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The Autonomous Notch Signal Pathway Is Activated by
Baicalin and Baicalein But Is Suppressed by Niclosamide in
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ABSTRACT
The Notch signaling pathway plays important roles in a variety of cellular processes. Aberrant transduction of Notch signaling contributes to

many diseases and cancers in humans. The Notch receptor intracellular domain, the activated form of Notch receptor, is extremely difficult to

detect in normal cells. However, it can activate signaling at very low protein concentration to elicit its biological effects. In the present study, a

cell based luciferase reporter gene assay was established in K562 cells to screen drugs which could modulate the endogenous CBF1-dependent

Notch signal pathway. Using this system, we found that the luciferase activity of CBF1-dependent reporter gene was activated by baicalin and

baicalein but suppressed by niclosamide in both dose- and time-dependent manners. Treatment with these drugs modulated endogenous

Notch signaling and affected mRNA expression levels of Notch1 receptor and Notch target genes in K562 cells. Additionally, erythroid

differentiation of K562 cells was suppressed by baicalin and baicalein yet was promoted by niclosamide. Colony-forming ability in soft agar

was decreased after treatment with baicalin and baicalein, but was not affected in the presence of niclosamide. Thus, modulation of Notch

signaling after treatment with any of these three drugs may affect tumorigenesis of K562 cells suggesting that these drugs may have

therapeutic potential for those tumors associated with Notch signaling. Taken together, this system could be beneficial for screening of drugs

with potential to treat Notch signal pathway-associated diseases. J. Cell. Biochem. 106: 682–692, 2009. � 2009 Wiley-Liss, Inc.
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T he Notch signaling pathway regulates several cellular

processes including proliferation, differentiation, apoptosis,

cell fate decision, and maintenance of stem cells [Artavanis-

Tsakonas et al., 1999; Miele and Osborne, 1999; Kopan, 2002].

Abnormalities in Notch signaling are linked to many diseases such

as Alagille’s syndrome [Li et al., 1997; Oda et al., 1997], CADASIL

(cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy) [Joutel et al., 1996], prion disease

[Ishikura et al., 2005], rheumatoid synoviocytes [Nakazawa et al.,

2001], Alzheimer’s disease, and Down syndrome [Fischer et al.,

2005].
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The deregulated Notch signaling also participates in the

tumorigenesis of hematologic and solid malignancies, including

T-cell acute lymphoblastic leukemia, pancreatic carcinoma, cervical

carcinoma, prostatic carcinoma, classical Hodgkin lymphoma,

anaplastic large cell lymphoma, multiple myeloma, melanoma,

lung cancer, colon cancer, breast cancer, hepatocellular carcinoma,

and Kaposi’s sarcoma [Radtke and Raj, 2003; Leong and Karsan,

2006]. Moreover, Notch signaling pathway can be both oncogenic

and tumor suppressive. Many reports documented that the cellular

context and the cross-talk with other signaling pathways deter-

mined the roles of the Notch signal pathway in tumorigenesis
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[Radtke and Raj, 2003; Yoo et al., 2004; Leong and Karsan, 2006;

Nguyen et al., 2006].

Notch receptors, single-span transmembrane proteins, contain

several functional domains. The Notch receptor intracellular domain

consists of a RAM domain, ankyrin repeats, two nuclear localization

signals, a transcriptional activator domain, and a proline-

glutamate-serine-threonine-rich (PEST) domain. In the canonical

pathway of Notch signaling, Notch receptors are activated and

cleaved in order to release and translocate the intracellular domain

into the nucleus after the extracellular portions interacting with

their ligands on the neighboring cells. This Notch receptor

intracellular domain, the activated form of Notch receptor, regulates

downstream target genes through both C promoter binding factor-1

(CBF1)-dependent and -independent pathways [Baron, 2003]. The

mechanism underlying the control of Notch signaling is very

complicated and not yet fully understood.

Mounting evidence indicates that the aberrant Notch signal

pathway caused by the mutations of Notch receptors or their ligands

is involved in human malignancies and a variety of human diseases

[Radtke and Raj, 2003; Leong and Karsan, 2006]. Therefore, both

genetic or pharmacological manipulation of this signaling could

serve as a potential therapeutically strategy for the Notch signal

pathway-associated diseases [Zlobin et al., 2000; Nam et al., 2002;

Nickoloff et al., 2003; SjÖlund et al., 2005; Grabher et al., 2006;

Miele et al., 2006; Shi and Harris, 2006].

The Notch receptor intracellular domain, also the nuclear form of

Notch receptor, has been detected in several tumor cells such as

SUP-T1, HeLa, and Jurkat cells [Rand et al., 2000; Yeh et al., 2003].

However, the endogenous Notch receptor intracellular domain is

hard to be detected in normal cells owing to its rapid turnover and/or

low level expression [Lieber et al., 1993; Lam et al., 2000]. The

C-terminal PEST domain of Notch receptor contributes to its

instability and degradation by the ubiquitin-proteasome pathway

[Wu et al., 2001]. Nevertheless, the Notch receptor intracellular

domain can elicit its biological effects at a very low protein

concentration to prevent potentially deleterious level of transcrip-

tion [Rechsteiner and Rogers, 1996; Schroeter et al., 1998; Struhl

and Adachi, 1998]. Therefore, it is important to scrutinize the

endogenous Notch signal pathway to prevent the possibility of

fortuitous abnormalities caused by the constitutive overexpression

of Notch receptor intracellular domain.

It was demonstrated that both baicalin and baicalein possess anti-

tumor activity [Kubo et al., 1984; Fukutake et al., 1998; Chan et al.,

2000; Ikezoe et al., 2001; Liu et al., 2003; Huang et al., 2005; Ma

et al., 2005; Miocinovic et al., 2005]. After the cleavage of the

glycoside moiety, baicalin is converted to baicalein in vivo. Both

baicalin and baicalein cause G1 arrest and apoptosis in prostate

cancer cells [Chen et al., 2001]. In human hepatoma cells, baicalin

and baicalein induce apoptosis or inhibit proliferation [Chang et al.,

2002]. Baicalin and baicalein also exhibit the anti-angiogenesis

potential through down-regulating the activity of matrix metallo-

proteinase 2 [Liu et al., 2003].

Niclosamide, an anti-helmintic drug, is useful for the treatment of

beef, dwarf, and dog tapeworms [Reynolds, 1989]. It is also used

as an active chemical ingredient to control sea lamprey and

a molluscicide against schistosomiasis [Applegate et al., 1961;
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Goldsmith, 1984; Reynolds, 1989]. Recently, niclosamide was

shown to exhibit the activity against severe acute respiratory

syndrome coronavirus [Wu et al., 2004; De Clercq, 2006].

In the present study, we established a permanent human

erythroleukemia K562 cell line to monitor the endogenous Notch

signaling by reporter gene assay. We found that the endogenous

Notch signal pathway is activated by baicalin and baicalein, whereas

it is suppressed by niclosamide. In addition to modulating the

autonomous Notch signaling, the tumorigenesis of K562 cells was

also evaluated after the treatment with baicalein, baicalin, and

niclosamide.
MATERIALS AND METHODS

PLASMIDS AND PLASMID CONSTRUCTION

The expression construct of Notch1 receptor intracellular domain

(pcDNA-HA-N1IC) contains cDNA encoding the amino acid residues

1764–2444 of the human Notch1 receptor with an N-terminal HA

tag [Yeh et al., 2003]. Reporter plasmid pCBF1-RE-Luc-neo contains

four copies of the wild-type CBF1-response elements (GTGGGAA) in

front of the simian virus 40 promoter-driven luciferase reporter gene

in pGL2-promoter vector and neomycine resistance gene in pcDNA3

vector. To construct this reporter plasmid, the pGL2-promoter vector

with four copies of the wild-type CBF1-response elements was

digested by Kpn I and Bam HI. Then the Kpn I–Bam HI DNA

fragment (3.1 kb) containing CBF1-response elements and luciferase

reporter gene was inserted at Bgl II and Kpn I sites of pcDNA3 vector

which had the Bgl II–Kpn I DNA fragment (0.9 kb) containing the

CMV promoter already been deleted. All constructs were verified by

sequencing.
CELL CULTURE AND TRANSFECTION

Human erythroleukemia K562 cells and COS-7 cells were cultured

in RPMI 1640 and DMEM containing 10% fetal bovine serum,

respectively. For the establishment of stable K562 cell lines to

monitor the endogenous Notch signaling pathway (K562/CBF1-RE-

Luc cells), K562 cells (2� 106) were transfected with a lineralized

reporter plasmid of pCBF1-RE-Luc-neo (5 mg) by electroporation

using Bio-Rad gene pulser electroporator. Forty-eight hours after

electroporation, cells were diluted to about 0.8 cell/well in 96-well

dishes and selected with 800 mg/ml G418. The stable clones derived

from single cells suitable for monitoring the endogenous Notch

signaling were screened by reporter gene assay. The stable COS-7

cell lines expressing secreted form of human Jagged1 (COS-7/

Jagged1ext) and their control cells (COS-7/pcDNA3.1-myc-His) were

established as described previously [Liao et al., 2007].

After seeding onto 6-well plates, K562 cells (1� 106) were

transiently transfected by the SuperFect transfection reagent

(Qiagen) as described for the luciferase reporter assay [Yeh et al.,

2003, 2004]. Then the luciferase activities were measured using

the Dual-LuciferaseTM reporter assay system (Promega). To activate

the endogenous Notch signal pathway, K562/CBF1-RE-Luc cells

were co-cultured with Jagged1-exressing COS-7/Jagged1ext cells

or their control COS-7/pcDNA3.1-myc-His cells. The COS-7/

Jagged1ext cells or their control cells (5� 105) were seeded onto
MODULATION OF ENDOGENOUS NOTCH SIGNALING 683



6-well culture plates in DMEM medium. After 24 h of seeding, K562/

CBF1-RE-Luc cells (5� 105) were co-cultured with COS-7/Jagge-

d1ext cells or their control cells in RPMI 1640 medium. Twenty-four

hours later, the K562/CBF1-RE-Luc cells were harvested for

luciferase reporter assay.

DAPT {N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylgly-

cine t-butyl ester}, baicalin (baicalein 7-b-D-glucopyranosi-

duronate), baicalein (5,6,7-trihydroxyflavone), and niclosamide

(20,5-dichloro-40-nitrosalicylanilide) were purchased from Sigma–

Aldrich. These drugs at indicated concentrations in DMSO or an

equal volume of DMSO were added for 24 h, followed by washing

with PBS three times and cells were harvested for reporter gene

assay.

WESTERN BLOT ANALYSIS

Whole-cell lysates were prepared as previously described [Liao et al.,

2007]. Laemmli’s sample buffer was added to the cell lysates and

heated at 958C for 5 min, then analyzed by SDS–PAGE. Western

blotting was performed with anti-cleaved Notch1 (Val1744, Cell

Signaling), anti-HES-1 (Santa Cruz), anti-cyclin D1 (Lab Vision),

anti-c-Myc (Santa Cruz), and anti-GAPDH antibodies (Biogenesis).

REAL-TIME PCR ANALYSIS

Total RNA was extracted using Trizol reagent (Invitrogen) and real-

time PCR analysis was performed as described previously [Liao et al.,

2007]. Briefly, total RNA (2 mg) was used to synthesize cDNA using

reverse transcriptase M-MLV (New England BioLabs) with oligo

(dT)18 primer. The 85-bp cDNA of human Notch1 receptor was

amplified with primers 50-CACTGTGGGCGGGTCC-30 and 50-GTT-

GTATTGGTTCGGCACCAT-30. The 84-bp cDNA of HES-1 was

amplified with 50-AGCGGGCGCAGATGAC-30and 50-CGTTCATG-

CACTCGCTGAA-30. The 86-bp cDNA of cyclin D1 was amplified

with 50-CCGTCCATGCGGAAGATC-30 and 50-ATGGCCAGCGGGAA-

GAC-30. The 478-bp cDNA of c-Myc was amplified with 50-TA-

CCCTCTCAACGACAGCAG-30 and 50-TCTTGACATTCTCCTCGGTG-

30. The 71-bp cDNA of Hey-1 was amplified with 50-GAAAAAGCC-

GAGATC-30 and 50-TAACCTTTCCCTCCT-30. The 51-bp cDNA of

Hey-2 was amplified with 50-AGATGCTTCAGGCAACAGGG-30and

50-CAAGAGCGTGTGCGTCAAAG-30. The 176-bp cDNA of internal

control GAPDH was amplified with 50-AAATCCCATCACCATCTTCC-

30 and 50-TCACACCCATGA CGAACA-30. The quantitative real-time

PCR was analyzed on a LightCycler system with LightCycler

FastStart DNA MasterPLUS SYBR Green I (Roche). The amplification

condition of PCR was as follows: 958C for 5 min; and then 35 cycles

of 958C for 10 s, 608C for 5 s, and 728C for 12 s. The relative

quantification of mRNA expression level was normalized to that of

GAPDH and corrected to a calibrator using the RelQuant software

(Roche). All data are representative of the mean values and standard

deviations from three to four independent experiments.

FLOW CYTOMETRY

As described previously [Liao et al., 2007], K562 cells were washed

with ice-cold phosphate-buffered saline (PBS) and fixed in 70%

ethanol at �208C overnight. After being washed with PBS, the cell

pellets were resuspended in 1.0 ml of PBS with 100 mg/ml of RNase

A and incubated at 378C for 30 min. Then 100 ml of 200 mg/ml
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propidium iodide (PI) was added and further incubated on ice for

30 min. The emitted fluorescence from the PI-DNA complex was

measured using a FACSCalibur flow cytometry (Becton-Dickinson).

ERYTHROID DIFFERENTIATION AND BENZIDINE-STAINING

To induce erythroid differentiation, K562 cells treated with baicalin,

baicalein, and niclosamide were incubated with 40 mM hemin

(Sigma–Aldrich) for 3 days. The stock solution of benzidine contains

0.2% benzidine dihydrochloride (Sigma–Aldrich) in 0.5 M glacial

acetic acid. Immediately before use, hydrogen peroxide at the

concentration of 0.3% was added to prepare benzidine solution.

After being washed two times with ice-cold PBS, cells (5� 104) were

resuspended in 15 ml of ice-cold PBS. Fifteen microliters of

benzidine solution were added and further incubated for 10 min at

room temperature. The benzidine-positive cells with dark blue color

were quantitated under light microscopy. At least 100 cells were

counted in triplicate for each experiment.

COLONY-FORMING ASSAY

The base agar (1.5 ml/well) contains RPMI medium with 0.6%

agarose in 6-well plates. Two thousand of K562 cells were

resuspended in the top agar (1.0 ml/well) containing 0.2% agarose

in RPMI medium with or without baicalin, baicalein, and niclo-

samide. Cells were incubated at 378C in a humidified incubator with

5% CO2 for 7 days and 200 ml of RPMI medium containing the

mentioned drugs were added every 3 days to prevent desiccation.

Plates were stained with 0.5 ml of 0.005% crystal violet for 1 h and

colonies larger than 0.1 mm in diameter were counted under the

microscope from 10 random fields.

RESULTS

ESTABLISHMENT OF STABLE CELL LINES EXPRESSING LUCIFERASE

REPORTER GENE MODULATED BY CBF1-DEPENDENT NOTCH

SIGNAL PATHWAY

For the screening of drugs affecting endogenous Notch signaling,

a cell based assay using luciferase reporter gene was established.

The pCBF1-RE-Luc-neo reporter plasmid containing four copies of

CBF1-response elements in front of a simian virus 40 promoter-

driven luciferase reporter gene and neomycine-resistant gene was

constructed. When K562 cells were co-transfected with pCBF1-RE-

Luc-neo reporter plasmid and Notch1 receptor intracellular domain-

expressing construct, pcDNA-HA-N1IC, or its control vector,

activity of CBF1-dependent luciferase reporter gene was enhanced

to 12.7-fold in the presence of the exogenous Notch1 receptor

intracellular domain (P< 0.001, Fig. 1A).

Then the pCBF1-RE-Luc-neo reporter plasmid was transfected

into K562 cells to establish the single cell-derived stable clones

(K562/CBF1-RE-Luc cells) with integrated luciferase reporter gene

and its expression is regulated by CBF1-dependent Notch signal

pathway. In the K562/CBF1-RE-Luc cells, we also found that the

expression of the exogenous Notch1 receptor intracellular domain

could induce the CBF1-dependent luciferase activity (data not

shown).
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Fig. 1. Establishment of stable K562/CBF1-RE-Luc cells harboring integrated luciferase reporter gene modulated by endogenous Notch signaling pathway. A: The pCBF1-RE-

Luc-neo reporter plasmid was co-transfected with HA-Notch1 receptor intracellular domain fusion protein-expressing construct (pcDNA-HA-N1IC) or its control vector into

K562 cells for reporter gene assay. Forty-eight hours after transfection, luciferase activity was determined from whole-cell extracts of the transfected cells, and basal promoter

activity of the reporter construct was set to unity. Renilla luciferase activity was then used to normalize for transfection efficiency. Mean values and standard deviations from at

least four independent experiments are shown. ���P< 0.001 compared with mock. B: After treatment with various concentrations of DAPT for 24 h, K562/CBF1-RE-Luc cells

were harvested for reporter gene assay. �P< 0.05; ��P< 0.01 compared with vehicle (DMSO). C: The Jagged1-expressing COS-7/Jagged1ext cells or their control cells were

seeded onto 6-well culture plates in DMEM medium for 24 h. Then K562/CBF1-RE-Luc cells were co-cultured with COS-7/Jagged1ext cells (Jagged1ext) or their control cells (�)

in RPMI 1640 medium with 100 mM DAPT or an equal volume of DMSO for 24 h. Luciferase reporter gene activity of K562/CBF1-RE-Luc cells was determined and normalized

with protein concentration. ��P< 0.01 compared to co-culture with control cells.
K562/CBF1-RE-LUC CELLS CAN BE USED TO MONITOR THE

ACTIVATION OF ENDOGENOUS NOTCH SIGNALING

The aforementioned data showed that the CBF1-depedent reporter

gene activity in K562/CBF1-RE-Luc cells could be induced by Notch

signal pathway. We surmised that the K562/CBF1-RE-Luc cells

might be used to assess the molecules/factors that can modulate the

endogenous Notch signaling in cells. To evaluate this possibility,

K562/CBF1-RE-Luc cells were treated with various concentrations

of g-secretase inhibitor DAPT, for 24 h to block endogenous

Notch signaling. The results showed that reporter gene activity

in K562/CBF1-RE-Luc cells was significantly suppressed in a dose-

dependent manner after the treatment of DAPT (P< 0.01, Fig. 1B).

Previously, we had demonstrated that endogenous Notch signal

pathway is activated after co-culture of K562 cells with the

single cell-derived stable COS-7 cells constitutively expressing the

secreted form of Notch ligand Jagged1 (COS-7/Jagged1ext cells)

or after treatment with their conditioned media [Liao et al., 2007].

In this experiment, co-culture with COS-7/Jagged1ext cells also

promoted the activity of CBF1-dependent reporter gene in K562/

CBF1-RE-Luc cells (P< 0.01, Fig. 1C). This enhancement of CBF1-

dependent reporter gene activity by Jagged1 was abrogated after the

treatment with DAPT.

ENDOGENOUS NOTCH SIGNALING IS ACTIVATED BY BAICALIN AND

BAICALEIN BUT SUPPRESSED BY NICLOSAMIDE IN K562 CELLS

This cell-based system was further used to screen drugs modulating

endogenous Notch signal pathway in the present study. We found

that baicalin, baicalein, and niclosamide were candidates for

modulation of the endogenous Notch signal pathway. The CBF1-

dependent reporter gene activity in K562/CBF1-RE-Luc cells was

enhanced by baicalin and baicalein in a dose-dependent manner

(P< 0.05, Fig. 2A, left and middle). In the presence of DAPT, there

was no significant enhancement of CBF1-dependent reporter gene

activity after treatment with baicalin and baicalein. Furthermore,

niclosamide inhibited the CBF1-dependent reporter gene activity of
JOURNAL OF CELLULAR BIOCHEMISTRY
K562/CBF1-RE-Luc cells in a dose-dependent manner (P< 0.01,

Fig. 2A, right). However, this suppression of CBF1-dependent

reporter gene activity of K562/CBF1-RE-Luc cells by various

concentrations of niclosamide was not affected after the treatment

with DAPT.

As shown in Figure 2B, the suppression of CBF1-dependent

reporter gene activity in K562/CBF1-RE-Luc cells by DAPT was

time-dependent (P< 0.05). The induction of CBF1-dependent

reporter gene activity of K562/CBF1-RE-Luc cells by baicalin

and baicalein treatment also showed a time-dependent manner

(P< 0.05). In the presence of DAPT, there was no significant

enhancement of CBF1-dependent reporter gene activity after

treatment with baicalin and baicalein for various periods of time.

However, niclosamide also presented a time-dependent manner in

inhibition of CBF1-dependent reporter gene activity of K562/CBF1-

RE-Luc cells (P< 0.05). After treatment with niclosamide for

various periods of time, the suppression of CBF1-dependent reporter

gene activity in K562/CBF1-RE-Luc cells was not affected by DAPT

significantly.

THE mRNA EXPRESSIONS OF NOTCH1 RECEPTOR AND NOTCH

TARGET GENES ARE REGULATED BY BAICALIN, BAICALEIN, AND

NICLOSAMIDE IN K562 CELLS

To investigate the underlying regulatory mechanism of CBF1-

dependent reporter gene activity by baicalin, baicalein, and

niclosamide in K562/CBF1-RE-Luc cells, mRNA expression levels

of Notch1 receptor and Notch target genes were determined by real-

time PCR in K562 cells after treatment with these drugs (Fig. 3A).

Data showed that mRNA expressions of Notch1 receptor, HES-1,

cyclin D1, Hey-1 and Hey-2 were enhanced by baicalin and

baicalein whereas cyclin D1 and c-Myc mRNA expressions were

suppressed after treatment with niclosamide. However, the Hey-2

mRNA expression was induced by niclosamide. In the presence of

DAPT, the enhancement of mRNA expressions of HES-1, cyclin D1,

Hey-1, and Hey-2 by baicalin and baicalein were suppressed. The
MODULATION OF ENDOGENOUS NOTCH SIGNALING 685



Fig. 2. Endogenous Notch signaling is activated by baicalin and baicalein but is suppressed by niclosamide in K562 cells. A: In the presence or absence of 100 mM DAPT, K562/

CBF1-RE-Luc cells were treated with various concentrations of baicalin (left), baicalein (middle), and niclosamide (right) for 24 h. B: After seeding of K562/CBF1-RE-Luc cells

at the same time, cells were treated with 100mM DAPT for various periods of time and then harvested for reporter gene assay. In the presence or absence of 100mM DAPT, K562/

CBF1-RE-Luc cells were also treated with 100 mM baicalin, 10 mM baicalein, and 1.25 mM niclosamide for various periods of time and then harvested for reporter gene assay.

Luciferase reporter gene activity was determined as described in the legend to Figure 1. �P< 0.05; ��P< 0.01; ���P< 0.001 compared with vehicle.
induction of Hey-2 mRNA expression by niclosamide was also

inhibited after treatment with DAPT.

After treatment with these drugs, the protein expressions of

Notch target genes were also detected by Western blot analysis in

K562 cells including HES-1, cyclin D1, and c-Myc (Fig. 3B). The

expressions of HES-1, cyclin D1, and c-Myc were not significantly

affected by baicalin and baicalein but suppressed by niclosamide

after treatment for 24 h. However, the expression levels of HES-1,

cyclin D1, and c-Myc were not changed after treatment with these

drugs for 48 h. Analysis of expression levels of the cleaved activated

Notch1 receptor showed that baicalin and baicalein elicited only a

modest increase, but niclosamide exerted a decrease in K562 cells

after treatment for 24 h.

CELL CYCLE PROGRESSION, ERYTHROID DIFFERENTIATION, AND

COLONY-FORMING ABILITY OF K562 CELLS ARE MODULATED BY

BAICALIN, BAICALEIN, AND NICLOSAMIDE

Based on the results described above, we further investigated effects

of baicalin, baicalein, and niclosamide on the biological functions

such as cell cycle progression, erythroid differentiation, and colony-

forming ability of K562 cells. After treatment with 100 mM baicalin,

10 mM baicalein, and 1.25 mM niclosamide for 24 h, K562 cells were

harvested for PI-staining and flow cytometry analysis. The cells

treated with baicalin and baicalein were slightly arrested in G0/G1

phase as compared with those treated with DMSO (P< 0.05, Fig. 4).

However, the cell population in S phase was increased after

treatment with niclosamide.

Previous report has demonstrated that the activation of Notch

signaling pathway inhibits erythroid differentiation of K562 cells

[Lam et al., 2000]. To evaluate whether erythroid differentiation is

regulated by treatment with baicalin, baicalein, and niclosamide,

K562 cells were induced by 40 mM hemin for 3 days and

then assessed by benzidine-staining. The percentage of benzidine-
686 MODULATION OF ENDOGENOUS NOTCH SIGNALING
positive cells was suppressed by treatment with baicalin and

baicalein, but promoted by niclosamide (P< 0.05, Fig. 5A,B).

Furthermore, the addition of DAPT reversed the suppressed and

promoted ability of erythroid differentiation by baicalin and by

niclosamide, respectively (Fig. 5C).

To further evaluate whether treatment with these drugs affects

tumorigenesis, colony-forming assay was also preformed. The

results showed that colony numbers were decreased after treatment

with baicalin and baicalein (P< 0.001, Fig. 6A,B). On the contrary,

colony numbers were not dramatically affected in the presence of

niclosamide. Interestingly, mean colony sizes of K562 cells treated

with baicalin and baicalein but not with niclosamide were reduced

as compared to the control cells treated with DMSO (Fig. 6C).
DISCUSSION

Because the Notch signaling pathway can function as an oncogene

or tumor suppressor in cancer development, targeting the steps in

this signaling may have the therapeutic potential for anti-tumor

activity in the foreseeable future [Nam et al., 2002; Miele et al., 2006;

Shih and Wang, 2007]. There are several potential therapeutic

targeting steps for therapy in Notch signaling pathway including

interaction of Notch receptors and ligands, translocation of Notch

receptor intracellular domains, transactivation of downstream

targets, expression of Notch components, and stability of Notch

receptors. Recent studies have documented the possibility of using

Notch signaling as a therapeutic target in cancer [Nam et al., 2002;

Hansson et al., 2004; Li and Harris, 2005; Miele et al., 2006;

Shih and Wang, 2007]. For example, there is mounting evidence that

g-secretase inhibitors may act as a new target-based therapy for

those tumors associated with Notch signaling [Shih and Wang,

2007].
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. The mRNA expressions of Notch1 receptor and Notch target genes are regulated by baicalin, baicalein, and niclosamide in K562 cells. A: In the presence (bottom) or

absence (top) of 100 mM DAPT, the transcript levels of Notch1 receptor, HES-1, cyclin D1, c-Myc, Hey-1, and Hey-2 in K562 cells were measured by quantitative real-time PCR

after treatment with 100 mM baicalin, 10 mM baicalein, and 1.25 mM niclosamide for 24 h. Data were compared, after being normalized to GAPDH. �P< 0.05; ��P< 0.01;
���P< 0.001 compared with vehicle. B: K562 cells were treated with an equal volume of DMSO, 100 mM baicalin, 10 mM baicalein, and 1.25 mM niclosamide for 24 or 48 h. The

medium containing drugs was changed every 24 h. Whole-cell extracts were prepared for Western blot analysis using anti-HES-1, anti-cyclin D1, anti-c-Myc, anti-cleaved

Notch1, or anti-GAPDH antibodies as indicated.
To avoid the ambiguity caused by nonphysiologic overexpres-

sion of an activated Notch receptor, it is important to study the

regulatory mechanism of autonomous Notch signaling pathway.

In the present study, we demonstrated that endogenous Notch

signaling was modulated by treatment of baicalin, baicalein, and

niclosamide in K562 cells. At least in the case of Notch1 receptor in

Notch family, baicalin and baicalein affected the Notch signaling

pathway through regulating mRNA expression of Notch1 receptor

(Fig. 3).

Both baicalin and baicalein were shown to regulate the cell cycle

progression and cell proliferation in cancer cells [Ikezoe et al., 2001;

Chang et al., 2002; Liu et al., 2003]. We demonstrated herein that the
JOURNAL OF CELLULAR BIOCHEMISTRY
progression of cell cycle in K562 cells was affected by the treat-

ment of baicalin, baicalein, and niclosamide. Furthermore, we also

presented the modulation of erythroid differentiation and colony-

forming ability in K562 cells by treatment with baicalin, baicalein,

and niclosamide. Previously, it was also shown that the activation of

Notch signal pathway suppresses erythroid differentiation of K562

cells [Lam et al., 2000]. Therefore, those results suggest that baicalin,

baicalein, and niclosamide could control erythroid differentiation of

K562 cells through affecting Notch signaling.

Clearly, the functional system of K562/CBF1-RE-Luc cells is

suitable for screening drugs that modulate endogenous CBF1-

dependent Notch signal pathway. The identified Notch signaling-
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Fig. 4. Cell cycle progression of K562 cells is slightly affected by baicalin and baicalein, but not by niclosamide. K562 cells were treated with an equal volume of PBS (�),

DMSO, 100 mM baicalin, 10 mM baicalein, and 1.25 mM niclosamide for 24 h. Then these cells were stained with PI to analyze their DNA contents by flow cytometry (A). A total

of 10,000 cells was assayed from each sample, and the cell proportions in G0/G1, S, and G2/M phases of cell cycle were indicated (B). Data are representative of mean values and

standard deviations from three independent experiments performed in triplicate. �P< 0.05; ��P< 0.01; ���P< 0.001 compared with vehicle.

Fig. 5. Erythroid differentiation of K562 cells is suppressed by baicalin and baicalein but enhanced by niclosamide. A: In the presence of an equal volume of PBS (�), DMSO,

100 mM baicalin, 10 mM baicalein, and 1.25 mM niclosamide, K562 cells were used to induce erythroid differentiation by 40 mM hemin for 3 days. Scale bar: 0.2 mm. B: The

percentage of benzidine-positive cells was determined using benzidine-staining under light microscopy. Data are representative of the mean values and standard deviations

from three independent experiments performed in triplicate. �P< 0.05; ��P< 0.01 compared with vehicle. C: In the presence or absence of 100 mM DAPT, the percentage of

benzidine-positive K562 cells was determined after treatment with 100 mM baicalin, 10 mM baicalein, or 1.25 mM niclosamide. �P< 0.05; ��P< 0.01 compared to those

without DAPT treatment.
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Fig. 6. Colony-forming ability of K562 cells is suppressed by baicalin and baicalein, but not by niclosamide. A: In the presence of an equal volume of PBS (�), DMSO, 100 mM

baicalin, 10 mM baicalein, and 1.25 mM niclosamide, K562 cells were mixed with top agar in 6-well plates. Cells were incubated for 7 days and then the plates were stained with

0.5 ml of 0.005% crystal violet for 1 h. Scale bar: 1.0 mm. Colonies larger than 0.1 mm in diameter were counted and mean colony sizes were estimated under microscope from

10 random fields. B: Data of colony numbers are representative of mean values and standard deviations from three independent experiments. C: Data of mean colony sizes are

shown from one experiment (left) or mean values and standard deviations from three independent experiments (right). Because variation of colony sizes was very high, the

change of mean colony sizes from three independent experiments is not statistically significant. Therefore, mean colony sizes from one experiment were also shown. �P< 0.05;
���P< 0.001 compared with vehicle.
inhibited drugs could be beneficial in treatment of cancers caused

by the aberrant activation of oncogenic Notch receptors. While the

identified Notch signaling-activated drugs could be used for therapy

of tumors that were contributed by the inhibition of tumor

suppressive ability of Notch receptors. Nevertheless, the established

screening system does not distinguish which Notch receptors

participate in the regulation of luciferase activity of CBF1-

dependent reporter gene after drug-treatment. All four Notch1-4

receptors involve in the control of down-stream target genes of

CBF1-dependent Notch signaling.

In addition, regulation of gene expression and functional

relationship among four Notch receptors is very complicated and

not yet fully understood so far. There are response elements in the

upstream of Notch gene that can potentially bind with CBF1 to

activate itself by Notch signal pathway [Ganapati et al., 2007]. The

regulatory feedback loops of Notch signaling are present to induce

expressions of Notch1 and Notch3 mRNAs [Hajdu et al., 2007].

Notch1 receptor also induces and cooperates with Notch4 receptor

[Krebs et al., 2000; Weijzen et al., 2002]. Furthermore, Notch2

receptor represses Notch1 and Notch3 signaling pathways [Shimizu

et al., 2002], and Notch3 receptor inhibits the Notch1-mediated
JOURNAL OF CELLULAR BIOCHEMISTRY
activation [Beatus et al., 1999]. Therefore, it needs further

investigation to identify which Notch receptors contribute to the

modulation of CBF1-dependent reporter gene activity by identified

drugs.

The control of HES-1 expression is also very complicated and

remains poorly understood so far. It was reported that transcription

factor HES-1 with a very short half-life is a key repressor of its

own promoter by a negative feedback loop [Hirata et al., 2002].

As presented in Figure 3, lack of modulation of HES-1 mRNA by

niclosamide and HES-1 protein by baicalin and baicalein may be

due to its complicated regulation of gene expression.

Induction of c-myc expression contributes to tumorigenesis [for

reviews, see Garte, 1993; Amati et al., 1998; Dang, 1999; Adhikary

and Eilers, 2005]. Therefore, the moderate levels of mRNA and

protein of c-myc must be tightly regulated and maintained through a

very short half-life in cells [Levens, 2003]. Many transcription

factors are involved in the control of c-myc promoter activity such

as NF-kB [Weber et al., 2005], Notch1 intracellular domain [Rao and

Kadesch, 2003; Satoh et al., 2004; Klinakis et al., 2006; Palomero

et al., 2006; Sharma et al., 2006; Weng et al., 2006; Liao et al., 2007],

MBP-1, and a-enolase [Ray and Miller, 1991; Chaudhary and Miller,
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1995; Ray, 1995; Feo et al., 2000; Subramanian and Miller, 2000;

Hsu et al., 2008]. Both a-enolase and MBP-1 could prevent the

irregularity of c-myc expression activated by cellular factors and

stimuli. Notch1 receptor intracellular domain significantly enhances

activity of c-myc promoter by 30-fold [Liao et al., 2007; Hsu et al.,

2008]. However, expressions of c-myc mRNA and protein are only

enhanced about 4-fold by Notch1 receptor intracellular domain in

K562 cells. Furthermore, it was documented that Notch signaling

may have different target genes in distinct cell types [Neves et al.,

2006; Weerkamp et al., 2006]. Therefore, the slight induction of

Notch1 expression after treatment with baicalin and baicalein did

not significantly induce c-myc expression in K562 cells (Fig. 3A).

As shown in Figure 3A, Hey-2 expression was induced by

niclosamide. This may be due to the multiple control of Hey-2

expression. Expressions of both Hey-1 and Hey-2 genes can be

regulated through Notch-dependent or -independent pathways.

Hey-1 and Hey-2 promoters containing CBF1-binding sites can be

up-regulated by Notch receptor intracellular domain [Maier and

Gessler, 2000; Nakagawa et al., 2000; Iso et al., 2001]. It was also

suggested that there are tissue-specific factors involving in

modulation of Hey-1 and Hey-2 expressions by CBF1 and Notch

signaling [Rutenberg et al., 2006]. Alternatively, the Notch-

independent control of Hey-1 and Hey-2 expressions had also

been found [Iso et al., 2001; Rones et al., 2002].

We show herein that treatment with baicalin and baicalein

promotes mRNA expression of Notch1 receptor and activates

endogenous CBF1-dependent Notch signaling pathway. However,

we did not exclude the possibility that increment of Notch1 receptor

expression by baicalin and baicalein may also contribute to

modulation of erythroid differentiation and colony-forming ability

through CBF1-independent manner.

The side effect is one of the major obstacles associated with

treatment of the inhibitors [Barten et al., 2006]. Because Notch

signaling pathway plays an important role in several cellular

processes in normal tissues, perturbation of this signaling may cause

dysfunction of organs. Moreover, the identified drugs could not only

target Notch signaling pathway but also affect other pathways

simultaneously. Besides Notch receptors, there are several substrates

of g-secretase including amyloid precursor protein, Notch ligands,

ERBB4, syndecan-3, CD44 [Kopan and Ilagan, 2004], ephrin-B

[Tomita et al., 2006], and MHC I proteins [Carey et al., 2007].

Although it was suggested that g-secretase inhibitors have a

promising role in treatment of cancer, there are side effects for

treatment including thymus atrophy and intestinal goblet cell

hyperplasia [Katoh and Katoh, 2007].

To exclude or minimize the side effects of cytotoxicity caused

by treatment of these drugs, lower concentrations of drugs were

used in this study to avoid cell death. There is no apparent decrease

of cell numbers in the presence of baicalin, baicalein, and

niclosamide at the indicated concentrations in this study (data

not shown). The activation of endogenous CBF1-dependent

Notch signaling in K562 cells is not changed dramatically, only

two- to three-fold, in the presence of baicalin and baicalein

(Fig. 2A,B). This slight induction of Notch signal pathway is more

mimic to the endogenous signaling under physiological conditions

in cells.
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