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Wogonin preferentially kills malignant lymphocytes and suppresses T-cell tumor
growth by inducing PLCvy1- and Ca?*-dependent apoptosis
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Herbs have successfully been used in
traditional Chinese medicine for centu-
ries. However, their curative mechanisms
remain largely unknown. In this study, we
show that Wogonin, derived from the
traditional Chinese medicine Huang-Qin
(Scutellaria baicalensis Georgi), induces
apoptosis in malignant T cells in vitro and
suppresses growth of human T-cell leuke-
mia xenografts in vivo. Importantly, Wogo-
nin shows almost no toxicity on T lympho-
cytes from healthy donors. Wogonin

induces prolonged activation of PLCy1
via H;0, signaling in malignant T cells,
which leads to sustained elevation of
cytosolic Ca2* in malignant but not nor-
mal T cells. Subsequently, a Ca?* over-
load leads to disruption of the mitochon-
drial membrane. The selective effect of
Wogonin is due to its differential regula-
tion of the redox status of malignant
versus normal T cells. In addition, we
show that the L-type voltage-dependent
Ca?* channels are involved in the intracel-

lular Ca?* mobilization in T cells. Further-
more, we show that malignant T cells
possess elevated amounts of voltage-
dependent Ca?* channels compared with
normal T cells, which further enhance the
cytotoxicity of Wogonin for malignant T
cells. Taken together, our data show a
therapeutic potential of Wogonin for the
treatment of hematologic malignancies.
(Blood. 2008;111:2354-2363)
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Introduction

Induction of apoptosis in cancer cells is one of the strategies of
anticancer therapy. Apoptotic cell death can be induced through the
extrinsic or the intrinsic signaling pathways that are ultimately
coupled to the activation of effector caspases.'? The extrinsic
pathway involves ligation of death receptors followed by the
formation of the death-inducing-signaling-complex (DISC) and
activation of, for example, pro-caspase-8. Caspase-8 activates
caspase-3, which cleaves target proteins leading to apoptosis.
Intrinsic death stimuli directly or indirectly activate the mitochon-
drial pathway by inducing release of cytochrome c¢ and formation
of a cytosolic multiprotein complex, the apoptosome, composed of
Apaf-1 and pro-caspase-9. Caspase-9 is activated at the apopto-
some and, in turn, activates pro-caspase-3. This death pathway is
largely controlled by the proapoptotic (eg, Bax, Bad, Bid, and Bak)
and antiapoptotic (eg Bcl-2 and Bcl-x;) Bel-2 family proteins.'?
Caspase-8 may also induce cleavage of Bid, which induces the
translocation of the proapoptotic Bcl-2 family proteins Bax and/or
Bak to the mitochondrial membrane.’

Many stimuli, such as growth factor deprivation, ionizing
radiation, and reactive oxygen species (ROS), may trigger the
intrinsic death pathway. Recently, Ca®* signals have been impli-
cated to play an important role in regulation of cell death and
survival.! Certain apoptotic stimuli induce release of Ca?* from
stores in the endoplasmic reticulum (ER), which causes Ca?"
overload of the mitochondria leading to the release of cytochrome ¢
as part of a stress response. ROS, such as ‘O, and its reduced
product H,O,, have been considered as cytotoxic byproducts of
cellular metabolism. Recent evidence indicates that H,O, can also
serve as a signaling molecule to modulate various physiologic

functions, including mobilization of intracellular Ca’>* through
activation of phospholipase Cy1 (PLCy1), a key enzyme involved
in Ca?* signaling.*®

Over the past decades, much effort has been invested into the
search for agents that can differentially induce apoptotic death in
cancer cells. In recent years, traditional Chinese herbal remedies
have gradually gained considerable attention as a new source of
anticancer drugs. Although their curative mechanisms are still
largely unknown, some of the drugs have been used to treat cancer.”
Extracts of the radix of the traditional Chinese herb Huang-Qin
(Scutellaria baicalensis Georgi) are among the most popular herbal
remedies used in China and several oriental countries for clinical
treatment of hyperlipemia, atherosclerosis, hypertension, dysen-
tery, common cold, and inflammatory diseases, such as atopic
dermatitis. Huang-Qin extracts show low toxicity in different
animals (The grand dictionary of Chinese herbs, 1977). The active
components of Huang-Qin are confirmed to be flavonoids. Wogo-
nin (5,7-dihydroxy-8-methoxyflavone) is one of the major bioac-
tive flavonoids of Scutellaria baicalensis Georgi, which has been
shown to have antioxidant,® antiviral,” antithrombotic,'® and anti-
inflammatory activities.'! Wogonin has also been shown to exert
cytostatic and proapoptotic effects on several tumor cell lines.!?-14
However, the molecular mechanisms by which Wogonin exerts its
proapoptotic effect on tumor cells are largely unknown. We have
recently shown that Wogonin can sensitize resistant leukemia cells
to tumor necrosis factora- and tumor necrosis factor-related
apoptosis-inducing ligand-induced apoptosis by differential regula-
tion of the redox status in malignant versus normal lymphocytes.!>
This prompted us to further investigate the therapeutic potential of
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Wogonin for anticancer treatment. In this study, we show that
Wogonin selectively induces apoptosis in malignant but not in
normal peripheral blood T cells. The selective effect of Wogonin is
due to its selective activation of PLCyl via H,O, signaling and
consequently triggering intracellular Ca>" release in malignant but
not in nonmalignant T cells. Furthermore, we show that Wogonin
significantly inhibits growth of xenografted human tumor cells
in vivo in mice.

Methods

Cell lines and culture

The malignant T-cell lines CEM, Molt-4, DND-41, Jurkat J16, J16-neo, J16
bel-2, Jurkat A3, Jurkat A3 deficient in FADD, Jurkat cells deficient in LAT
(J-IATdef/J-CaM2), SLP76 (J-SLP76def/J14), PLCyl (PLCyldef/J-yl),
and retransfected in LAT (J-LATretran/J-CaM2/LAT)), SLP76
(J-SLP76retran/J14-76-11), and PLCy1 (J-PLCvylretran/J-y1/PLCy1)!018
(all deficient cell lines purchased from American Type Culture Collection,
Manassas, VA) were cultured in RPMI 1640 medium (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf serum, 50 wg/mL gentamicin
(Invitrogen), 6 mM HEPES (Invitrogen), and 2 mM L-glutamine (Invitro-
gen) at 37°C and 5% CO,. The human T-cell clones K234 (kindly provided
by Dr C. Falk, National Center of Tumor Diseases, Heidelberg, Germany),
D894/25, and D596/6 (kindly provided by Dr O. Janssen, University
Hospital of Kiel, Germany) were cultured as described previously.'”

Preparation of human T cells from peripheral blood

Human peripheral T cells were prepared as described previously? and were

more than 90% CD3 ™. For activation, resting T cells (day 0) were cultured
at 2 X 106 cells/mL with 1 pg/mL phytohemagglutinin (PHA) for 16 hours
(day 1). Day 1 T cells were then washed 3 times and cultured for an
additional 5 days in the presence of 25 U/mL interleukin-2 (IL-2; day 6).

Determination of mitochondrial membrane potential

To measure Ays,, Wogonin treated or untreated cells (5 X 10°/mL) were
incubated with 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcar-
bocyanine iodide (JC-1, 5 pwg/mL; FL-1; Invitrogen) for 20 minutes at room
temperature in the dark followed by analysis on a flow cytometer (FACScan).

Determination of apoptosis

Cells were plated in triplicates and treated for the indicated periods of time at
37°C with different reagents: Wogonin ( > 98% pure) (Wako Pure Chemical
Industries, Osaka, Japan), zZVAD-fmk (Bachem, Weil am Rhein, Germany),
Nifedipin (Calbiochem, Schwalbach, Germany), Ru-360, and FK-506 (Calbio-
chem). Apoptotic cell death was examined by 2 parameters: forward scatter/side
scatter (FSC/SSC) index of apoptotic-like change in cell size and granularity by
FACScan and by analysis of DNA fragmentation according to the method of
Nicoletti et al.?! Specific apoptosis was calculated as (percentage of experi-
mental apoptosis — percentage of spontaneous apoptosis)/(100 — percentage of
spontaneous apoptosis) X 100.

In vitro caspase activity assay

For a source of caspases, Jurkat J16 cells were lysed in 1% Triton X-100.
The lysate was incubated for 30 minutes with 50 wM fluorigenic caspase
substrate Ac-IETD-AFC, selective for caspase-8 and -10 (Alexis, Lausen,
Switzerland), in a buffer containing 100 mM NaCl, 50 mM HEPES, pH 7.4,
0.1% CHAPS, 10 mM DTT, and 10% sucrose in the presence or absence of
Wogonin. Samples were analyzed in duplicates on a fluorimetric plate
reader (Wallac Victor, PerkinElmer Life and Analytical Sciences, Waltham,
MA), and enzymatic activity was determined by calibrating against a
slandered curve of free AFC (7-amino-4-trifluoromethylcoumarin). As
positive control, a lysate from Jurkat cells, treated with anti-CD95 agonist
antibody, was used.
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H,0, measurement

Cells were stained for 30 minutes with 5 uM of the H,O;-sensitive
fluorescent dye dichlorofluorescein diacetate (DCFDA, FL-1) (Invitro-
gen) at 37°C in the dark, and then treated with Wogonin (50 wM) or
aCD3 antibodies (plate-coated at 30 wg/mL) for indicated times and
then washed 3 times with phosphate-buffered saline (PBS) and subse-
quently assayed by FACScan.

Analysis of PLCy1 phosphorylation by flow cytometry

Jurkat cells unstimulated or stimulated with aCD3 (coated at
30 pg/mL), Wogonin (50 uM), or H,O, (20 uM) were fixed by BD
cytofix buffer (BD Biosciences, Heidelberg, Germany) for 10 minutes,
then permeabilized in BD Phosflow PermBuffer III on ice for
30 minutes, stained with Alexa Fluor 488 antiphospho-PLCy1 (pY783)
antibody (BD Biosciences PharMingen, Heidelberg, Germany) and then
analyzed by FACScan. The phosphorylated PLCy1 was quantified as the
increase in mean fluorescence intensity (MFI), calculated by the
following formula: increase in MFI (%) = [(MFIstimulated — MFIun-
stimulated)/MFIunstimulated] X 100 as described.!®

Determination of intracellular calcium

Cells were loaded with either 1 wM Fluo-4 (Invitrogen) for 30 minutes or
1 wM Indo-1 (Invitrogen) for 60 minutes at 37°C in the dark, washed 3 times
with PBS and resuspended in PBS. The loaded cells were measured by flow
cytometry in a FACScan (BD Biosciences) after adding reagents: 1 pM
ionomycine (Sigma-Aldrich, Taufkirchen, Germany) 100 uM (*)-Bay K
8644 (Calbiochem) or 5 to 50 pM Wogonin (Wako Pure Chemical
Industries). Calcium influx was assayed for 300 to 512 seconds. In the
inhibition experiments, nifedipine (Calbiochem) was dissolved in Me,SO
as a stock solution of 200 mM and stored in the dark at —20°C. Cells were
preincubated with 100 to 300 wM nifedipine or Me,SO without extracellu-
lar Ca2* (in PBS) for 10 minutes. Cells were then stimulated with 0.5 WM of
ionomycin to induce Ca?* release.

Western blot analysis

A total of 10 cells were sedimented and lysed for 15 minutes in ice-cold
lyses buffer (29 mM Tris-HCI, pH 7.4, 137 mM NaCl, 10% [w/v] glycerin,
1% [v/v] Triton X-100, 2 mM EDTA, 1 mM PMSF, 0.4 mM NaVa,, 10 mM
NaF, complete protease inhibitor cocktail; Roche Diagnostics, Mannheim,
Germany). After removing the cell debris by centrifugation at 16 200g for
15 minutes, equal amounts of proteins were separated on a 12% SDS-
PAGE, blotted onto a nitrocellulose membrane (GE Healthcare, Little
Chalfont, United Kingdom) and blocked with 5% nonfat drymilk in
PBS/Tween (0.05% Tween-20 in PBS). The following antibodies were
used: caspase-9 mAb (Santa Cruz Biotechnology, Santa Cruz, CA),
caspase-3 polyclonal antibody (Cell Signaling Technology, Danvers, MA),
phospho-Bad (7E11 mAb) and Bcl-x;, (Transduction Laboratories, Heidel-
berg, Germany), Bax (SC-B9), and Bcl-2 (N-19) (Santa Cruz Biotechnol-
ogy), and Tubulin (Sigma-Aldrich). The caspase-9 specific inhibitor
z-LEHD-fmk was purchased from R&D system (Minneapolis, MN). For
stripping, blots were incubated for 30 minutes in a buffer containing
62.5 mM Tris/HCI, pH 6.8, 2% SDS, and 100 mM B-mercaptoethanol at
56°C. The blots were washed 6 times for 10 minutes in PBS/Tween and
blocked again in 5% nonfat drymilk.

In vivo mouse studies

Immunodeficient mice (H-29Rag~/~vyc /") were implanted subcutaneously
in the right dorsal flank region with CEM (5 X 107 cells). Three days after
xenografting, Wogonin (200 mg/kg body weight, dissolved in DMSO and
diluted in olive oil) was administered by intraperitoneal injection as
indicated in Figure 6A. The control group was treated in an analogous
manner with the vehicle. The tumor size was measured with a micrometer
caliper at the indicated times and the tumor volume (V) was calculated by
the formula V = (a? X b)/2, where “a” is the width and “b” is the length in
millimeters.?? All protocols using and maintaining animals were approved
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Figure 1. Wogonin exclusively induces apoptosis in malignant and not in normal T cells. (A,B) Wogonin induces a dose-dependent increase in apoptotic cell death in
CEM leukemia T cells. CEM cells were incubated with different doses of Wogonin for 24 hours. Apoptotic changes in cell size and granularity were quantified by a decrease in
FSC/SSC (A), and the apoptotic cell death was analyzed by FACS for DNA fragmentation (B). Results are representative of 4 separate experiments, and each experiment was
carried out in triplicate. (C) The leukemic T-cell line Molt-4 was treated by different doses of Wogonin, and apoptotic cell death was determined by fluorescence-activated cell
sorting (FACS) for DNA fragmentation. Results are representative of 2 separate experiments done in triplicate. (D) Leukemic T-cell lines CEM, Jurkat, and DND-41 and normal
T-cell clones K234, D894/25, and D596/6 were treated with different doses of Wogonin for 24 hours. Apoptotic cell death was analyzed by FACS for DNA fragmentation. Results
are representative of 2 separate experiments done in triplicate. (E) CEM and normal T cells freshly isolated from peripheral blood of 3 representative healthy donors were
treated with 10 to 50 wM (left panel) or 100 uM (right panel) of Wogonin for 24 and 48 hours. (F) Resistance of nonmalignant T cells to Wogonin-induced apoptosis is not
dependent on the activation stages of T cells. Freshly isolated peripheral blood T cells (day 0), 16 hours PHA-activated (day 1), or PHA-activated and further cultured in the
presence of IL-2 for 5 days (day 6) were treated with Wogonin. Results are representative of 3 donors analyzed in duplicate. Error bars represent SD.

by the German Animal Protection Authority (Office Regierungsprisidium
Karlsruhe, Karlsruhe, Germany). Treated and control animals were com-
pared for differences in tumor growth after end of treatment using the
nonparametric method of Koziol et al in a one-sided statistical test at the
significance level of 0.05.23

Results

Wogonin selectively induces apoptosis in malignant versus
normal T cells

To investigate the effect of Wogonin on malignant cells, we used
different human leukemia T-cell lines as a model system. At
concentrations of 25 to 100 wM, Wogonin induces 40% to 70% of
the human leukemia CEM T cells to undergo apoptotic-like
changes in cell size and granularity within 24 hours (Figure 1A)
accompanied by DNA fragmentation (Figure 1B). In addition,
Wogonin induces apoptosis in leukemic T-cell lines Molt-4, Jurkat,
and a cell line DND-41, which contains a p53 mutation (Figure
1C,D). In contrast to malignant T-cell lines, Wogonin showed
almost no toxicity on normal T-cell clones (Figure 1D). Because
most drugs used in clinical practice as anticancer agents so far have
a broad, nonspecific spectrum of activity. Therefore, we further
tested whether Wogonin exerts differential effects on the viability
of tumor versus normal T lymphocytes. CEM cells and primary
T cells isolated from peripheral blood of healthy donors were
treated with Wogonin in parallel. At concentrations of approxi-

mately 50 to 100 wM, Wogonin showed no toxicity to normal
peripheral blood T cells (Figure 1E). Freshly isolated (resting)
peripheral blood T cells are known to be resistant toward activation-
induced cell death, whereas T cells activated for several days in
culture become sensitive toward activation-induced cell death.?’ To
investigate whether T cells at different activation stages show
different susceptibilities to Wogonin, peripheral blood T cells
freshly isolated (day 0), 16 hours PHA-activated (day 1), or
PHA-activated and further cultured for 5 days (day 6) in IL-2—
containing medium were subjected to Wogonin treatment. In all
cases, no (50 wM) or a very low (100 wM) toxicity was seen when
the cells were treated with Wogonin (Figure 1F). Thus, Wogonin
can selectively induce apoptosis in malignant T cells.

Wogonin induces apoptosis through the intrinsic
death pathway

Wogonin-induced cell death can be inhibited by the pan-caspase
inhibitor zVAD-fmk indicating involvement of a caspase-
dependent apoptotic process (Figure 2A). To investigate whether a
receptor-mediated death pathway?*?> is involved in Wogonin-
induced apoptosis, Jurkat T cells deficient of the adapter molecule
FADD (FADDdef) (Fas/Apo-1-associated death domain protein)
were treated with different doses of Wogonin. The experiment
showed that Jurkat FADDdef cells were as sensitive to Wogonin as
the parental cells (Figure 2B). Treatment with cycloheximide had
no inhibitory effect on Wogonin-induced cell death, indicating that

20z aunr g0 uo 3senb Aq Jpd yG£200807008UZ/L #8122 L/YSET/Y/L L L/4Pd-Bjoiue/pOO|q/Aau" suoledlgndyse/:dny woly papeojumod



BLOOD, 15 FEBRUARY 2008 - VOLUME 111, NUMBER 4

PROPERTIES OF WOGONIN 2357

A I medium B —©— FADDdef. C D © Nodrug —&— neo
M Wogo (25 M) A— A3 5 CEM - Wogo (50 uM) —0— Bcl-2
50 0
o | CEM 2 Jurkat 2, 6 I o | Jurkat
g 4 8 8 <5 3
2 30 g 2 2 30 o, < &
2 B 15 5 < a 15
8 20 3 9 20 s 3 ]
< ‘ << 10 < =5 < 10
o R 2 5
o ° ’ 1 ° &,D/ﬁ
0 0 5 - 0
ZVAD (uM): 0 25 50 24h: 0 25 50100 24h c,\‘\\$o°> RS \$0Q 0 05 61 0 25 50 100
Wogo (uM) s Gells (X107 Wogo (uM)
F G H |
Jurkat
Jurkat 5 CEM LEHD: 0 20 0 20 (uM) 35
5 5. Tgé Wogo: 0 0 100 100 (uM) £ ool
28 g% Twuin  F
£ 812 5SS @ 1
53 e p10+[Z S Hcasps ET 2
=1 € B30 v g9
© 8 P <= g 15
S 2 e 2 p33 =+ < ]
56 o © 20 b4
g2, ? 5 Casp-3 8 104
o .
S » £10 °
? 3 e L p19 s S 5
XZ= 9 e p17

0
Time (h): ¢ 05 1
Wogo (100 nM)

Time (h):c 1 3 5

Wogo (100 uM) p116 »

_—
PARP
p89 >|

0-
LEHD (uM): 0 102040 0 102040
| 9 A A o
Wogo (100 uM)

mock

Figure 2. Wogonin-induced apoptosis is caspase-dependent but death receptor-independent. (A) Wogonin-induced apoptosis involves caspases. CEM cells were
treated with 25 pM Wogonin in the presence or absence of different doses of the pan-caspase inhibitor zZVAD-fmk for 24 hours. Apoptotic cells were analyzed by FSC/SSC.
(B) The death receptor system is not required for Wogonin-induced apoptosis. FADD-deficient (FADDdef) and parental (A3) Jurkat cells were treated with different doses of
Wogonin for 24 hours. (C) Wogonin-induced apoptosis does not require newly synthesized proteins. CEM cells were treated with 25 £M Wogonin in the presence or absence of
cycloheximide (chx) (1 pg/mL). (D) Wogonin does not activate caspase-8 in vitro. Cell lysates from Jurkat cells were subjected to an in vitro caspase activity assay with or
without 50 wM Wogonin. Results are the average of 2 assays in triplicate measurements. (E) Overexpression of Bcl-2 prevents Wogonin-induced apoptosis. Jurkat cells stably
expressing Bcl-2 and control Jurkat cells (neo) were treated with different doses of Wogonin for 24 hours. Apoptotic cells were analyzed by FSC/SSC in triplicates.
(F,G) Wogonin induces depolarization of the mitochondrial membrane potential. Jurkat and CEM cells were treated with 100 .M Wogonin for different times as indicated, and
the mitochondrial membrane potential was determined by FACS. (H) Wogonin induces activation of caspase-9 and -3. Jurkat T cells were treated with 100 .M Wogonin for 8
hours in the absence or presence of 20 wg/mL caspase-9 inhibitor z-LEHD-fmk. Cell lysates were subjected to Western blot analysis with specific antibodies as indicated.
(1) Jurkat T cells were treated with 100 .M Wogonin for 36 hours in the absence or presence of different amounts of z-LEHD-fmk. Apoptotic cell death was determined by FACS

for DNA fragmentation. Error bars represent SD.

Wogonin-mediated apoptosis does not require newly synthesized
proteins (Figure 2C). Wogonin itself does not influence caspase-8
activity directly, as shown in an in vitro caspase-8 activity assay
(Figure 2D). These results indicate that Wogonin-induced apoptotic
cell death is unlikely to be regulated through the extrinsic
(receptor-mediated) pathway. In contrast, Jurkat cells stably express-
ing the antiapoptotic protein Bcl-2 were resistant to Wogonin-
induced apoptosis (Figure 2E). On Wogonin treatment, depolariza-
tion of mitochondrial membrane potential was observed in both
Jurkat (Figure 2F) and CEM cells (Figure 2G). Caspase-9 and
caspase-3 were activated on Wogonin treatment, and their activa-
tion was blocked by the caspase-9 specific inhibitor z-LEHD-fmk
(Figure 2H). In addition, z-LEHD-fmk largely inhibited the
cleavage of the caspase-3 target protein poly (ADP-ribose) polymer-
ase (Figure 2H) and prevented apoptosis induced by Wogonin
(Figure 2I). These data strongly suggest that Wogonin-induced
apoptotic cell death is mainly mediated through the intrinsic
(mitochondrial) pathway.

Wogonin causes a sustained cytosolic Ca?* overload

Mitochondria are the major site of ROS production. Accumulation
of ROS may lead to initiation of apoptosis.?® However, Wogonin is

a ROS scavenger, and we have previously shown that ROS is not
involved in Wogonin-induced apoptosis.'> Recently, growing evi-
dence demonstrates that Ca>* may play a central role in regulation
of cell death."?” Triggering release of intracellular Ca>* stores and
activation of the Ca?™ pathway are sufficient to induce apopto-
sis.?$29 Bel-2 can increase the capacity of mitochondria to store
Ca’* and to buffer the Ca’* influx into the cytosol.?>3 To
investigate whether Wogonin has a direct effect on intracellular
Ca?" homeostasis, CEM, Jurkat, and normal peripheral blood
T cells were loaded with a Ca?" indicator dye and then treated with
Wogonin in the absence of extracelluar Ca®>*. Interestingly, a rise in
cytosolic Ca?" concentration was seen in malignant but not in
(neither resting nor 6 day-activated) T cells isolated from healthy
donors on Wogonin treatment (Figure 3A,B). As a control,
ionomycin, a Ca?" stimulus commonly used in combination with
PMA to mimic antigen signals for T-cell activation, was used
throughout the experiment. In contrast to Wogonin, ionomycin
stimulation was shown to increase cytosolic Ca** in both malig-
nant and normal T cells. Besides, ionomycin only triggered a
transient elevation of Ca?*, which stopped after approximately
2 minutes in all cell types tested (Figure 3A,B). Cells treated with
ionomycin alone did not undergo apoptosis (data not shown). In
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Figure 3. Ca2* is involved in Wogonin-induced apoptosis. (A,B) Wogonin mobilizes intracellular Ca2* in malignant but not in normal T cells. Jurkat, CEM, naive (day 0), and
effector (day 6) normal T cells were treated in PBS with either 0.5 M ionomycin or 50 wM Wogonin as indicated. The intracellular Ca2* release was monitored by FACS.
Results are representative of 3 independent experiments. (C) The Ca?* influx antagonist Nifedipine prevents Wogonin-induced apoptosis. CEM cells were treated with
100 M Wogonin in the presence or absence of different amounts of nifedipine (added 2 hours before Wogonin treatment) for 24 hours. Apoptotic cell death was analyzed by
FACS for DNA fragmentation. Results are representative of 3 independent experiments in triplicate measurements. (D) The calcineurin inhibitor FK506 inhibits
Wogonin-induced apoptosis. CEM cells were treated with 50 to 100 .M Wogonin in the presence or absence of different amounts of FK506 (added 2 hours before Wogonin
treatment) for 24 hours. Apoptotic cell death was analyzed by FACS for DNA fragmentation. Results are representative of 2 independent experiments in triplicate
measurements. (E) CEM cells were treated with 50 wM Wogonin in the presence or absence of different concentrations of CsA (preincubated for 2 hours before Wogonin
treatment) for 24 hours. Apoptotic cell death was analyzed by a decrease in FSC/SSC. Results are representative of 3 independent experiments. (F) Effects of the
mitochondrial uniporter antagonist RU-360 on Wogonin-induced apoptosis. CEM cells were treated with Wogonin in the presence or absence of RU-306 for 24 hours. Apoptotic

cell death was analyzed by FACS for DNA fragmentation. Error bars represent SD.

comparison, a prolonged increase in cytosolic Ca?* occurred in
malignant Jurkat and CEM T cells on Wogonin treatment (Figure
3A). These results indicate that Wogonin selectively induces
apoptosis by exclusive induction of Ca?* release from intracellular
stores into the cytosol in malignant T cells. To confirm that the
Wogonin-induced loss of intracellular Ca?>* homeostasis plays a
crucial role in cell death, we carried out experiments with a Ca>*
channel antagonist, nifedipine.’! In the presence of nifedipine,
Wogonin-induced apoptotic cell death was reduced by approxi-
mately 50% (Figure 3C). In addition, inhibition of apoptotic
cell death induced by Wogonin was observed in the presence of
the calcineurin inhibitor FK506 (Figure 3D). Reduced
apoptosis was also observed in cells treated with Wogonin in the
presence of cyclosporine A (CsA)3? (Figure 3E). These data
demonstrate that Wogonin-induced apoptotic killing involves a
Ca"-sensitive mechanism.

Several studies have also shown that elevation of cytosolic Ca>*
can lead to rapid Ca?* accumulation within mitochondria. Ca>*
overload can rupture the mitochondrial membrane, leading to
release of cytochrome ¢ and to DNA fragmentation.>>3 Inhibition
of mitochondrial Ca?* uptake by an inhibitor (RU-360) of the
mitochondrial uniporter can attenuate apoptotic cell death.3 There-
fore, we carried out experiments with RU-360. In the presence of

RU-360, Wogonin-induced apoptosis was down-regulated in a
dose-dependent manner, suggesting that disruption of the mitochon-
drial membrane via Ca’t overload may be also involved in
Wogonin-induced apoptosis (Figure 3F).

PLC~y1 is essential for Wogonin-induced cell death

PLCvy1 is a key enzyme that contributes to T-cell antigen receptor
(TCR)-mediated signaling via triggering Ca?>" release from ER
stores.!® Therefore, we speculated that PLCy1 might be involved in
Wogonin-mediated apoptosis. To investigate this assumption, the
wild-type (J-wt), PLCvyl-deficient (J-PLCyldef), and PLCyl-
reconstituted (J-PLCvylrecon) Jurkat cells were subjected to Wogo-
nin treatment. As expected, Jurkat cells deficient in PLCy1 were
resistant to Wogonin-induced apoptosis (Figure 4A). The sensitiv-
ity of J-PLCyldef cells to Wogonin-mediated apoptosis was
restored after PLCy1 was reconstituted in these cells (Figure 4A).
On normal T cell activation via TCR ligation, linker for activation
of T cell (LAT) is phosphorylated and SRC homology-2(SH2)-
domain-containing leukocyte protein of 76 kDa (SLP76) is re-
cruited to LAT. LAT and SLP76 serve as a scaffold for PLCy1.% In
contrast to PLCy1, Jurkat cells deficient in the T-cell adapter proteins
LAT (J-LATdef) or SLP56 (J-SLP76def) were still sensitive to Wogonin
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Figure 4. PLCv1 is required for Wogonin-induced apoptosis in malignant T cells. (A) PLCy1def Jurkat cells are resistant to Wogonin-induced apoptosis. Jurkat deficient
eitherin PLCy1 (J- PLCvy1def), SLP76 (J-SLP76def), or LAT (J-LATdef) together with the retransfected J-PLCvy1retran, J-SLP76retran, and J-LATretran cells were subjected to
Wogonin treatment. Apoptotic cells were determined by either a decrease in fetal calf serum/SSC (left panel) or DNA fragmentation (right panel). Results are representative of
3 or 4 independent experiments. Error bars represent SD. (B) Wogonin generates rapid and strong H,O: signals in malignant T cells. Jurkat and normal (day 6) T cells were
treated with Wogonin (50 M) for the indicated times. The H,O, products were monitored by oxidation-sensitive fluorescent dye by FACS. (C) Wogonin generates long-lasting
H,0, signals compared with «CD3 stimulation. Jurkat cells were stimulated with either Wogonin (50 wM) or «CD3 (coated at 30 ng/mL) for the different times as indicated. The
H2O> products were monitored by FACS. (D) Wogonin induces phosphorylation of PLCy1. Jurkat cells were stimulated with either «CD3 (coated at 30p.g/mL) or Wogonin
(50 M) for indicated times. The expression levels of activated PLCy1 were analyzed by FACS with antiphospho-PLCv1 antibodies. (E) Wogonin induces stronger activation of
PLCv1 in malignant than in normal T cells (P = .035, n = 4). Jurkat and normal T cells isolated from peripheral blood of healthy donors were treated with Wogonin (50 M) for
24 hours. In parallel, T cells activated by «CD3 for 24 hours were used as a positive control to demonstrate that the T cells used were capable to express activated PLCvy1. The
expression levels of phosphor-PLCy1 were analyzed as in panel D). Error bars represent SD. (F) Schematic summary of the discovered mechanism by which Wogonin induces
malignant T cells to undergo apoptosis. Tumor cells produce ROS at elevated rates and Wogonin shows stronger and sustained generation of H,O, in the malignant but not in
normal T cells. H2O, in turn serves as a signaling molecule to activate PLCy1 and consequently induces Ca?* release from intracellular stores. Cytosolic Ca2* overload leads to
disrupt the mitochondrial membrane. Nifedipine, FK-506, CsA, and Ru-360 were shown to block the Wogonin-induced apoptosis pathway at different levels.

treatment (Figure 4A). These data demonstrates that PLCyl is
essential for death signaling induced by Wogonin.

Wogonin selectively activates PLCvy1 in malignant versus
normal T cells via H,0, signaling

Tumor cells are known to have altered redox regulation and
produce ROS at elevated rates in vitro and in vivo.’” We have
recently shown that malignant T cells produce significantly higher
levels of the free radical ‘O,~ than normal T cells and that Wogonin
is capable to reduce the ‘O, level by converting it into a more
reduced state, H,O,.'> Wogonin-mediated production of H,O, was
rapid and could be detected as soon as 1 minute after treatment
(Figure 4B top panel). Because of higher levels of ROS in

malignant than in normal T cells,'>37 higher amounts of H,O, were
generated in such cells than in normal T cells after Wogonin
treatment (Figure 4B). H,0O, is an important second messenger in
TCR signaling.'”-!8 In contrast to TCR signaling, a stronger and
sustained production of H,O, was observed in Wogonin than in
TCR-triggered (by aCD3) T cells (Figure 4C). Recent studies
demonstrate that H;O, may serve as a signaling molecule to induce
intracellular Ca>* mobilization via activation of PLCy1.*¢ There-
fore, Wogonin might be able to activate PLCy1 via H,O, signaling.
Indeed, Wogonin treatment induced PLCyl phosphorylation in
Jurkat T cells. Corresponding to the prolonged H,O, production by
Wogonin, a sustained PLCyl activation was observed in cells
treated by Wogonin than in those treated by aCD3 stimulation
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Figure 5. Malignant T cells express different numbers of Ca2* channels than normal T cells. (A-C) Effects of nifedipine on blocking intracellular Ca2* release in malignant
and normal T cells. Human peripheral blood T cells (A), Jurkat (B), and CEM (C) T cells were loaded with 1 wM Fluo-4 in PBS (without extracellular Ca*) and preincubated with
100 to 300 wM nifedipine for 10 minutes. Cells were then stimulated with 0.5 WM ionomycin to induce the intracellular Ca2* release. (D-F) Effects of Bay K 8644 on induction of
intracellular Ca2* release in malignant and normal T cells. Human peripheral blood T cells (D), Jurkat (E), and CEM (F) T cells were loaded with 1 M Indol-1 and pretreated
with or without nifedipine for 10 minutes and then stimulated with 100 uM Bay K 8644. The intracellular Ca2* release was monitored by FACS. Results are representative of

3 independent experiments.

(Figure 4D). In normal T cells, Wogonin treatment led to a very low
production of H,O, (Figure 4B); therefore, no or very little PLCy1
activation was observed (Figure 4E). The experiments demonstrate
that Wogonin activates PLCy1 in malignant T cells, leading to
triggering of intracellular Ca?" release and induction of apoptosis
in these cells (summarized in Figure 4F).

Malignant T cells express abnormal levels of VDCC
Ca?* channels

Malignant T cells have been shown to express at least 10 times
higher levels of Ca?" release-activated calcium (CRAC) channels
than normal peripheral blood T cells.’®3 Therefore, another
explanation for the selective effect of Wogonin could be an
increased number of Ca?" channels expressed in tumor cells versus
normal cells. The CRAC channel is the major channel involved in
the Ca?" entry pathway from the extracellular matrix. Therefore,
Wogonin-induced prolonged intracellular Ca’>* release in malig-
nant T cells cannot be explained by an overexpression of CRAC.
Recently, the L-type voltage-dependent Ca?* channel (VDCC),
known to mediate Ca?™ mobilization in excitable cells, has been
shown to play a critical role in Ca>* mobilization in nonexcitable
cells, including T lymphocytes,3'40 Because nifedipine, the Ca>*
channel antagonist of L-type VDCC, significantly blocked Wogonin-
induced apoptosis (Figure 3C), VDCC might play an important role
in regulation of intracellular Ca>" mobilization. To investigate this
possibility, the efficiency of nifedipine on blocking intracellular
Ca?" release in Jurkat and CEM cells was compared with that in
normal T cells. Cells were stimulated with ionomycin in the
absence of extracellular Ca?* (in PBS) to trigger Ca?* release from
the intracellular stores. The experiments showed that nifedipine

could block ionomycin-induced release of Ca?>* from intracellular
stores demonstrating that the VDCC channel is involved in
regulation of the intracellular Ca?>t mobilization (Figure 5). The
experiments also showed that ionomycin stimulation induced a
much higher level of Ca* release in Jurkat and CEM cells than in
normal T cells; 300 wM nifedipine, which almost completely
blocked the Ca?* release from the intracellular stores in normal
T cells, only partially inhibited Ca>* release in Jurkat and CEM
cells (Figure 5A-C). This observation indicates that malignant
lymphocytes might express higher levels of VDCC channels than
normal T cells. To further examine this assumption, cells were
stimulated with the VDCC 1,4-dihydropyridine L-type channel
agonist, ()-Bay K 86443! in the absence or presence of nifedipine.
Up to 100 pM, (*)-Bay K 8644 did not show any induction of
intracellular Ca?" release in normal T cells (Figure 5D). In contrast,
the same amount of (*)-Bay K 8644 led to a strong induction of
Ca?" release in Jurkat and CEM cells (Figure 5E,F). The (*)-Bay
K 8644-induced Ca’* release in Jurkat and CEM cells was
specifically inhibited by nifedipine (Figure 5E,F). Thus, malignant
T cells may express higher levels of VDCC channels than
nonmalignant T cells. The data indicate that the abnormal levels
of Ca’* channels in tumor cells may also account for the
different responses to Wogonin treatment of malignant versus
normal T cells.

Wogonin suppresses growth of xenografted human tumor cells
in vivo

A major goal of anticancer research is to find drugs that should have
minimal side effects and maximal efficacy. The selectivity of
Wogonin shown above prompted us to further investigate the effect
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of Wogonin in vivo. We xenografted the human CEM tumor cells
into the H-29Rag~/~yc ™/~ immunodeficient mice. Three days after
xenografting, one group of mice was treated (intraperitoneally)
with 200 mg/kg body weight of Wogonin each second day (Figure
4A). The acute lethal toxicity of Wogonin is LDs of 3.9 g/kg.*! The
tumor size was measured after xenografing. The experiment
showed that all control mice developed tumors in 2 weeks after
xenografting. In contrast, no visible tumors were seen in Wogonin-
treated mice (Figure 6A,B). The absence of tumor growth in the
Wogonin-treated mice was not due to nontake of the xenografts.
After stopping Wogonin-treatment, 4 of 6 treated mice developed
small tumors (Figure 6A). Similar results were obtained from
2 further independent experiments (data not shown). All experi-
ments showed that Wogonin significantly inhibited growth of the
xenografted human tumor cells in vivo.

Discussion

So far, much effort has been devoted to search for agents that
can specifically induce apoptotic cell death in cancer cells.
Minimizing side effects and maximizing efficacy became a
major goal in the development of apoptosis inducers. The radix
of Haung-Qin has been used as a remedy in traditional Chinese
medicine because of its low toxicity and strong anti-inflamma-
tory activity. The principal active component of Huang-Qin,
Wogonin, has attracted our attention because it shows almost no
toxicity on normal peripheral blood T cells. Using normal and

Wogonin-treated mouse

malignant T cells as a model system, we show that Wogonin
induces malignant T cells to undergo apoptosis through the
intrinsic death pathway by differentially activating PLCy1 and
mobilizing the intracellular Ca’* stores in malignant but not in
normal T cells. Loss of intracellular Ca>* homeostasis is known
to play a crucial role in induction of cell death.!-?

One known Ca?"-regulated Bcl-2-associated proapoptotic pro-
tein is Bad. In nonapoptotic cells, Bad is phosphorylated and
sequestered by the cytosolic protein 14-3-3 avoiding its hetero-
dimerization with Bcl-2 and Bcl-x; at the mitochondrial mem-
brane.*? In the presence of an apoptotic stimulus (eg, Ca"), the
Ca?*/calmodulin-dependent phosphatase calcineurin dephosphory-
lates Bad proteins.*® The calcineurin inhibitor FK506 could inhibit
Wogonin-induced apoptosis indicating that Bad may play a role in
Wogonin-induced cell death. It has been shown that CsA, in
addition to its inhibition of calcineurin, can block opening of the
mitochondrial permeability transition pore (MPTP) by binding to
cyclophylin D (CyP-D), a soluble protein that facilitates pore
opening.?? Thus, CsA may protect against cell death by both
inhibition of calcineurin-mediated dephosphorylation of Bad through
an interaction with CyP-A and inhibition of MPTP opening though
an interaction with CyP-D. In the experiments shown here, CsA
treatment, however, did not exhibit a more pronounced inhibition
of apoptosis than that by FK506 application. It has been shown that
the MPTP can open at high Ca?* concentrations in the presence of
CsA* and in CyP-D—deficient cells.*>*8 Therefore, it has been
suggested that CyP-D is not required for the MPTP to open at very
high matrix Ca®>* levels.?> We show that Wogonin induces a high
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and sustained elevation of Ca?>* concentrations. Therefore, the high
Ca?" level triggered by Wogonin might induce a CyP-D-
independent (CsA-insensitive) MPTP opening. In addition, the
overall role of the MPT in apoptosis has been controversially
discussed because there are several studies showing that apoptosis
is not inhibited by CsA in various cells isolated from CyP-D-
deficient mice. Thus, in such mice, thymocytes and hepatocytes
undergo apoptosis in response to various stimuli.*#7:4%50 Although
both CsA and FK506 inhibit calcineurin activity, FK506 exerts a
better prevention of apoptosis than CsA in the experiment shown
here. This may be because CsA is more toxic to the cells than
FK506. The concentrations of CsA used may inhibit other targets
and have a secondary effect on apoptosis.

Previous studies have also demonstrated that certain anticancer
drugs (eg, staurosporine or adriamycin) induce Ca?" release from
the ER. Depletion of the ER Ca?* pool can trigger secondary
changes in mitochondrial Ca?" levels that contribute to cytochrome
c release and cell death.3>>! In those cases, blocking mitochondrial
Ca?" uptake by an inhibitor of the mitochondrial uniporter
(RU-360) could attenuate staurosporine-induced apoptosis. In our
experiments, a strong reduction in Wogonin-induced apoptosis was also
observed in the presence of RU-306 (Figure 4F). Therefore, direct
disruption of the mitochondrial membrane via Ca?* overloading may
also be one of the mechanisms for Wogonin-induced apoptosis.

Physiologically, T cell activation via TCR engagement initiates
sequential activation of protein tyrosine kinase of the Src family
LCK and the Syk family protein tyrosine kinase, ZAP-70. ZAP-70
phosphorylates several downstream targets, including the transmem-
brane adaptors LAT and SLP76. Together, LAT and SLP76 activate
PLCyl1, resulting in cleavage of the inositol phospholipids,
PI1(4,5)P2, and in generation of the second messengers IP3 and
DAG. IP3 binds to the IP3 receptor on ER and induces Ca?* release
from the ER.?® Depletion of Ca?" stores is sensed by an as yet not
fully characterized signaling mechanism, which triggers entry of
Ca?* through CRAC channels in the plasma membrane and leads to
activation of a large number of genes.>? In this study, we showed
that Wogonin induced an elevated activation of PLCy1 compared
with TCR stimulation (by aCD3), which correlates with a pro-
longed release of Ca?* from intracellular stores in malignant
T cells. However, Wogonin did not trigger Ca>* release in normal
T cells. One explanation for the difference in PLCy1 activation in
malignant and normal T cells is that tumor cells produce more
ROS'337 and Wogonin shows stronger and long-lasting shifts of
‘0,” to HyO; in the malignant but not in normal T cells (Figure
4B,C).5 H,0, in turn serves as a signaling molecule to activate
PLCvy!1 (Figure 4D,E).*¢ Thus, we showed that J-PLC-ydef cells, in
contrast to J-SLP76def and J-LATdef cells, are almost completely
resistant to Wogonin-induced apoptosis (Figure 4A). These data
strongly suggest that Wogonin induces apoptosis through activa-
tion of PLCy and a PLCy-mediated Ca?>" pathway.

It has been shown that Jurkat T cells express 100 to 400 CRAC
channels, whereas resting peripheral blood T cells express only
15 such channels.’®3 Therefore, another possible explanation for
the differential effect of Wonognin on malignant and normal T cell
is that tumor cells may harbor disrupted or aberrant Ca>* channels.
Recently, the L-type VDCC channel has been implicated in
regulation of Ca?" influx induced by TCR stimulation.3"*" How-
ever, the role of VDCC in intracellular Ca?>* mobilization is
unknown. Using the L-type VDCC Ca?>" channel antagonist,
nifedipine, and agonist, (*£)-Bay K 8644, in the absence of
extracellular Ca?*, we demonstrate that VDCC is involved in
intracellular Ca>* mobilization (Figure 5). Furthermore, we show
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that Jurkat and CEM cells are less (at least 50%) sensitive to
nifedipine than normal T cells. In addition, Bay K 8644, an agonist
that induces L-type Ca?* channel opening, was shown to induce an
intracellular Ca®* release in Jurkat and CEM T cells but not in
human peripheral blood T cells (Figure 5). These observations
indicate that, apart from the CRAC channels,?®* malignant T cells
may also express more VDCC L-type Ca?>* channels than normal
T cells. This assumption is supported by the observation that the
mRNA expression levels of 2 pore-forming subunits ;s and ac of
the L-type VDCC channel are elevated in colon cancer cell lines and in
colon patient tissues.>>>* Taken together, malignant T cells may express
different numbers and types of Ca?* channels than normal T cells. This
may be another factor that accounts for the different responses to
‘Wogonin treatment of malignant versus normal T cells.

Wogonin has also been reported to have cytostatic effects (in
vitro) on other types of cancer cell lines, such as hepatocellular
carcinoma, bladder cancer, and myelogenous leukemia cell lines. !> 14
A previous animal experiment showed that oral administration in
mice with the roots of Huang-Qin at a dose of 10 mg per mouse per
day resulted in inhibition of bladder tumor growth by approxi-
mately 30%.'> However, in these experiments, the precise com-
pounds which inhibited tumor growth were not defined. Using
purified compounds, we show that the control mice developed large
tumors in comparison to Wogonin-treated mice, which only
showed small or no tumors at all. We noticed some interindividual
variability of the rate of tumor growth, although all mice had the
same genetic background. Therefore, some mice may need higher
doses of Wogonin to prevent tumor growth. Thus, further work is
needed to better understand the pharmacokinetics of Wogonin.

Taken together, we show that Wogonin selectively induces
apoptosis in malignant T cells through the mitochondria pathway
via 2 important mechanisms (Figure 4F). First, Wogonin induces
the generation of a much stronger H,O, signal in malignant than in
normal T cells. This leads to stronger activation of PLCyl in
malignant T cells that triggers intracellular Ca* release. Second,
we found a higher expression (and/or function) of VDCC in
malignant versus normal T cells. This may further enhance the
cytotoxicity of Wogonin for malignant T cells. Furthermore, we
have previously shown that Wogonin is capable to shift the free
radical ‘O,~ to a more reduced nonradical product, H,O,, and
thereby attenuate NF-kB activity and enhance sensitivity of
leukemia cells to tumor necrosis factora- and TRAIL-induced
apoptosis.'> Thus, our results demonstrate that the Chinese herbal
compound Wogonin may be an attractive compound for the
development of new drugs against hematologic malignancies.
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