-
trast to the previous report [3].

Growth arrest induced by XK469 is independent of
p53 protein, a suppressor of tumor cell growth. Acti-
vation of the p53 protein has been detected in cells
responding to DNA damage and cellular stress, which
can affect cell fate by causing either growth arrest at the
G1/S and G2/M phases or apoptotic cell death [20]. Like
many other tumor cell lines, U-937 cells lack functional
p53 protein. No expression of p21, a cyclin-dependent
kinase inhibitor [21, 22], was detected in U-937 cells
undergoing growth arrest (Fig. 4). This finding strongly

suggests that the antiproliferative response to XK469 in
U-937 cells is independent of p53.

In contrast to our results, Kessel and Horwitz [4]
have recently reported that XK469 can induce an
apoptotic response in murine L1210 leukemia cells in
culture. The apoptotic response to XK469 was corre-
lated with drug binding to the peripheral benzodiazepine
receptor (PBR), suggesting that receptor binding may be
a factor in drug-induced cytotoxicity in L1210 cells.
Their finding indicates that XK469 may have multiple
sites of action, and the responsiveness to XK469 may
vary between cell types depending on the expression of
these sites. It is pertinent to mention that the ability of
U-937 to resist XK469-induced apoptosis is not due to
lack of p53 expression in U-937 cells since L1210 leu-
kemia cells, like U-937 cells, are p53-deficient [23].
Furthermore, we showed that vinblastine, doxorubicin
and m-AMSA, three commonly used anticancer agents,
were effectively able to induce apoptosis in U-937 cells.
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