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ABSTRACT
It has drawn a lot of attention to target signal transducer and activator of transcription 3 (STAT3) as a potential strategy for cancer

therapeutics. Using several myelogenous cell lines, the effect of genipin (an active compound of Gardenia fruit) on the STAT3 pathway and

apoptosis was investigated. Genipin suppressed the constitutive STAT3 activation in U266 and U937 cells and stimulated Src homology 2

domain-containing phosphatase 1 (SHP-1), which dephosphorylates and inactivates STAT3. Specifically, genipin blocked STAT3 activation

via repressing the activation of c-Src, but not Janus kinase 1 (JAK1). Genipin also downregulated the expression of STAT3 target genes

including Bcl-2, Bcl-xL, Survivin, Cyclin D1, and VEGF. Conversely, protein tyrosine phosphatase inhibitor pervanadate blocked genipin

induced STAT3 inactivation. Using DNA fragmentation or TUNEL assays, we demonstrated the apoptotic effect of genipin on U266, MM.1S,

and U937 cells. Furthermore, genipin effectively potentiated the cytotoxic effect of chemotherapeutic agents, such as bortezomib,

thalidomide, and paclitaxel in U266 cells. Our data suggest that through regulation of Src and SHP-1, genipin antagonizes STAT3 for

the induction of apoptosis in myeloma cells. J. Cell. Biochem. 112: 1552–1562, 2011. � 2011 Wiley-Liss, Inc.
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M ultiple myeloma (MM) is a neoplasm of terminally

differentiated neoplastic B cells, accounting for about

10% of all hematologic malignancies [Feinman et al., 1999;

Haematology, 2001; Brenner et al., 2008]. The clonal B-cell

neoplasm proceeds through different phases: an inactive phase in

which tumor cells are nonproliferating mature plasma cells, an

active phase with a small percentage (1%) of proliferating

plasmablastic cells, and a fulminant phase with the frequent

occurrence of extramedullary proliferation and an increase in

plasmablastic cells [Hallek et al., 1998].

Nowadays the introduction of thalidomide, bortezomib, and

lenalidomide has dramatically changed the treatment paradigm of

multiple myeloma. In patients eligible for autologous stem cell

transplant (ASCT), combinations including thalidomide/dexa-

methasone (Thal/Dex) bortezomib/dexamethasone (Bort/Dex) or

lenalidomide/dexamethasone (Rev/Dex) have been introduced as

induction regimens [Cavo, 2006]. Melphalan has also been used in

younger patients as a conventional therapy [Minnema et al., 2010].

However, these treatments are associated with side effects to various

extents. To this end, herbal drugs or natural compounds are being

tested recently [Ma et al., 2005; Mitsiades et al., 2008; Gay and

Palumbo, 2010; Ocio et al., 2009].

The Gardenia fruit (Gardenia jasminoides) has been used in

traditional oriental medicine for the treatment of various diseases

including irritability in febrile diseases, jaundice, acute conjuncti-

vitis, epistaxis, hematemesis, hematuria, pyogenic infections, and
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ulcers of the skin [Woetmann et al., 1999]. Some active compounds

such as genipin, geniposide, gardenone, crocetin, and gardendiol

were identified in the fruit [Chang and But, 1987; Chang et al., 1996;

Ono et al., 2007; Zhou et al., 2007]. Although genipin displayed anti-

inflammatory, anti-diabetic, and proapoptotic activities in liver and

prostate cancers [Kim et al., 2005; Koo et al., 2006; Zhang et al.,

2006; Hong and Kim, 2007; Lima et al., 2009; Nam et al., 2010], the

roles of genipin in multiple myeloma have not been reported. In

the present study, using the multiple myeloma cell lines as a

model system, we studied whether genipin could affect multiple

myeloma cells in the cell proliferation and survival. We found

that genipin suppressed constitutive STAT3 activation and its

downstream signaling involved in cell survival, proliferation and

angiogenesis, and potentiated apoptototic effects of anticancer

agents including paclitaxel, bortezomib, and thalidomide in

multiple myeloma cells.

MATERIALS AND METHODS

REAGENTS

Genipin (Fig. 1A) was purchased from Sigma–Aldrich. Stock

solution of genipin (100mM) was prepared in dimethyl sulfoxide,

stored at �808C, and diluted in cell culture medium for use. RPMI

1640, fetal bovine serum (FBS) and antibiotic–antimycotic mixture

were obtained from Welgene. Trypan blue was obtained from

GIBCO. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) was purchased from Sigma–Aldrich. SDS, Tris, Glycine,

and NaCl were obtained from Amresco, mouse anti-rabbit-horse-

radish peroxidase (HRP) conjugate, and bovine serum albumin were

purchased from Bio-Rad. Rabbit polyclonal antibody against STAT3

and mouse monoclonal antibodies against phospho-STAT3 (Tyr705),

Bcl-2, Bcl-xL, Mcl-1, SHP-1, SHP-2, SOCS-1, PTEN, procaspase-3,

cyclin D1, survivin, VEGF, and poly (ADP) ribose polymerase (PARP)

Fig. 1. Genipin inhibits STAT3 activation. (A) The chemical structure of genipin. (B) U266 cells (1� 106 cells /ml) were incubated with the indicated concentrations of genipin

for 9 h (upper) or with 100mM genipin for the indicated time (lower). Proteins in the cell lysates were resolved by SDS–PAGE and immunoblotted with antibodies for phospho-

STAT3 (p-STAT3) or STAT3. Graphs represent band intensities of indicated proteins. (C) U937 cells were incubated with genipin and analyzed as in (B). Graphs represent band

intensities of indicated proteins. (D-F) Nuclear extracts were prepared from U266 cells treated with genipin as described in (B) and analyzed by EMSA using the radiolabeled

oliogonucleotide containing hSIE. (G) Cellular localization of STAT3 was analyzed by confocal microscopy. Cells were treated with 100mM genipin for 12 h on glass coverslips

and incubated with anti-STAT3 and Alexa488-conjugated secondary antibodies. The immunostained cells were mounted with medium containing DAPI and visualized by use of

Olympus FLUOVIEW FV10i confocal microscope (x 400). (H) U266 cells (1� 106 cells) were treated with 100mM genipin for up to 12 h (left), or treated with 100mM genipin

for 1 h followed by PBS washing twice to remove genipin and resuspension in fresh medium (right). Cells were lyzed at the indicated times, and same amount of lysate proteins

analyzed by immunoblotting with the antibodies. Graphs represent band intensities of indicated proteins. All data were expressed as mean� SD �, P< 0.05, ��, P< 0.01 and ���,
P< 0.001 vs. control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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were purchased from Santa Cruz Biotechnology. Antibodies

against phospho-Src (Tyr416), Src, phospho-JAK1 (Tyr1022/1023),

and JAK1 were purchased from Cell signaling Technology. Goat

anti-mouse HRP was purchased from Bio-Rad. Bacteria-derived

recombinant human IL-6 was obtained from R&D systems.

Thalidomide and paclitaxel were obtained from Sigma and

VELCADE1 (Bortezomib) was obtained from Millennium Pharma-

ceuticals, Inc.

CELL LINES

Human multiple myelomas (U266 and MM.1S) and leukemia cells

(U937, HL-60 and K562) were obtained from American Type Culture

Collection (ATCC) and maintained in RPMI 1640 containing

antibiotic-antimyotic with 10% FBS.

WESTERN BLOTTING

Cells were lyzed in lysis buffer [20mM Tris (pH 7.4), 250mM NaCl,

2mM EDTA (pH 8.0), 0.1% Triton X-100, 0.01mg/ml aprotinin,

0.003mg/ml leupeptin, 0.4mM phenylmethylsulfonyl fluoride

(PMSF), and 4mM NaVO4]. Lysates were then spun at 14 000� g

at 48C for 10min and supernatants were in parallel lanes on 10%

sodium dodecyl sulfacte (SDS) gels. After electrophoresis, the

proteins were electro-transferred to a nitrocellulose membrane,

blocked with 5% nonfat milk, and probed with antibodies (1:1000)

for STAT3, Bcl-2, Bcl-xL, survivin, cyclin D1, VEGF, PARP, and

caspase-3 overnight at 48C. The blot was washed, exposed to HRP-

conjugated secondary antibodies for 2 h, and examined by enhanced

chemiluminescence (ECL, Amersham).

REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION

(RT-PCR)

Cells were washed and suspended in Trizol reagent. Total RNA

was extracted according to the manufacturer’s instructions

(Invitrogen, Life Technologies). One microgram of total RNA was

converted to cDNA by superscript reverse transcriptase and then

amplified by Platinum Taq polymerase using superscript one step

reverse transcription-PCR (RT-PCR) kit (Invitrogen). The relative

expressions of SHP-1, cyclin D1, and Bcl-2were analyzed using PCR

with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an

internal control. The reaction was performed at 508C for 30min,

948C for 2min, and 30 cycles of 948C for 15 s, 608C for 30 s, and 728C
for 1min, with extension at 728C for 10min. PCR products were run

on 2% agarose gel and then stained with ethidium bromide. Stained

bands were visualized under UV light and photographed.

Fig. 1. (Continued)
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ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

STAT3-DNA binding was analyzed by electrophoretic mobility shift

assay (EMSA) using a 32P-labeled high-affinity sis-inducible element

(hSIE) probe (5’- CTTCATTTCCCGTAAATCCCTAAAGCT-30 and 50-
AGCTTTAGGG ATTTACGGGAAATGA-30) as previously described

[Yu et al., 1995]. Briefly, nuclear extracts were prepared from genipin-

treated cells and incubated with the labeled hSIE probe. The DNA–

protein complex formed was separated from free oligonucleotide on

5% native polyacrylamide gels. The dried gels were visualized, and the

radioactive bands were quantitated with a Universial hood II (Bio-Rad).

IMMUNOFLUORESCENCE ASSAY

Cells were seeded onto glass coverslips at a density of 1� 105 cells/ml

and incubated in the absence or presence of 100mM genipin for 12h.

The cells were fixed in chilled methanol, blocked in 0.5% bovine serum

albumin and 3%glycerol in PBS for 1h, and incubatedwith anti-STAT3

antibody (Cell signaling) for 1h at room temperature. Then, Alexa488-

conjugated anti-rabbit immunoglobulin G (IgG) antibody (Molecular

probes Inc.) was used as a secondary antibody. The immunostained cells

were mounted with medium containing DAPI and visualized by use of

Olympus FLUOVIEW FV10i confocal microscope (x 400).

SIRNA TRANSFECTION

SiRNA oligonucleotides for SHP-1 (Santa Cruz biotechnology)

were transfected by using LipofectAMINE transfection reagent

(Invitrogen) according to manufacturer’s protocols.

CYTOTOXICITY ASSAY

U266, U937, and MM.1S cells were seeded at a density of

5� 103 cells/well in 96-well plates. The cells were incubated with

Fig. 1. (Continued)
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25, 50, and 100mM genipin. After 24, 48, and 72 h incubation, 50ml

of MTT was added to each well. After incubation at 378C for 2 h,

extraction buffer (20% SDS and 50% dimethylformamide) was

added to the cells. The cells were incubated overnight at 378C, and
the absorbance was then measured at 570 nm by a microplate reader

(TECAN).

CELL CYCLE ANALYSIS

To determine apoptosis, cell cycle analysis was performed using

propidium iodide staining. After treatment with genipin, the cells

were collected, washed with cold PBS, fixed in 70% ethanol, and

incubated at 378C with 0.1% RNase A in PBS for 30min. Cells were

then washed, and suspended in PBS containing 25mg/ml propidium

iodide for 30min at room temperature. Cell cycle distribution was

analyzed with a FACS Vantange flow cytometry (Becton-Dick-

inson).

TERMINAL DEOXYNUCLEOTIDY DUTP NICK END LABELING (TUNEL)

ASSAY

Individual apoptotic cell death was observed using Dead End TM

fluorometric TUNEL assay kit according to the manufacturer’s

instructions. Briefly, U266 cells treated with genipin were washed

with cold PBS. Cells were plated onto the poly-L-lysine-coated slide

and fixed in 4% paraformaldehyde for 30min and washed twice

with PBS for 2min. Cells suspended in permeabiliztion solution

(0.1%Triton X-100 and 0.1% Sodium citrate) for 48C overnight

were washed with PBS twice. Then cells were incubated in 25ml of

TUNEL assay mixture (sigma TUNEL assay kit) for 60min at 378C
in a humidified chamber in dark. The slides were mounted with

mounting medium containing 4’,6-diamidino-2-phenylindole

(DAPI) (VECTOR, Burlingame, CA, USA) and visualized under an

Axio vision 4.0 fluorescence microscope (Carl Zeiss Inc.).

STATISTICAL ANALYSIS

All data were presented as mean� standard deviation (SD). The

statistically significant differences between control and genipin

treated groups were calculated by Student’s t-test. All experiments

were carried out at least thrice.

RESULTS

GENIPIN INHIBITS STAT3 ACTIVATION

As human multiple myeloma and lymphoma cells are known to

express constitutively activated STAT3 and STAT3 plays an

important role in cell survival of cancer [Yu and Jove, 2004],

we examined whether genipinmodulates STAT3 activity, employing

human multiple myeloma U266 and U937 cells. As shown in

Figure 1B and C, genipin decreased the phosphorylation of STAT3 at

tyrosine 705 in a dose- and time-dependent manner in U266 and

U937 cells.

Additionally, genipin suppressed the binding of STAT3 to DNA at

50 or 100mM treatment, but not 25mM, in U266 cells by EMSA

(Fig. 1D). To verify whether genipin has the duality to regulate

STAT3 activation, parallel assays were performed in cells treated

with 25 or 100mM genipin as indicated time periods. As shown in

Figure 1E, genipin at lower concentration weakly increased the

binding of STAT3 to DNA by 12 h treatment. In contrast, 25mM

genipin suppressed the binding activity at 24 h treatment (Fig. 1E).

100mM genipin reduced the STAT3 and DNA binding in a time-

dependent manner (Fig. 1F). Furthermore, immunostaining was

performed to detect cellular localization of STAT3 in the absence or

presence of genipin. As shown in Figure 1G, STAT3 is clearly

localized in the nucleus in untreated U266 cells. In contrast, the

nuclear translocalization of STAT3 was blocked and localized in the

cytoplasm by genipin treatment in the cells.

Fig. 2. Genipin suppresses the Src activation. U266 cells (1� 106 cells/ml)

were treated with 100mM of genipin for 12 h, and same amount of lysate

proteins immublotted with antibodies for phospho-Src (p-Src) and Src (A),

phospho-JAK1 (p-JAK1) and JAK1 (B). Graphs represent band intensities of

indicated proteins. (C) Whole cell extracts from U266 cells (1� 106 cells/ml)

treated with pervanadate and genipin for 12 h were prepared and immuno-

blotted with antibodies. Graphs represent band intensities of indicated pro-

teins. (D) Whole cell extracts from U266 cells (1� 106 cells/ml) treated with

100mM genipin for the indicated durations were prepared and immunoblotted

for SHP-1 (left) and SOCS-1, PTEN, and SHP-2 (right). The b-actin was used as

an internal control. Graphs represent band intensities of indicated proteins. (E)

Total RNA from U266 cells (1� 106 cells/ml) treated with 100mM genipin for

the indicated durations was extracted, and the mRNA level of SHP-1 was

analyzed by RT-PCR. GAPDH was used as an internal control. (F) Cells were

transiently transfected with either SHP-1 or scrambled siRNA (50 nM) for 48 h

and then treated with 100mMgenipin for 8 h. Western blotting was performed

for phospho-STAT3, STAT3, and SHP-1All data were expressed as mean� SD �,
P< 0.05, ��, P< 0.01 and ���, P< 0.001 vs. control, and ##, P< 0.01, and
###, P< 0.001.
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Conversely, although genipin inhibited STAT3 phosphorylation,

the STAT3 inactivation was recovered in a time course by the

removal of genipin containing media, indicating that STAT3

inactivation by genipin is reversible (Fig. 1H).

GENIPIN SUPPRESSES SRC ACTIVATION

Tyrosine kinases of the Janus family and Src have been associated

with STAT3 activation [Ihle, 1996]. In order to find out what has

mediated the genipin-initiated STAT3 inactivation, we examined

the effects of genipin on the phosphorylation of c-Src and JAK1 in

U266 cells. The results showed that genipin led to reduced

autophosphorylation of c-Src (Tyr416), an indication of c-Src

inactivation; Genipin did not reduce the phosphorylation of JAK1 at

Tyr1022/1023, which is important for JAK1 activity (Fig. 2A and B).

Besides, sodium pervanadate, a tyrosine phosphatase inhibitor,

reversed the genipin-initiated inhibition of STAT3 activation in the

multiple myeloma U266 cells (Fig. 2C). Furthermore, genipin led

to an increased expression of SHP-1, but not SOCS-1, PTEN, and

SHP-2, at the protein level (Fig. 2D). Genipin also enhanced mRNA

level of SHP-1 in a time-dependent manner in U266 cells (Fig. 2E).

Fig. 2. (Continued)
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Moreover, the importance of SHP-1 in genipin-mediated inhibition

of STAT3 was confirmed using siRNA specific for SHP-1. As

expected, SHP-1 siRNA effectively abolished genipin-induced SHP-

1 expression while control siRNA did not change the expression

(Fig. 2F). Taken together, these results suggested that genipin

modulated the upstream signaling regulators of the STAT3,

including c-Src kinase and tyrosine phosphatases SHP-1.

GENIPIN SUPPRESSES THE STAT3 TARGET GENES

STAT3 has been known to be able to regulate the genes involved in

cell proliferation, survival, and angiogenesis [Bromberg et al., 1999;

Epling-Burnette et al., 2001; Yu and Jove, 2004; Aggarwal et al.,

2006]. To find out if this also occurs in multiple myeloma, we

examined the effect of genipin on the expression of some STAT3

target genes in U266 cells, including Bcl-xL Cyclin D1, VEGF, and

Survivin. Genipin repressed the gene expressions (protein levels) of

all these targets in a time-dependent manner (Fig. 3A). To further

verify this, we chose to examine the gene expression of two

important STAT3 targets Bcl-xL and Cyclin D1 at transcript level:

genipin also decreased the mRNA levels of Bcl-xL and Cyclin D1 in a

time-dependent manner in U266 cells (Fig. 3B). These data suggested

that genipin can regulate proliferation, survival, and angiogenesis in

multiple myeloma cells. In addition, genipin activated caspase-3

and led to the cleavage of PARP in U266 cells, suggesting

that genipin induced caspase-3-dependent apoptosis in U266 cells

(Fig. 3C).

GENIPIN INIHIBITS THE PROLIFERATION OF U266, U937, AND

MM.1S CELLS AND INDUCES APOPTOSIS IN U266 CELLS

To comparatively evaluate the effect of genipin on multiple

myelomas and leukemia cells, MTT assay was performed against

those cells. Genipin reduced the numbers of proliferating cells of

human myelogenous cell lines including U266, U937, and HL-60,

but not K562 cells, and this took place in time- and dose-dependent

manners (Fig. 4A). Then we examined the extent of potential

apoptosis involved in this process as MTT assay is in fact a measure

of proliferation combining cell toxicity. Results showed that genipin

caused increases of the sub-G1 cell populations (Fig. 4B) and

increases of TUNEL-positive cell populations, in a time-dependent

manner (Fig. 4C), suggesting that genipin induced apoptosis in

U266 cells.

GENIPIN POTENTIATES THE CYTOTOXIC AND APOPTOTIC EFFECTS

OF CHEMOTHERAPEUTIC AGENTS IN U266 CELLS

Bortezomib (a proteasome inhibitor), thalidomide (an inhibitor of

TNF expression), and paclitaxel (a mitotic inhibitor) have been

approved for the treatment of patients with multiple myeloma [Park

et al., 2008; Laubach et al., 2009; Napoleone et al., 2009]. We next

evaluated whether genipin potentiates the effects of these three

standard chemotherapeutic agents. At 24 h, proliferation of these

cells were insignificant (Fig. 4A), hence the observed difference at

24 h in MTT reading mainly reflected the cytotoxicity (Fig. 5A).

Genipin (25 or 50mM) significantly enhanced the cytotoxic effect of

anticancer agents in U266 cells (Fig. 5A and B). Among the three

combinations, combination treatment of genipin with borezomib

was more effective than those of other two combinations. In

addition, genipin and bortezomib acted synergistically in inducing

cytoxicity (Fig. 5A), as further supported by the cleavage of PARP in

U266 cells compared with each individual treatment (Fig. 5C).

DISCUSSION

STAT is a family of six different transcription factors that play

crucial roles in cytokine signaling [Shuai et al., 1993]. STAT3 is

often constitutively activated in many human cancer, including

multiple myeloma, lymphomas, leukemia, breast cancer, and head

and neck squamous cell carcinoma [Aggarwal et al., 2006; Ahn

et al., 2008; Pandey et al., 2009]. In the current study, genipin was

found to decrease the phosphorylation of STAT3 at tyrosine 705 in

U266 and U937 multiple myeloma cells in a dose- and time-

dependent manners, demonstrating the ability of genipin to inhibit

Fig. 3. Genipin suppresses the STAT3 target genes. (A) U266 cells

(1� 106 cells /ml) were treated with 100mM genipin as indicated. Same

amount of proteins from lysates were analyzed by Western blotting. Graphs

represent band intensities of indicated proteins. (B) Total RNA from U266 cells

(1� 106 cells/ml) treated with 100mMgenipin for the indicated durations was

isolated, and the mRNA levels of Bcl-xL and cyclin D1 were analyzed by RT-PCR.

GAPDH was an internal control. (C) Cell lysates were prepared as in (A) and

caspase-3 and PARP proteins were analyzed by Western blotting. b-actin was

an internal control. Graphs represent band intensities of indicated proteins.

All data were expressed as mean� SD
�
, P< 0.05,

��, P< 0.01 and
���, P< 0.001

vs. control.
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STAT3 activation. This was further verified by the ability of genipin

to suppress the STAT3 binding to hSIE by EMSA and immunostain-

ing for STAT3, indicating genipin inhibits the nuclear translocation

and DNA binding of STAT3, the processes activated STAT3 goes

through to regulate the transcription of its target genes [Yu et al.,

1995]. The fact that the inhibition of genipin on STAT3 activation is

reversible suggested flexibility in potential cancer therapeutics

based on genipin.

With herbal drug or natural compounds, frequently known are

their biological effects, but usually little is known about the

underlying mechanisms of how they exert their biological effects. In

this report, we not only found an herbal drug that displayed novel

potential in treatment of multiple myeloma, we also found that it

targets STAT3 and its effectors, which has laid a solid foundation for

future therapeutics interventions.

Activation of STAT3 is often linked to JAKs, which phosphor-

ylates STAT3 followed by phosphorylation-dependent homodimer-

ization of STAT3, nuclear translocation, DNA binding, and

subsequent gene transcription [Ahn et al., 2008; Pandey et al.,

2009]. It is interesting to note that STAT3 inhibition by genipin in

U266 cells was mediated by inhibition of c-Src activity, but not that

of JAK1. However, this is not totally surprising as studies have

shown that Src-transformed cell lines have persistently activated

STAT3, and dominant-negative STAT3 blocks the transformation

[Bowman et al., 2000; Brierley and Fish, 2005]. It would be

interesting to find out whether or not genipin is a direct inhibitor for

Src kinase activity. More interestingly, SHP-1 has been suggested to

work as a positive regulator of Src kinase activity via depho-

sphorylation of Src at the C-terminus [Somani et al., 1997]. Src is

frequently activated in cancers and regulates cancer cell apoptosis,

proliferation and angiogenesis [Kim et al., 2009]; SHP-1, on the

contrary, is often silenced in leukemias and lymphomas [Oka et al.,

2002; Han et al., 2006] but also involved in apoptosis and cell

survival [Inoue et al., 2009]. The Src was inhibited despite of

presence of an increased level of positive regulator SHP-1 upon

genipin treatment, which was supported by Aggarwal’s recent works

[Kannappan et al., 2010; Sandur et al., 2010]. It is also possible that

other JAKs are involved in regulating STAT3 activation. Although

the change in STAT3 phosphorylation at tyrosine 705 was observed

as early as 3 h after genipin treatment, suggesting involvement of

Fig. 3. (Continued)
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enzymatic reaction(s) (Src phosphorylation on STAT3 in this case),

the most significant change was observed at/after 12 h, consistent

with the involvement of a transcriptional regulation (changes in

SHP-1 mRNA and protein levels). These data also support that both

Src and SHP-1 played a role in the activation of STAT3.

The STAT3 activation has been implicated in the resistance to

apoptosis, possibly through the expression of Bcl-2, Bcl-xL, Cyclin

D1 [Catlett-Falcone et al., 1999; Nielsen et al., 1999], VEGF and Bcl-

xL [Tu et al., 1998; Buettner et al., 2002]. The fact that genipin

attenuated the expression of STAT3 target genes, including Bcl-2,

Bcl-xL, Survivin, Cyclin D1, and VEGF in the multiple myeloma

cells, is not only consistent with the roles of Src and SHP-1 in this

matter, but is also consistent with the fact that genipin inhibits cell

proliferation, promotes apoptosis and cytotoxicity as observed.

Multiple myeloma relapsed after conventional therapy or stem

cell transplantation is now treated with high-dose of thalidomide

or bortezomib [Cavo, 2006]. Genipin enhancing the cytotoxic

effect of the three anticancer agents tested including bortezomib,

thalidomide, and paclitaxel in U266 cells, with the most efficient

combination treatment of genipin plus bortezomib, renders

genipin a potent sensitizer to chemotherapeutic agents and offers

alternative, new, promising strategies to cancer therapy in multiple

myeloma.

In summary, genipin inhibited c-Src activity and upregulated

SHP-1, and led to inactivation of their downstream target STAT3,

and downregulation of STAT3 target genes including Bcl-2, Bcl-xL,

Survivin, Cyclin D1, and VEGF in multiple myeloma cells. These are

reflected in the increased cytotoxicity in multiple myeloma cells.

In addition, genipin potentiated the chemotherapeutic agents in

killing multiple myeloma cells. As Src is one of the heavily addicted

oncogenes in various cancer cells which frequently involves

STAT3 and protein phosphatase [Sharma et al., 2006], it is possible

this current finding that genipin suppress STAT3 activation and

induce apoptosis via Src and SHP-1 and the relevant sensitization

to chemotherapeutic agents could be extended to other cancer

types.
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Fig. 4. Genipin and induces apoptosis in multiple myeloma cells. (A) U266, U937, HL-60, and K562 cells were plated in triplicate, treated with genipin, and then analyzed by

MTT assays. (B) U266 cells (2� 106 cells /ml) were treated with 100mMgenipin for 0, 24, 48, or 72 h. The treated cells were harvested, fixed with 70% ethanol, and stained with

propidium iodide for flow cytometric analysis. The percentage of cells in sub-G1 fraction was calculated using Cellquest software. (C) TUNEL staining was performed for the

U266 cells treated with 100mM genipin for 0, 24, 48 or 72 h. Graphs represent the percentages of TUNEL-positive cells from three randomly selected fields. All data were

expressed as mean� SD ���, P< 0.001 vs. control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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