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ABSTRACT

A major goal in the treatment of acute myeloid leukemia (AML) is to achieve terminal differentiation and
prevent drug resistance and side effects. Combined treatment with low doses of ATRA or 1,25-(OH),D3
that do not induce toxicity with another drug is one useful strategy for the treatment of AML.
Actinomycetes are the well known sources of antibiotics and bioactive molecules. Previously, we
isolated nargenicin from the culture broth of an actinomycete isolate, Nocardia sp. CS682. In this study,
we evaluated the effects of nargenicin on cellular differentiation in a human myeloid leukemia HL-60 cell
system. Nargenicin inhibited cell proliferation and induced HL-60 cell differentiation when administered
in combination with 1,25-(OH),D3 or ATRA. In addition, western blot analyses and kinase inhibitor
studies demonstrated that nargenicin primarily enhanced leukemia cell differentiation via PKC1/MAPK
pathways. The results of this study indicate that nargenicin has the ability to induce differentiation and

suggest that it may be useful for the treatment of neoplastic diseases.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The majority of leukemia cells exhibit deficiencies with regard to
their capacity to mature into non-replicating adult cells and remain
in a highly proliferative state, thereby resulting in their character-
istic tendency to outgrow their normal cellular counterparts. The
induction of terminal differentiation represents an alternative
approach to the treatment of leukemia using conventional anti-
neoplastic agents because cells exposed to chemical or biological
inducers of cellular differentiation do not undergo the cytodestruc-
tion in response to cytotoxic agents [1-3]. 1,25-Dihydroxyvitamin
D5 [1,25-(0H),D3] and all-trans retinoic acid (ATRA) are known to
induce terminal differentiation in leukemic cell lines including HL-
60 and U937 cells [4]. Moreover, ATRA has been found to induce
complete remission in almost all patients with acute promyelocytic
leukemia (APL) via in vivo induction of the differentiation of APL
blasts. Although ATRA can bring about complete remission in cases
of APL, treatment with ATRA alone is associated with certain
severe side effects, including ATRA syndrome and the induction
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of secondary ATRA resistance [5,6]. Therefore, it is necessary to
isolate or synthesize new anticancer drugs to overcome these
limitations and improve the effectiveness of drugs used to treat
leukemia [7].

Human myeloid leukemia HL-60 cells are differentiated into the
monocytic lineage or granulocytic lineage when treated with 1,25-
(OH),D3 or ATRA, respectively [8,9]. Accordingly, treatment with
these compounds has been employed as a model system for
studying cellular differentiation in vitro. In addition, vitamin D3
has been shown to be one of the most potent initiators of the
differentiation of HL-60 cells as well as other hematopoietic cell
lines. Furthermore, vitamin D3 is known to activate a variety of
protein kinases including protein kinase C (PKC)[10,11], mitogen-
activated protein kinase (MAPK) [12] and phosphatidylinositol 3-
kinase (PI3-K) [13,14], which are significantly inhibited by their
specific inhibitors [11-13]. Moreover, retinoids are also known to
induce cell differentiation in cells with increased levels of PKC[10],
MAPK [15] and PI3-K [9,13].

Natural products represent an important source of drugs such as
anti-infectives and compounds used in cancer therapy. In addition,
natural products are considered to be biologically validated lead
structures, and it is anticipated that many compounds with novel or
enhanced therapeutic effects will be developed from compounds
present in natural product libraries [16]. Actinomycetes, which are
widely distributed in the natural environment, are the source of
various natural drugs, including rapamycin, lipstatin and thiena-
mycin [17]. Furthermore, numerous anti-tumor metabolites with
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avariety of structures are produced by actinomycetes [ 18]. Recently,
we purified nargenicin from the novel actinomycete strain CS682,
which was isolated from soil in Jeonnam, Korea. Nargenicin has
strong antibacterial activity against methicilin-resistant Staphylo-
coccus aureus [19].

In this study, we evaluated the use of nargenicin to induce
leukemia cell differentiation, and further determined the under-
lying mechanisms involved in nargenicin-induced HL-60 cell
differentiation when combined with low doses of 1,25-(OH),D3 or
ATRA. We found that nargenicin profoundly enhanced 1,25-
(OH),Ds- or ATRA-induced cell differentiation via PKC[31/MAPK
pathways.

2. Materials and methods
2.1. Cell line and materials

HL-60 cell line was obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and maintained in RPMI-
1640 medium supplemented with 10% FBS (Gibco BRL, Grand
Island, NY, USA). Nargenicin used in these experiments was
characterized via FTIR spectroscopy, ESI-MS, 'H NMR, '3C NMR,
TH-"H and 'H-'3C COSY NMR to confirm its identity and purity, as
previously described [19]. Nargenicin was then dissolved in DMSO
to generate a 0.5 M stock solution. The solutions were diluted at
least 1000-fold in the growth medium so that the final DMSO
concentration had no effect on the differentiation and proliferation
behavior of the HL-60 cells. P-nitroblue tetrazoliumchloride was
purchased from the USB Co. (Cleveland, OH, USA). Chelerythrine, 1-
(5-isoquinolinesulphonyl)-2-methylpiperazine  dihydrochloride
(H 7) and 2-(2’-amino-3’-methoxyphenyl)-oxanaphthalen-4-one
(PD 98059) were purchased from Tocris Cookson Ltd. (Bristol, UK).
1,25-(0OH),D3, all-trans retinoic acid (ATRA), phorbol 12-myristate
13-acetate (PMA), 2-[4-morpholinyl]-8phenyl-1[4H]-benzopyran-
4-one (LY 294002), wortmannin, anthrapyrazolone (SP 600125),
and other reagents were purchased from the Sigma Chemical Co.
(St. Louis, MO, USA). The rabbit anti-human PKC isoforms, mouse
anti-pJNK, rabbit anti-JNK, mouse anti-pERK and rabbit anti-ERK2
antibodies, horseradish peroxidase-conjugated anti-mouse IgG2a
and rabbit IgG antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA), and phycoerythrin
(PE)-conjugated anti-human CD11b, fluorescein isothiocyanate
(FITC)-conjugated anti-human CD14, PE- or FITC-conjugated
isotype control monoclonal antibodies were purchased from BD
Bioscience (San Jose, CA, USA).

2.2. Determination of cell viability and growth

Cell viability was determined by a trypan blue exclusion assay, as
previously described [8]. Viability was calculated as the percentage
of live cells in the total cell population. Cell proliferation was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium (MTT) assay. Briefly, after each treatment, 10 wl of MTT
(5 mg/ml) was added to each well in 96-well plates. The samples
were then incubated at 37 °C for 4 h, after which the formazan
crystals formed in viable cells were dissolved with 100 .l of DMSO.
The absorbance of each well at 540 nm was then read using a kinetic
microplate reader.

2.3. Determination of cell differentiation

HL-60 cell differentiation was assessed by a nitroblue
tetrazolium reduction assay as previously described [8]. This
assay is based on the ability of phagocytic cells to produce
superoxide upon stimulation with PMA. For this assay, cells were
harvested by centrifugation and then incubated with an equal

volume of 1% nitroblue tetrazolium dissolved in PBS containing
200 ng/ml of freshly diluted PMA at 37 °C for 30 min in the dark.
Cytospin slides were then prepared and examined for blue-black
nitroblue diformazan deposits, which are indicative of a PMA-
stimulated respiratory burst. At least 200 cells were assessed for
each experiment.

2.4. Morphologic studies

Single-cell suspensions were prepared and loaded into a cyto-
funnel and spun at 500 rpm in a cytospin centrifuge. Next, the
slides were fixed with methanol and then dried. The slides
were stained with Giemsa staining solution for 20 min, rinsed in
deionized water, air-dried, and observed under a microscope with
a camera. The stained cells were assessed for size, regularity of the
cell margin, and morphological characteristics of the nuclei.

2.5. Immunofluorescent staining and cytofluorometric measurements

The expression of cell surface molecules was analyzed
by cytofluorometry using a FACSCalibur flow cytometer (BD
Bioscience, San Jose, CA, USA). Briefly, a single-cell suspension was
collected from each of the various cultures and washed twice with
ice-cold PBS (pH 7.4). Next, PE-anti-human CD11b or FITC-anti-
human CD14 monoclonal antibodies (BD Bioscience, San Jose, CA,
USA) were added, and the samples were then incubated at 4 °C for
1 h. After incubation, the cells were washed with PBS, fixed in PBS
containing 1% paraformaldehyde, and then analyzed by flow
cytometry. Background staining was conducted by staining the
cells with PE- or FITC-conjugated isotype control monoclonal
antibodies. One parameter fluorescence histograms were gener-
ated by analyzing at least 1 x 10% cells.

2.6. Preparation of cell lysates and western blot analysis

Cells were lysed in lysis buffer (50 mM Tris buffer containing
100 mM NacCl, 1% Nonidet P-40, 10% glycerol, 1 mM EDTA, 1 mM
NaF, 1 mM sodium orthovanadate, 50 .g/ml leupeptin, 50 g/ml
aprotinin, and 50 pg/ml phenylmethylsulphonyl fluoride) by
incubation on ice for 30 min. The lysates were then centrifuged
at 13,000 rpm at 4 °C for 10 min, after which the proteins (10 pg)
of the supernatants were separated by 10% SDS-PAGE and then
transferred to a nitrocellulose membrane. Next, the blots were
probed with rabbit anti-human PKC isoforms, mouse anti-pJNK,
rabbit anti-JNK, mouse anti-pERK and rabbit anti-ERK2 antibodies,
washed and then exposed to horseradish peroxidase-conjugated
anti-mouse IgG2a or rabbit IgG antibodies (Santa Cruz Biotechnol-
ogy. Inc., Santa Cruz, CA, USA). Immunoreactive bands were
visualized using the enhanced chemiluminescence system (Amer-
sham, Buckinghamshire, UK).

2.7. Statistical analysis

A Student’s t-test and one-way analysis of variance were used to
determine if significant differences existed between the values of
various experimental and control groups. A P value <0.05 was
considered to indicate statistical significance.

3. Results

3.1. Enhancing effect of nargenicin on 1,25-(0OH),D3- and ATRA-
induced HL-60 cell differentiation

To determine the effect of nargenicin on 1,25-(OH),Ds- and
ATRA-induced cell differentiation, HL-60 leukemia cells were
treated with nargenicin in combination with either 1,25-(0OH),D3
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or ATRA, after which cellular differentiation was assessed by an
NBT reduction assay. As controls, the cells were treated with
nargenicin alone. As shown in Fig. 1D, treatment with nargenicin
alone induced a relatively small increase of HL-60 cell differentia-
tion approximately by 31%, whereas the combined treatments
with a suboptimal concentration of 5 nM 1,25-(OH),D3 or 50 nM
ATRA resulted in a marked increase in the degree of cell
differentiation approximately by 82-85%. Furthermore, the cell
proliferation and viability of each treatment group were deter-
mined. As shown in Fig. 1C, treatment with 200 wM nargenicin
inhibited cell proliferation by 37-47%, as determined by an MTT
assay. Treatment with nargenicin in combination with 1,25-
(OH),D3 or ATRA inhibited cell proliferation approximately by 6-
9%. For all treatment, the cell viability was greater than 96%
throughout the incubation period, as demonstrated by a trypan
blue exclusion assay (Fig. 1B).

To further determine the cell differentiation enhanced by
nargenicin, the morphologic phenotypes of HL-60 cells were
analyzed. As shown in Fig. 1E, Giemsa-stained undifferentiated
control HL-60 cells (upper left) were predominantly comprised of
promyelocytes with round and regular cell margins, and large
nuclei, suggesting that the cells were highly active in DNA
synthesis and were rapidly proliferating. Cells that were treated
with 200 wM nargenicin, 5nM 1,25-(OH),D3 or 50 nM ATRA
exhibited relatively small changes in cell morphology such as
irregular cell margins. However, combined treatments of HL-60
cells with 5nM 1,25-(OH),D; or 50 nM ATRA plus 200 uM
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nargenicin resulted in a significantly decreased cell size, denser
chromatin and an increased cytoplasm to nuclear ratio.

3.2. Dissection of differentiation pathways of HL-60 leukemia cells
enhanced by nargenicin

Cytofluorometric analysis was performed to determine if
differentiation-associated surface antigens were expressed on
HL-60 cells. CD11b is a membrane constituent of specific granules,
gelatinase granules and secretory vesicles [20]. HL-60 leukemia
cells express CD11b, when differentiated into monocytes and
granulocytes [8]. As shown in Fig. 2A, treatment with nargenicin
resulted in a marked increase in the number of cells with a high
fluorescence intensity, as well as a synergistic increase in the
number of CD11b-positive cells when combined with either 5 nM
1,25-(OH);D; or 50nM ATRA. These findings confirm that
nargenicin potentiated 1,25-(OH),D3- or ATRA-induced differen-
tiation of HL-60 cells. The CD14 antigen is exclusively expressed
when cells are differentiated into monocytes [21]. Therefore, to
determine the differentiation pathway following treatment with
nargenicin and 1,25-(OH),D3 or ATRA, cytofluorometric analysis
was conducted in HL-60 cells treated with nargenicin alone or in
combination with 1,25-(OH),D3 or ATRA. As shown in Fig. 2B, HL-
60 cells treated with a mixture of nargenicin and 1,25-(OH),D3
reacted very strongly with anti-CD14 monoclonal antibody. Cells
treated with 1,25-(OH),D3 alone also reacted with anti-CD14
monoclonal antibody, but to a lesser extent than did the cells
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Fig. 1. Chemical structure of nargenicin and the effects of nargenicin on 1,25-(OH),Ds- or ATRA-induced HL-60 cell proliferation and differentiation.

HL-60 leukemia cells were treated with either 5 nM 1,25-(OH),D3 or 50 nM ATRA alone, or in combination with various concentrations of nargenicin (chemical structure, A)
for 72 h. The viability of HL-60 cells was then measured by trypan blue assay (B), and cellular proliferation and differentiation were evaluated by an MTT assay (C) and NBT
reduction assay (D), respectively. Data are expressed as the means =+ standard deviations of triplicate determinations from one representative experiment. The differentiation
experiment was repeated more than three times with similar results. *P < 0.01, relative to an untreated group; **P < 0.01, relative to a group treated with 5 nM 1,25-(OH),Ds alone;
***P < 0.01, relative to a group treated with 50 nM ATRA alone. (E) HL-60 cells were treated for 72 h with media alone, 5 nM 1,25-(OH),D3 or 50 nM ATRA alone (top panel), 200 uM
nargenicin alone, nargenicin plus 1,25-(0OH),Ds, or nargenicin plus 50 nM ATRA (bottom panel). The cells were then assessed by morphologic analysis using Giemsa stain. The data

are representative of three independent experiments.
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Fig. 2. Cytofluorometric analysis of HL-60 cells treated with nargenicin alone or in combination with 1,25-(OH),D3 or ATRA.

HL-60 cells were treated for 72 h with media alone, 5 nM 1,25-(OH),D3 or 50 nM ATRA alone, 200 M nargenicin alone, 200 M nargenicin plus 5 nM 1,25-(OH),D3, or
200 M nargenicin plus 50 nM ATRA. The cells were then assessed via cytofluorometric analysis using PE-conjugated anti-CD11b mAb (A) or FITC-conjugated anti-CD14 (B)
(unshaded area), or with the PE- or FITC-conjugated isotype control mAb (shaded area). Data are representative of three independent experiments.

treated with a mixture of nargenicin and 1,25-(OH),Ds. These
results indicate that nargenicin stimulated 1,25-(OH),Ds-induced
HL-60 cell differentiation along the monocytic pathway. In
contrast, HL-60 cells treated with a mixture of nargenicin and
ATRA exhibited little staining with anti-CD14 monoclonal anti-
body, although the synergistic induction of cell differentiation was
observed in HL-60 cells treated with a mixture of nargenicin and
ATRA as determined by an nitroblue tetrazolium reduction assay
and a cytofluorometric analysis using a monoclonal antibody
against HL-60 cell differentiation marker CD11b (Fig. 2B). These
results indicate that nargenicin stimulated ATRA-induced HL-60
cell differentiation along the granulocytic pathway.

3.3. Sensitizing effects of nargenicin on 1,25-(OH),D3- or ATRA-
mediated HL-60 cell differentiation

Some differentiation-enhancing agents sensitize leukemia
cells to other differentiation-inducing agents, resulting in a strong
increase of cell differentiation [22]. In addition, it has been
reported that the sequence of administration is important when
combining drugs with conventional chemotherapy for the treat-
ment of AML [23]. Previously, we simultaneously treated nar-
genicin with 1,25-(OH),D3 or ATRA. To confirm if the sequence of
exposure to nargenicin affected the levels of cell differentiation,
HL-60 cells were pre-, co-, or post-treated with nargenicin,
followed by treatment with 1,25-(OH),D3 or ATRA. As shown in
Fig. 3, pretreatment and simultaneous treatment with nargenicin
significantly increased the levels of 1,25-(OH);D3- or ATRA-
induced HL-60 cell differentiation, while post-treatment with
nargenicin had smaller effects. Moreover, removing nargenicin
prior to treatment with 1,25-(OH),D3 or ATRA had no effects on
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Fig. 3. Pretreatment effect of nargenicin on 1,25-(OH),D3- or ATRA-induced HL-60
cell differentiation.

HL-60 cells were incubated in the absence or presence of 5 nM 1,25-(OH),D3 or
50 nM ATRA (1-4) for 72 h with the addition of 200 M nargenicin at 24 h before
(group 1), at the time of (group 2), or 24 h after treatment with 1,25-(OH),D5 or
ATRA treatment (group 3). Alternatively, HL-60 cells were incubated for 24 h with
nargenicin, followed by incubation with either 5 nM 1,25-(OH),D3 or 50 nM ATRA
alone (group 4). The cell differentiation was then assessed by an NBT assay.
*P < 0.01, relative to an untreated group; **P < 0.01, relative to a group treated with
5nM 1,25-(0H),Ds3 alone; ***P < 0.01, relative to a group treated with 50 nM ATRA
alone.
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Fig. 4. Effect of PKC, JNK, PI3-K and ERK inhibitors on HL-60 cell differentiation induced by nargenicin alone or in combination with 1,25-(OH),D3; or ATRA.

(A) HL-60 cells were treated for 1 h with various concentrations of PKC inhibitors (PKC peptide inhibitor, GF 109203X, H 7, chelerythrine), JNK inhibitor (SP 600125), PI3-K
inhibitors (wortmannin, LY 294002 ) or ERK inhibitor (PD 98059), followed by incubation with either 5 nM 1,25-(OH),D5 or 50 nM ATRA alone, or in combination with 200 uM
nargenicin. Cellular differentiation was then assessed by an NBT reduction assay. The differentiation data are expressed as a percentage of differentiated cells with the
mean + S.E. (n = 3). (B) Following the treatment with 10 M of inhibitors (GF 109203X, LY 294002, PD 98059 or SP 600125) for 1 h, CD11b surface expression at 72 h in the
treatment with 200 wM nargenicin plus 5 nM 1,25-(OH),D5 or 50 nM ATRA was assessed by cytofluorometric analysis using PE-conjugated anti-CD11b mAb (unshaded area) or
with the PE-conjugated isotype control mAb (shaded area). Data are representative of two independent experiments.

HL-60 cell differentiation. These results indicate that nargenicin
potentiated leukemia cell differentiation and sensitized the cells to
1,25-(OH),D3 or ATRA, which resulted in enhancement of the cell
differentiation.

3.4. Involvement of PKC, ERK and JNK in HL-60 cell differentiation
enhanced by nargenicin

Previous studies have provided evidence that the activation of
PKC is necessary for the differentiation of HL-60 cells [10,11] and
that mitogen-activated protein kinases (MAPK) are downstream
elements in the PKC signaling pathway of HL-60 cells [12]. In
addition, the c-Jun N-terminal kinase (JNK) signaling module is
also known to participate in myeloid cell differentiation [22,24].
Furthermore, phosphatidylinositol 3-kinase (PI3-K) activity plays
an essential role in the differentiation of HL-60 cells [13,14].

To determine if there was a relationship between the enhancing
effect of nargenicin on 1,25-(OH);Ds3- or ATRA-induced cell
differentiation and the activation of PKC, ERK, JNK and PI3-K,
HL-60 cells were pretreated with specific inhibitors, followed by
incubation for 72 h in the presence of nargenicin alone or in
combination with either 1,25-(OH),Ds or ATRA. The degree of cell

differentiation was then assessed by a nitroblue tetrazolium
reduction assay. As shown in Fig. 4, PKC, ERK and JNK inhibitors
significantly inhibited HL-60 cell differentiation in cells that were
treated with nargenicin in combination with 1,25-(OH),D3 or
ATRA, whereas PI3-K inhibitors did not inhibit cell differentiation
enhanced by nargenicin.

To further investigate the involvement of PKC in HL-60 cell
differentiation enhanced by nargenicin, HL-60 cells were treated
with 200 wM nargenicin, after which the protein levels of PKC
isoforms were determined by Western blot analysis using mAbs for
each PKC isoform. In this study, we focused on conventional PKC
isoforms such as «, BI, and BII because they are known to be most
abundantly expressed in leukemia cells and their expression levels
have been found to be closely correlated with cell differentiation in
HL-60 cells. As shown in Fig. 5A, treatment with nargenicin led to
increased levels of total PKC in HL-60 cells, which peaked at 12 hand
then gradually decreased. Particularly, the protein levels of PKCBI
were also elevated after 3 h and peaked at 12 h. Finally, combined
treatment with nargenicin increased the total PKC and PKCPI levels
in 1,25-(OH),D5- or ATRA-treated HL-60 cells (Fig. 5B).

In determine if ERK and JNK were involved in the 1,25-(0OH),D5-
or ATRA-induced HL-60 cell differentiation enhanced by nargen-
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Fig. 5. Effect of nargenicin on the protein levels of conventional PKC isoforms in HL-60 cells.
HL-60 cells were treated with 200 .M nargenicin alone for the indicated time (0-24 h) (A). Cells were treated with 200 wM nargenicin alone or in combination with either
5nM 1,25-(OH),D3 or 50 nM ATRA for 1 h (B). The protein levels of total PKC and conventional PKC isoforms (c, BI and BII) were then determined by Western blot analysis.

The experiment was repeated twice with similar results.
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Fig. 6. Involvement of ERK and JNK in HL-60 cell differentiation enhanced by nargenicin.

HL-60 cells were treated with 200 M nargenicin alone for the indicated time (0-24 h) (A). Cells were treated with 200 M nargenicin alone or in combination with either
5nM 1,25-(OH),D3 or 50 nM ATRA for 1 h (B). The protein levels of ERK and JNK were then determined by Western blot analysis. (C) HL-60 cells were pretreated with 10 wM
GF 109203X (GF), 10 uM SP 600125 (SP), 10 M PD 98059 (PD), or 10 wM LY 294002 (LY) for 1 h, followed by incubation with 200 wM nargenicin for 1 h, and then analyzed
by Western blot analysis. Data are representative of two independent experiments. (D) A proposed mechanism of HL-60 cell differentiation in response to treatment with

nargenicin administered in combination with 1,25-(OH),D3 or ATRA.

icin, the protein levels of ERK and JNK were determined by Western
blot analysis. As shown in Fig. 6A and B, the levels of pERK and pJNK
were found to increase in response to treatment with nargenicin.
To further investigate the involvement of PKC, JNK and ERK in 1,25-
(OH);D3- or ATRA-induced HL-60 cell differentiation enhanced by
nargenicin, HL-60 cells were treated with specific inhibitors for
PKC, JNK and ERK in the presence of nargenicin alone or in
combination with 1,25-(OH),D3; or ATRA, after which the ERK
activity in the treated cells was determined by Western blot
analysis. As shown in Fig. 6C, inhibitors for PKC inhibited the
activation of ERK stimulated by treatment with nargenicin in
combination with 1,25-(OH),D3; or ATRA in HL-60 cells, whereas
inhibitors for JNK did not. Taken together, these findings indicate

that PKC, JNK and ERK are involved in nargenicin-induced cell
differentiation, and that PKCBI may be an upstream component of
the ERK pathway in 1,25-(0OH),Ds- or ATRA-induced HL-60 cell
differentiation enhanced by nargenicin.

4. Discussion

Many previous studies have revealed some chemical com-
binations that exerted an additive or synergistic effect on the
differentiation of HL-60 cells. These combinations include plant-
derived compounds and ATRA or 1,25-(OH),Ds; [25], arsenic
trioxide and ATRA [7], COX inhibitors and 1,25-(0OH),Ds [26],
histone deacetylase inhibitors and RA [27], and AM-80 and ATRA



1700 S.H. Kim et al./ Biochemical Pharmacology 77 (2009) 1694-1701

[28]. In this study we demonstrated that nargenicin potentiated
1,25-(0OH),;D3- and ATRA-induced differentiation of HL-60 leuke-
mia cells, which are widely used as a model system in studies
designed to evaluate differentiation. HL-60 cells were differen-
tiated into either monocytes or granulocytes when treated
with nargenicin in combination with 1,25-(OH),D3 or ATRA,
respectively.

The mechanism by which nargenicin potentiates 1,25-(OH),Ds-
or ATRA-induced HL-60 cell differentiation is not clear. However, it
is believed that 1,25-(OH),D3 and ATRA mediate biological
responses such as cell differentiation as a result of their interaction
with nuclear receptors to regulator gene transcription [29] and
with a putative cell membrane receptor to generate rapid non-
genomic effects, including the opening of voltage-gated calcium
and chloride channels [30] and the activation of protein kinase C
(PKC), mitogen-activated protein kinase (MAPK) and phosphati-
dylinositol 3-kinase (PI3-K) [11-14].

The induction of differentiation in HL-60 cells requires the
activation of a variety of signal transduction pathways, including
the PI3-K, PKC and MAPK pathways [11-14]. Previous reports
demonstrated the involvement of the MEK/ERK/MAP kinase
pathway in PMA-, RA- and G-CSF-induced myeloid differentiation
[31]. Additionally, the results of another study indicated that PMA-
induced MAPK activation was dependent on PKC signaling in
myeloid differentiation [32]. In the present study, inhibitors for
PKC, JNK or ERK significantly inhibited the differentiation of HL-60
cells induced by nargenicin in combination with 1,25-(OH),D3 or
ATRA, suggesting that the potentiation of cell differentiation by
nargenicin may occur via the PKC-, JNK- and ERK-mediated
signaling pathway, at least when it is administered in combination
with 1,25-(OH),D3 or ATRA. In contrast, treatment with PI3-K
inhibitors did not decrease the enhanced cell differentiation by
nargenicin in the presence of low levels of 1,25-(OH),D3 or ATRA.
Indeed approximately 60-80% of the cells treated with nargenicin
plus 1,25-(OH),D3 or ATRA were still differentiated in the presence
of the inhibitors, suggesting that PI3-K may not be involved in the
enhancement of the 1,25-(OH),D3 or ATRA-induced HL-60 cell
differentiation by nargenicin.

Terminally differentiated cells undergo growth arrest. Several
studies suggested that the differentiation inducing compounds
could induce cell growth arrest [15,22]. HL-60 cells undergo Gq cell
cycle arrest and myeloid differentiation in response to ATRA or
monocytic differentiation in response to 1,25-(OH)Ds; [33].
As shown in Fig. 1B and C, nargenicin inhibited HL-60 cell pro-
liferation without toxic cell death, indicating that these drug
combinations might induce the growth arrest of HL-60 cells.

1,25-(OH),D5 is a secosteroid hormone that regulates calcium
and bone metabolism, controls cell proliferation and differentia-
tion, and plays an important role as an immunomodulator.
Recently, 1,25-(OH),D3 and its analogs were shown to have the
potential for the treatment of diseases such as psoriasis, multiple
sclerosis and rheumatoid arthritis [34,35]. ATRA, which is the first
model of efficient differentiation therapy for malignant disease,
induces terminal differentiation, thereby leading to the natural
apoptosis of malignant cells. As a result, ATRA is the leading drug
used for modification of the biological process involved in
malignant cells [36]. Moreover, its analogs have been used for
the treatment of psoriasis [37]. The results presented here suggest
that treatment of patients with combinations of nargenicin and
1,25-(OH),;D3, or nargenicin and ATRA may produce a greater
therapeutic response than treatment with 1,25-(OH),D3 or ATRA
alone, possibly with less toxicity. However, clinical studies are
needed to evaluate this possibility, especially at concentrations of
nargenicin that do not induce known side effects.

In conclusion, we have shown that nargenicin potentiates
1,25-(OH),D5- and ATRA-induced HL-60 cell differentiation via

PKC/MAPK signaling pathways. These results may explain
some of the known activities of nargenicin, including its anti-
carcinogenic effects.
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