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Ursolic acid induces HL60 monocytic differentiation and
upregulates C/EBPJ expression by ERK pathway activation
Ting Zhang®®, Yun-Mian He®®, Jin-Song Wang®®, Jing Shen®®,

Ying-Ying Xing®® and Tao Xi*®

Ursolic acid (UA), a pentacyclic triterpenoid compound,
is widely distributed in the plant kingdom and has a broad
range of biological effects. This study was carried out
for the first time to investigate the potential role of

UA in the differentiation of human leukemia HL60 cells
and the underlying mechanisms in it. UA could induce
differentiation of HL60 cells into the monocytic lineage,
as assessed by the morphological change, nitroblue
tetrazolium reduction assay, and expression of CD14
and CD11b surface antigens. Moreover, UA activated the
extracellular signal-regulated kinase (ERK) pathway in
both dose-dependent and time-dependent manners.
Inhibiting ERK pathway activation with PD98059 could
significantly block the differentiation induced by UA.
Consistent with the induced differentiation, the
upregulation of CCAAT/enhancer-binding protein by
UA was also eliminated by PD98059. Taken together,
the results reported here show that UA can promote
the monocytic differentiation of HL60 cells and increase

Introduction

Acute myeloid leukemia (AML) is a hematologic malig-
nancy characterized by a block in differentiation that leads
to the accumulation of immature cells. Induction of differ-
entiation is therefore becoming the ideal therapeutic
strategy in a subset of AML [1]. Substances such as 1,25-
dihydroxyvitamin D3 (DHD3) and 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) inhibit proliferation and induce
differentiation of AML HL60 cells into the monocyte/
macrophage lineage [2], whereas all-trans-retinoic acid
(ATRA) causes differentiation into morphologically and
functionally mature granulocytes [3].

Ursolic acid (UA), a pentacyclic triterpene acid, is widely
distributed in food, medicinal herbs, and other plants.
Earlier studies have shown that UA can inhibit prolifera-
tion and induce apoptosis in many kinds of cancer cell
lines, including leukemia, prostate, lung, endometrial,
and melanoma cancer cells [4-9]. Moreover, it has been
shown that this triterpenoid acts at different stages of
tumor development, including inhibition of tumorigene-
sis, metastasis, and angiogenesis, as well as induction of
cell differentiation and apoptosis. Lee e @/ [10] found
that UA acted as a differentiation agent to induce mor-
phological change of F9 teratocarcinoma stem cells into
endoderm cells. Recently, Bonaccorsi e 4/ [11] reported
that UA treatment promotes differentiation of human
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the expression of CCAAT/enhancer-binding protein f§ by
activating the ERK pathway, suggesting that UA could

be a potential candidate as a differentiation-inducing agent
for the therapeutic treatment of leukemia. Anti-Cancer
Drugs 22:158-165 © 2011 Wolters Kluwer Health |
Lippincott Williams & Wilkins.
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tumor cell lines from melanoma, glioblastoma, and thyroid
anaplastic carcinoma, which involves the inhibition of
the endogenous reverse transcriptase (RT) activity. How-
ever, the potential effect of UA on the differentiation of
leukemia cells has not yet been examined.

In this study, we investigated the differentiating effect of
UA on HL60 cells for the first time. Our data show that UA
induces monocytic differentiation through activation of the
extracellular signal-regulated kinase (ERK) signaling path-
way. Moreover, we proved that such differentiation involves
the upregulation of CCAAT/enhancer-binding protein 8
(C/EBPB), which has been reported as an important trans-
cription factor for monocytic differentiation.

Materials and methods

Reagents

UA (purity > 98%) was dissolved in dimethyl sulfoxide
(DMSO; Sigma, USA) and stored at —20°C. Nitroblue
tetrazolium (NBT), TPA, and PD98059 were bought from
Sigma (Sigma, St Louis, Missouri, USA). Goat antiphospho-
ERK1/2,rabbit anti-ERK1/2, mouse antiphospho-p38 mi-
togen-activated protein kinases (MAPK), rabbit anti-p38
MAPK, rabbit antiactive c-Jun NH2-terminal kinase 1/2
(JNK1/2), and mouse anti-]NK1/2 were purchased from
Santa Cruz Biotechnology Inc (Santa Cruz, California,
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USA). Rabbit anti-C/EBP and rabbit anti-c-myc were
obtained from Bioworld Technology Inc. (Minneapolis,
Minnesota, USA).

Cell culture

The human leukemia cells used were HL60, U-937, and
THP-1 (ATCC Manassas, Virginia, USA), all of which
were cultured in RPMI 1640 medium (Gibco/BRL, Grand
Island, New York, USA) supplemented with 10% fetal
bovine serum. The cells were subcultured two to three
times weekly to maintain a log-phase growth. To test
proliferation, the cells were seeded at 5 x 10%/ml in 24-
well plates and allowed to grow for 5 days in the growth
medium containing various amounts of UA or 0.02% (v/v)
DMSO as vehicle control. UA dissolved in DMSO was
added to the medium in a serial dilution process (the
final DMSO concentration in all the assays did not
exceed 0.02%). Cell numbers were counted using a
Burker chamber (two countings/sample).

Differentiation assay

(i) NBT reduction assay: the NBT reducing activity was
determined by the method described by Poon ez a/. [12].
In brief, after treatment, 1 x 10° cells were harvested,
incubated with 2mg/ml NBT and 1mg/ml TPA in a
serum-free medium for 30 min at 37°C, then washed with
70% methanol, and finally lysed using 500 pl of Z2mol/l
KOH overnight. The nitroblue diformazan deposit was dis-
solved in 600 pl/sample of DMSO and absorbance was read
at 570 nm. (it) Analysis of morphological changes: the cells
were collected on the slides, fixed in methanol and stained
with the Wright—Giemsa staining solution, rinsed in de-
ionized water, air-dried, and then observed under a light
microscope (YS100; Nikon, Japan). (iii) Flow cytometric
analysis: A direct immunofluorescence staining technique
was used to detect the cell surface markers. The cells
were washed twice with the wash buffer (phosphate
buffered saline, 0.1% sodium azide, and 0.2% (w/v)
bovine serum albumin), and then incubated on ice with
the anti-CD11b antibody conjugated with phycoerythrin
and the anti-CD14 antibody conjugated with fluorescein
isothiocyanate for 30 min or with a particular isotype
control (ebioscience, San Diego, California, USA). The
cells were then washed and resuspended in 500 pl of wash
buffer, and finally analyzed using a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, New
Jersey, USA).

RNA extraction and semiquantitative
reverse-transcription PCR

Total RNA was extracted using Trizol reagent (Invitro-
gen, Carlsbad, California, USA). RT-PCR was performed
with Moloney murine leukemia virus (Promega, Madison,
Wisconsin, USA) following standard protocols. For PCR,
The primer sequences were c-myc: 5'-CTGAGGTGGTT
CATACTGAGCAAG-3, and 5-ACGCTGACCAAGGTG
TTGGTAG-3'; C/EBPB: 5-CCACGGCCACGGACACC
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TTCG-3, and 5'-GCGCGGCCTCCCTGCTCTGA-3' [13];
glyceraldehyde 3 phosphate dehydrogenase : 5-AAGGTC
GGAGTCAACGGATT-3, and 5-CTGGAAGATGGTGA
TGGGATT-3' [14]. The amplification procedure was at
94°C for 5 min, followed by 30 cycles at 94°C for 30s, at
57°C for 45s, at 72°C for 455, and finally at 72°C for
10 min. Aliquots of PCR products were electrophoresed
on 1.2% agarose gels and PCR fragments were visualized
by ethidium bromide staining. The DNA bands were
analyzed using the Quantity One software (Bio Rad,
Hercules, California, USA).

Western blotting

After various treatments for indicated intervals, the cells
were lysed in a lysis buffer. The cells used for phospho-
lysates were lysed with a lysis buffer enriched with protease
inhibitors cocktail, 1 mmol/l sodium fluoride, and 1 mmol/I
sodium orthovanadate [15]. Proteins (40 pug) were sepa-
rated on a 12% SDS-polyacrylamide gel and transferred ele-
ctrophoretically onto polyvinylidene difluoride membranes
(Millipore, Bedford, Massachusetts, USA). The membranes
were blocked with 10% milk in Tris—buffered saline/0.1%
Twween 20 for 2 h, and subsequently blotted with primary
antibodies and then with a horseradish peroxidase-con-
jugated secondary antibody for 1 h. The protein bands were
visualized with an enhanced chemiluminescence detection
system (Amersham, UK). Protein levels were quantified by
density analysis using the Quantity One software (Bio
Rad).

Results

Effects of ursolic acid on the growth of HL60 cells

To test the effect of UA on the growth of HLL60 cells, they
were cultured in the absence and presence of UA at various
concentrations (10-60 pmol/l). The results in Fig. 1a
showed that the efficiency of cell growth inhibition in-
creased dramatically as the concentration of UA increased.
A linear regression of the data in Fig. 1a allowed the predi-
ction of the 1Csy (32.6 = 2.4 pmol/l with 5-day treatment)
of UA for HL60 cells. It was noted that the efficiency of
growth inhibition was also correlated with exposure time at
a given UA concentration. However, the dependence on
exposure time was only significant when the UA concen-
tration was below ICsy. When UA was applied at higher
concentrations, the effect of contact time became less
significant. Although the inhibitory effects were apparent at
concentrations of 10, 20, and 30 umol/l of UA, no cytocidal
effects were observed under these conditions. Thus, these
concentrations were used for subsequent studies.

Ursolic acid induces HL60, THP-1, and U937 leukemia
cell lines differentiation

UA induced differentiation of HLL60 myeloid leukemia cells,
as shown by morphology, NBT reduction, and immuno-
phenotyping. The TPA-stimulated formation of superoxide
is a typical characteristic of mature myeloid cells [16].
The NBT reduction assay was performed to show mature
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Effects of ursolic acid (UA) on the growth and differentiation of HL60 cells. (a) UA affects the growth of HL60 cells. Values are means = SD of three
parallel experiments. (b) UA induces nitroblue tetrazolium (NBT) reduction activity. HL60, THP-1, and U937 cells were treated with 10, 20, and
30 umol/l of UA, 0.02% of dimethyl sulfoxide (DMSO, vehicle control), and 12-O-tetradecanoylphorbol 13-acetate (TPA, positive control) for 5 days
and then the NBT reduction assay was performed. Significant differences between the control and the treated group, analyzed by Dunnett’s test are
indicated by asterisks: *P<0.05 and **P<0.01, n=3. (c) UA induces morphologic changes consistent with monocytic differentiation. After
treatment for 5 days with 30 umol/l of UA, cytospin preparations were prepared and the cells were stained with Wright—Giemsa stain (magnification
400). (d) UA induces immunophenotypic changes consistent with monocytic differentiation induced by TPA. After the treatment for 5 days, HL60
cells were stained with CD11b-phycoerythrin (PE) and CD14-fluorescein isothiocyanate (FITC), and flow cytometric analysis was performed. CD14

FITC-H, CD14 FITC-Height; CD11b PE-H, CD11b-Height.

differentiation induced by different concentrations of UA.
After treatment for 5 days, a significant increase in NBT
reduction was observed in a dose-dependent manner
(Fig. 1b). We evaluated the effect of differentiation of UA
on two additional leukemia cell lines, which are THP-1 and
U937, using the NBT reduction assay. The results show that
UA can induce differentiation of all the three cells; however,
HL60 and THP-1 cells are more sensitive than U937
(Fig. 1b). Interestingly, after treatment with UA for 3 days,
THP-1 became adherent and developed a macrophage-like
appearance, whereas such effects were not significant in
HL60 and U937 cells (data not shown).

Using Wright—Giemsa staining, undifferentiated control
HL60 cells were found to be predominantly myelocytes
with round, regular cell margins, and large nuclei. Treat-
ment with UA (30 umol/l) resulted in condensed nuclei,
and abundant cytoplasm and vacuoles, suggesting the

monocytic differentiation of HL60 cells (Fig. 1c). Im-
munophenotyping with CD14, a marker of monocytic
differentiation, and CD11b, which is upregulated during
myelomonocytic differentiation [17,18], further con-
firmed the differentiation-inducing effect of UA. Com-
pared with vehicle control, the number of CD14-positive
cells increased up to 63.5% after the treatment with
30 umol/l of UA for 5 days, whereas the CD11b marker
was expressed in 20.2% of the cells, implying that UA
could induce HLL60 monocytic differentiation (Fig. 1d).

Effect of ursolic acid on the expression of C/EBPJ

and c-myc

Transcription factor C/EBPB plays an important role
in DHD3-induced monocytic differentiation [19]. The
regulation of c-myc expression is also reported to be a
potential mechanism of monocyte/macrophage-like terminal
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differentiation [20]. To further examine whether UA
would induce myeloid differentiation, C/EBPB and c-
myc were examined by semiquantitative RT-PCR and
western blotting. Consistent with monocytic differentia-
tion, after treatment with 30 pmol/l of UA for 5 days, the
mRNA and protein levels of C/EBPP were upregulated by
1.8-fold and 2.0-fold, respectively. Meanwhile, the
expression of c-myc was downregulated to an undetect-
able level at 30 umol/l (Fig. 2).

Ursolic acid triggers ERK1/2 phosphorylation

Some differentiation inducers can activate MAPK in HLL60
cells, which is required to elicit differentiation and growth
arrest [21,22]. 'To investigate whether the MAPKs pathway
is involved in the UA-induced differentiation, we first
examined the phosphorylation of ERK, JNK, and p38 by
western blotting within 1 h after the incubation of UA. Our
data showed that UA activated the ERK pathway in a dose-
dependent manner, but had no effect on JNK and p38
phosphorylation (Fig. 3a and b). In a time-course study, the
ratio of phosphor-ERK1/2 to total ERK1/2 was gradually
increased by UA from 15min to 1h (Fig. 3c and d).

Ursolic acid induces HL60 differentiation and
upregulates C/EBPp by ERK pathway activation

To further determine whether the activation of ERK
signaling is responsible for HLL60 cell differentiation in-
duced by UA, we used PD98059 to study the expression

Fig. 2
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of cell surface differentiation markers. PD98059 is a
specific inhibitor to mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase (MEK) and
selectively inhibits ERK activation. When the HL60 cells
were pretreated with PD98059 (30 pmol/l) for 1 h before
the addition of UA (30 umol/l) for further incubation of
5 days, it could completely block the expression of CD14
and CD11b (Fig. 4a). This suggested that UA induced
differentiation in HL60 cells through ERK activation.
Moreover, the upregulation of C/EBPB by UA was also
inhibited by PD98059 (Fig. 4b and c). These results in-
dicated that the induction of the C/EBPJ gene expres-
sion might be involved in the UA-induced monocytic
differentiation of HL60 cells.

Discussion

Differentiation therapy in acute promyelocytic leukemia
with ATRA has made great breakthroughs since 1986.
However, there are still several drawbacks, such as the fetal
ATRA syndrome’ and the development of resistance to this
drug [23,24]. Therefore, increasing efforts have been
focused on developing novel and effective differentiation
inducers with less adverse effects in the recent years.

To the best of our knowledge, this is the first study to
show that UA is an effective inducer of monocytic differ-
entiation of HL60 cells. This effect of UA was confir-
med with morphological analysis using Wright—Giemsa
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Ursolic acid affects the mRNA and protein expression of CCAAT/enhancer-binding protein B (C/EBPB) and c-myc in HL60 cells. (a and ¢c) mRNA
and protein expression of C/EBPf and c-myc during the UA-induced differentiation of HL60 was examined by RT-PCR. (b and d) Quantitative results
of these experiments. Density value of each band was normalized to -actin control and expressed as fold change compared with the control. Error
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Effects of ursolic acid (UA) on the activation of mitogen-activated protein kinases (MAPKs) pathway in HLB0 cells. (a) Phosphorylation and total

extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and P38 in HL60 cells were respectively examined by western blotting
within 1 h after the treatment with different concentrations of UA and 0.02% of dimethyl sulfoxide (DMSO). (c) Phosphorylation and total ERK in
HL60 cells were examined after treatment with 30 pmol/l of UA at the indicated the timepoints (0, 15, 30 min, 1, 2, 3 h). (b and d) Quantitative results
of these experiments. Error bars indicate the range of the determinations. Significant differences between the control and the UA-treated group,

analyzed by Dunnett’s test are indicated by asterisks: *P<0.05 and **P<0.01, n=3.

staining, NBT reduction test, and expression of cell
surface differentiation markers (CD11b and CD14). After
5 days of treatment by 30 pmol/l of UA, the specific
monocytic surface marker CD14 was increased signifi-
cantly. Together with the change in morphology and the
increase in NBT reduction capability, this suggested that
UA induces HL60 cells to differentiate mainly toward the
monocytic lineage. In addition, we also investigated the
growth inhibition effect of UA against HLL60 cells. It is
worth mentioning that UA treatment did not change the
cell cycle distribution of HL60, as shown by our flow
cytometry measurement (data not shown), indicating
that the antiproliferation and differentiating effect is not
directly related to cell cycle arrest. As the positive control
here, TPA can efficiently induce terminal differentiation
of HLL60 cells into a monocyte/macrophage-like pheno-
type [25]. According to our data, the differentiating
effect of TPA at 10 nmol/l is equivalent to that of UA at
a concentration of 30 umol/l, which suggests that TPA is
much more potent than UA (Fig. 1c). However, the high
toxicity of TPA restricts its clinical application. In
contrast, accumulating evidences about the safety study
have shown that UA causes very little harm to normal

cells, such as the serum-free mouse embryo cell line and
the primarily cultured normal mouse hepatocytes [26,27].

Many studies have suggested that the MAPKs signaling
pathway plays an important role in the monocytic and
granulocytic differentiation of different leukemic cells in-
duced by various differentiating agents, including DHD3,
TPA, and ATRA [28,29]. However, earlier research on the
effect of UA on MAPKs has shown mixed results. Achiwa
et al. [30] reported that UA (50 pmol/ml) inhibited the
ERK pathway in endometrial cell lines, whereas Ikeda
et al. [15] showed that a lower dose of UA (4 pmol/l)
induced the activation of ERK1/2 within 30 min. Our data
show that the UA-induced HL60 cell differentiation is
mediated by the activation of the ERK pathway, as
indicated by the increased levels of phosphor-ERK1/2 in a
concentration-dependant and time-dependant manners.
In support of this observation, we also found that the UA-
induced cell differentiation was blocked by PD98059, a
specific MEK inhibitor. The preincubation of cells with
30 umol/l of PD98059 1 h before the addition of 30 pmol/I
of UA significantly inhibited the expression of differ-
entiation markers, suggesting that ERK activation is
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and a combination of 30 umol/I of UA and 30 umol/l of PD98059, the cells were harvested, stained with CD11b-phycoerythrin (PE) and

CD14-fluorescein isothiocyanate (FITC), and analyzed using the two-parameter FACSCalibur flow cytometry. (b) After incubating for 5 days in the
presence of 30 umol/l of UA, 30 pmol/l of PD98059, or a combination of 30 pmol/I of UA and 30 pmol/l of PD98059, cell lysates were prepared and
subjected to western blotting with the antibody against C/EBP. Density value of each band was normalized to f3-actin control and expressed as fold
change compared with the control. (c) Highly significant differences between the combined treatment group and the UA-treated group, analyzed by

Dunnett's test are indicated by asterisks: **P<0.01, n=3.

intimately involved in the UA-induced differentiation.
Compared with UA, the differentiating effect of TPA on
HL60 is also mainly because of the activation of ERK1/2
[28], but is still regulated by other pathways such as
phosphatidylinositol  3-kinase and Smad [31,32], and
requires the action of two oncogenes, c-fes and c-fms
[33,34]. The c-fms gene that encodes for the macrophage
colony-stimulating factor receptor, which is a tyrosine
kinase growth factor receptor essential for macrophage
development, is regulated by the coordinated effects of
three transcription factors, PU.1, AML1, and CEBP
[35,36]. In addition, TPA-induced differentiation of
HL60 is associated with the cell cycle arrest at the Gl
phase and the induction of cyclinD1, p21™*! and p27XiP!
[28,37], whereas no significant cell cycle arrest happened
in the UA-treated HL60 cells.

C/EBPB is an important transcription factor for monocytic
differentiation. It binds to retinoblastoma protein form-
ing a complex, and acts to regulate the monocytic
differentiation marker CD14 [38]. When AML cells were

treated with 1, 25-dihydroxyvitamin D3, the expression of
C/EBPB protein was paralleled by the induction of
monocytic differentiation markers [39]. Here, we showed
by RT-PCR and western blot analysis that UA upregu-
lated C/EBPB through ERK pathway activation during
monocytic differentiation. Furthermore, we also found
that the differentiation of HLL60 cells and the upregula-
tion of C/EBPB by UA was accompanied by a decrease of
c-myc, which has been proved to be a negative regulator
of terminal differentiation of HL60 [20]. Further studies
are necessary to determine whether the UA-induced
differentiation of HLL60 cells depends on the regulation
of these transcription factors.

Other triterpenoid compounds, such as CDDO [2-cyano-
3,12-dioxooleana-1,9-dien-28-oic acid] and CDDO-imi-
dazolide (CDDO-Im), have been shown to induce cell
differentiation in myeloid leukemia cells. Even though
these triterpenoid compounds have a similar chemical
structure, the effect and mechanism of differentiation are
different from each other. CDDO potently induces
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granulocytic differentiation in several leukemic cell lines
and patient-derived primary AML blasts by translationally
enhancing the expression and function of C/EBPa [40],
whereas its derivative (CDDO-Im) and UA have been
proved to induce monocytic differentiation. Increased
C/EBP expression is also critical for CDDO-Im-induced
differentiation, which is partially dependent on ERK
activation and TGF-B-mediated Smad activation [38].

In summary, this is the first study to provide evidence
that UA induces monocytic differentiation of HL60 cells
and the expression of C/EBPP through the activation of
the ERK signaling pathway. Further understanding of the
mechanisms of UA-induced differentiation could allow
the identification of the key molecular target for this
compound to facilitate the development of new pharma-
cological agents with potential therapeutic value and
fewer side effects for the treatment of leukemia.

Acknowledgements

The authors thank Professor Wu Chen and Dr Yun-hua
Lu, College of Yi Chun, for the gift of highly purified UA.
The authors also thank Professor Qing-long Guo for
providing the HLL60 cell line used in this study.

References

1 Nowak D, Stewart D, Koeffler HP. Differentiation therapy of leukemia:

3 decades of development. Blood 2009; 113:3655-3665.

2 White SL, Belov L, Barber N, Hodgkin PD, Christopherson RI.
Immunophenotypic changes induced on human HL60 leukaemia cells
by 1-alpha,25-dihydroxyvitamin D3 and 12-O-tetradecanoyl! phorbol-13-
acetate. Leuk Res 2005; 29:1141-1151.

3 Zheng X, Ravatn R, Lin Y, Shih WC, Rabson A, Strair R, et al. Gene
expression of TPA induced differentiation in HL-60 cells by DNA microarray
analysis. Nucleic Acids Res 2002; 30:4489-4499.

4 Tohda S, Curtis JE, McCulloch EA, Minden MD. Comparison of the effects
of all-trans and cis-retinoic acid on the blast stem cells of acute myeloblastic
leukemia in culture. Leukemia 1992; 6:656—-661.

5 Choi BM, Park R, Pae HO, Yoo JC, Kim YC, Jun CD, et al. Cyclic adenosine
monophosphate inhibits ursolic acid-induced apoptosis via activation of
protein kinase A in human leukaemic HL-60 cells. Pharmacol Toxicol 2000;
86:53-58.

6 Kassi E, Papoutsi Z, Pratsinis H, Aligiannis N, Manoussakis M, Moutsatsou P.
Ursolic acid, a naturally occurring triterpenoid, demonstrates anticancer
activity on human prostate cancer cells. J Cancer Res Clin Oncol 2007,
133:493-500.

7 Hsu YL, Kuo PL, Lin CC. Proliferative inhibition,cell-cycle dysregulation, and
induction of apoptosis by ursolic acid in human non-small cell lung cancer
A549 cells. Life Sci 2004; 5:2303-2316.

8 Achiwa Y, Hasegawa K, Komiya T, Udagawa Y. Ursolic acid induces Bax-
dependent apoptosis through the caspase-3 pathway in endometrial cancer
SNG-II cells. Oncol Rep 2005; 13:51-57.

9 Manu KA, Kuttan G. Ursolic acid induces apoptosis by activating p53 and
caspase-3 gene expressions and suppressing NF-kappaB mediated
activation of bcl-2 in B16F-10 melanoma cells. Int Inmunopharmacol 2008;
8:974-981.

10 Lee HY, Chung HY, Kim KH, Lee JJ, Kim KW. Induction of differentiation
in the cultured F9 teratocarcinoma stem cells by triterpene acids. J Cancer
Res Clin Oncol 1994; 120:513-518.

11 Bonaccorsi |, Altieri F, Sciamanna |, Oricchio E, Grillo C, Contartese G, et al.
Endogenous reverse transcriptase as a mediator of ursolic acid’s anti-
proliferative and differentiating effects in human cancer cell lines. Cancer
Lett 2008; 263:130-139.

12 Poon KH, Zhang J, Wang C, Tse AK, Wan CK, Fong WF. Betulinic
acid enhances 1[alpha],25-dihydroxyvitamin D3-induced differentiation
in human HL-60 promyelocytic leukemia cells. Anticancer Drugs 2004;
15:619-624.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Bertl E, Bartsch H, Gerhduser C. Inhibition of angiogenesis and endothelial
cell functions are novel sulforaphane-mediated mechanisms in
chemoprevention. Mol Cancer Ther 2006; 5:575-585.

Tang C, Lu YH, Xie JH, Wang F, Zou JN, Yang JS, et al. Downregulation
of survivin and activation of caspase-3 through the PI3K/Akt pathway in
ursolic acid-induced HepG2 cell apoptosis. Anticancer Drugs 2009;
20:249-258.

lkeda Y, Murakami A, Ohigashi H. Ursolic acid promotes the release of
macrophage migration inhibitory factor via ERK2 activation in resting
mouse macrophages. Biochem Pharmacol 2005; 70:497-505.
Newburger PE, Speier C, Borregaard N. Development of the superoxide-
generating system during differentiation of the HL-60 human promyelocytic
leukemia cell line. J Biol Chem 1984; 259:3771-3776.

Brackman D, Lund F, Aarskog D. Expression of leukocyte differentiation
antigens during the differentiation of HL-60 cells induced by
1,25-dihydroxyvitamin D3: comparison with the maturation of normal
monocytic and granulocytic bone marrow cells. J Leukoc Biol 1995;
58:547-555.

Hmama Z, Nandan D, Sly L, Knutson KL, Herrera-Velit P, Reiner NE.

1 alpha,25-dihydroxyvitamin D(3)-induced myeloid cell differentiation is
regulated by a vitamin D receptor-phosphatidylinositol 3-kinase signaling
complex. Exp Med 1999; 190:1583-1594.

Ji'Y, Studzinski GP. Retinoblastoma protein and CCAAT/enhancer-binding
protein beta are required for 1,25-dihydroxyvitamin D3-induced monocytic
differentiation of HL60 cells. Cancer Res 2004; 64:370-377.

Valledor AF, Borras FE, Cullell-Young M, Celada A. Transcription factors
that regulate monocyte/macrophage differentiation. J Leukoc Biol 1998;
63:405-417.

Wang X, Studzinski GP. Activation of extracellular signal-regulated
kinases(ERKs)defines the first phase of 1,25-dihydroxyvitaminD3-induced
differentiation of HL60 cells. J Cell Biochem 2001; 80:471-482.

Zhang JX, Zhuang WJ, Poon KH, Yang M, Fong WF. Induction of HL-60 cell
differentiation by the p38 mitogen-activated protein kinase inhibitor
SB203580 is mediated through the extracellular signal-regulated kinase
signaling pathway. Anticancer Drugs 2003; 14:31-48.

Frankel SR, Eardley A, Lauwers G, Weiss M, Warrell RP Jr. The ‘retinoic acid
syndrome’ in acute promyelocytic leukemia. Ann Intern Med 1992;
117:292-296.

Degos L, Chomienne C, Daniel MT, Berger R, Dombret H, Fenaux P.
Treatment of first relapse in acute promyelocytic leukaemia with all-trans
retinoic acid. Lancet 1990; 336:1440-1441.

Huberman E, Callaham MF. Induction of terminal differentiation in human
promyelocytic leukemia cells by tumor-promoting agents. PNAS 1979;
76:1293-1297.

Yamaguchi H, Noshita T, Kidachi Y, Umetsu H, Hayashi M, Komiyama K,
et al. Isolation of ursolic acid from apple peels and its specific efficacy

as a potent antitumor agent. J Health Sci 2008; 54:654—660.

Tian Z, Lin G, Zheng RX, Huang F, Yang MS, Xiao PG. Anti-hepatoma activity
and mechanism of ursolic acid and its derivatives isolated from Aralia
decaisneana. World J Gastroenterol 2006; 12:874-879.

Matsumoto E, Hatanaka M, Bohgaki M, Maeda S. PKC pathway and
ERK/MAPK pathway are required for induction of cyclin D1 and p21Waf1
during 12-o-tetradecanoylphorbol 13-acetate-induced differentiation of
myeloleukemia cells. Kobe J Med Sci 2006; 52:181-194.

Glasow A, Prodromou N, Xu K; von Lindern M, Zelent A. Retinoids and
myelomonocytic growth factors cooperatively activate RARA and induce
human myeloid leukemia cell differentiation via MAP kinase pathways.
Blood 2005; 105:341-349.

Achiwa Y, Hasegawa K, Udagawa Y. Regulation of the phosphatidylinositol
3-kinase-Akt and the mitogen-activated protein kinase pathways by ursolic
acid in human endometrial cancer cells. Biosci Biotechnol Biochem
2007; 71:31-37.

Park SJ, Kang SY, Kim NS, Kim HM. Phosphatidylinositol 3-kinase regulates
PMA-induced differentiation and superoxide production in HL-60 cells.
Immunopharmacol Immunotoxicol 2002; 24:211-226.

Glesne D, Huberman E. Smad6 is a protein kinase X phosphorylation
substrate and is required for HL-60 cell differentiation. Oncogene 2006;
25:4086-4098.

Manfredini R, Balestri R, Tagliafico E, Trevisan F, Pizzanelli M, Grande A, et al.
Antisense inhibition of c-fes proto-oncogene blocks PMA-induced
macrophage differentiation in HL60 and in FDC-P1/MAC-11 cells. Blood
1997; 9:135-145.

Wu J, Zhu JQ, Han KK, Zhu DX. The role of the c-fms oncogene in the
regulation of HL-60 cell differentiation. Oncogene 1990; 5:873-877.

Dai XM, Ryan GR, Hapel AJ, Dominguez MG, Russell RG, Kapp S, et al.
Targeted disruption of the mouse colony-stimulating factor 1 receptor gene

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



36

37

results in osteopetrosis, mononuclear phagocyte deficiency, increased
primitive progenitor cell frequencies and reproductive defects. Blood
2002; 99:111-120.

Zhang DE, Hetherington CJ, Meyers S, Rhoades KL, Larson CJ, Chen HM,
et al. CCAAT enhancer-binding protein (C/EBP) and AML1 (CBF alpha2)
synergistically activate the macrophage colony-stimulating factor receptor
promoter. Mol Cell Biol 1996; 16:1231-1240.

Das D, Pintucci G, Stern A. MAPK-dependent expression of p21(WAF) and
p27(kip1) in PMA-induced differentiation of HL60 cells. FEBS Lett 2000;
472:50-52.

38

39

40

Role of UA in the treatment of leukemia Zhang et al. 165

Ji'Y, Lee HJ, Goodman C. The synthetic triterpenoid CDDO-imidazolide
induces monocytic differentiation by activating the Smad and ERK signaling
pathways in HL60 leukemia cells. Mo/ Cancer Ther 2006; 5:1452—-1458.
Pham TH, Langmann S, Schwarzfischer L. CCAAT enhancer-binding protein
beta regulates constitutive gene expression during late stages of monocyte
to macrophage differentiation. J Biol Chem 2007; 282:21924-21933.
Koschmieder S, D'Alo F, Radomska H, Schoneich C, Chang JS, Konopleva
M, et al. CDDO induces granulocytic differentiation of myeloid leukemic
blasts through translational up-regulation of p42 CCAAT enhancer binding
protein alpha. Blood 2007; 110:3695-3705.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.





