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Abstract

Several flavonoids have been reported to be proteasome inhibitors, but whether prenylated
flavonoids are able to inhibit proteasome function remains unknown. We report for the first time
that Sanggenon C, a natural prenylated flavonoid, inhibits tumor cellular proteasomal activity and
cell viability. We found that (1) Sanggenon C inhibited tumor cell viability and induced cell cycle
arrest at GO/G1 phase; (2) Sanggenon C inhibited the chymotrypsin-like activity of purified human
20S proteasome and 26S proteasome in H22 cell lysate, and Sanggenon C was able to dose-
dependently accumulate ubiquitinated proteins and proteasome substrate protein p27; (3)
Sanggenon C-induced proteasome inhibition occurred prior to cell death in murine H22 and P388
cell lines; (4) Sanggenon C induced death of human K562 cancer cells and primary cells isolated
from leukemic patients. We conclude that Sanggenon C inhibits tumor cell viability via induction
of cell cycle arrest and cell death, which is associated with its ability to inhibit the proteasome
function and that proteasome inhibition by Sanggenon C at least partially contributes to the
observed tumor cell growth-inhibitory activity.
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2. INTRODUCTION

Flavonoids are a group of chemical entities of benzopyrone derivatives widely distributed in
the plants. More than 4,000 flavonoid derivatives from nature have been reported, indicating
their chemical diversities. Flavonoids are mainly classified as chalcones, flavan-3-ols,
flavanones, flavones and flavonols, isoflavones, and biflavonoids (1). They possess various
biological and pharmacological activities, which include anti-cancer, anti-microbial, anti-
viral, anti-inflammatory, immunomodulatory, and antithrombotic activities. Prenylated
flavonoids and/or flavonoid Diel-Alder adducts also exist widely in natural products (2). Of
their biological activities, the anti-inflammatory capacity of flavonoids has long been
utilized in Chinese medicine. It has been shown that many of flavonoid molecules possess
anti-inflammatory and anti-cancer activities on various animal models of inflammation or
cancer (1). There have been several proposed cellular mechanisms of action explaining in
vivo anti-inflammatory or anti-cancer activities of flavonoids. In fact most of the reported
natural flavonoids have multiple molecular targets in the cell. Therefore, plant-derived
compounds especially flavonoids have great potential to be developed into anti-cancer or
anti-inflammation drugs because of their multiple mechanisms and low side effects (3).

Proteasome inhibition has been demonstrated as a novel therapeutic strategy in multiple
disease models, including fibrosis (4), inflammation (5), ischemia-reperefusion injury (6),
myocardial hypertrophy (7) and cancer (8). Proteasome inhibitor bortezomib (Valcade or
PS-341) has been approved by the United States FDA to treat multiple myeloma. Other
proteasome inhibitors are now under clinical trials for cancer therapy (8). However, there
were some associated toxicity observed in the clinical trials using bortezomib (8). Therefore,
there is a need to search for novel proteasome inhibitors with decreased side effect. It is an
attractive idea to identify and isolate novel natural proteasome inhibitors from medicinal
plants. Many of the reported natural proteasome inhibitors belong to the flavonoid family
(3). Among all these reported natural flavonoid proteasome inhibitors, an aromatic ketone
structure plays a very important role for binding to the threonine residue at the N terminus
(Thr 1) of the proteasome subunits and inhibiting the proteasomal activities (3, 9, 10).

Several flavonoids have been isolated from the stem bark of Morus cathayana
(SANGPAIPI), including Sanggenon C. Sanggenon C is a flavanone Diel-Alder adduct
compound. Up to now, there are only a few reports on the biological and pharmacological
effects of Sanggenon C. It has been reported that Sanggenon C has anti-oxidant and anti-
inflammation activities (2) and could inhibit TNF-alpha-stimulated cell adhesion and
expression of VCAM-1 by suppressing the activation of NF-kappa B. It has also been
proposed that Sanggenon C decreases ICAM-1 protein expression at a post-translational
level (11). In addition, it was reported that Sanggenon C inhibited protein tyrosine
phosphatase 1B (12) and possessed the function to decrease blood pressure. Since
Sanggenon C possesses the most potent cell toxicity among the flavonoids from Sangbaipi
(13), it could serve as a candidate anti-cancer agent. The purpose of this study is to purify
Sanggenon C from Chinese tranditional medicine Sangbaipi, to determine the cytotoxic
effects of Sanggenon C on cancer cells, and to further examine whether Sanggenon C
induces proteasome inhibition as one of the potential molecular mechanisms of action.

3. MATERIALS AND METHODS
3.1. Materials

TC/PI (propidium iodide) apoptosis detection kit and LDH detection kit were purchased
from Keygen Company (Nanjing, China). H22, P388 and K562 cell lines were purchased
from ATCC. Anti-ubiquitin, anti-p27, and anti-GAPDH antibodies were from Santa Cruz
Biotechnology. Anti-PARP antibody was purchased from Cell Signaling.
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3.2. Extraction and isolation of Sanggenon C

The cortex of Morus Alba L. was collected from the Tianmu Mountain, Zhejiang Province,
China, in 2006 and was identified by Prof. Zhu Chen-chen. A voucher specimen (06-MAL)
is deposited in the School of Chinese Medicine, Guangzhou University of Traditional
Chinese Medicine. The UV Spectra were carried out on a Shimadzu UV-240
spectrophotometer. IR Spectra were recorded with an EQUINOX55 (Bruker)
spectrophotometer. NMR spectra were recorded with Bruker Unity BRUKER 400 MHz.
The cortex Mori of Morus Alba L. (5.0 kg, dried wt.) was extracted with hot ethanol
(25Lx3). The combined extracts were concentrated under reduced pressure to afford a
brown extract (500 g). The ethanol extract was partitioned between EtOAc and H,O. The
EtOAC soluble portion (152 g) was chromatographed on silica gel column using petroleum
ether (PE)-Acetone mixtures as eluting solvent which yielded twelve fractions. The second
fraction eluted with PE/ Acetone, 7:3 was further separated by using flash chromatography
on silica gel (eluted with PE/ Acetone, 9:1) which gave Sanggenon C (209.8 mg). The purity
of the isolated Sanggennon C was determined to be 99.5%.

3.3. Peptidase activity assay and cell-based proteasome activity assay

These in vitro and cell-based assays were performed as we previously described (14). A 20
microliter of Tris-HCI buffer (pH 7.4) containing purified 20S proteasome (0.5 ninomolar)
(from human erythrocytes, Enzo Life Sciences) or crude protein extracts (10 microgram
protein) from the cultured cells were added to a total volume of 180 microliter Tris-HCI (pH
7.4) reaction buffer containing the synthetic fluorogenic peptide Suc-LLVY-
aminomethylcoumarin (AMC) for the proteasomal chymotrypsin-like activity. The reaction
mixture was then incubated at 37°C for 90 min, followed by measurement of the
fluorescence intensity of the free AMC using a luminescence microplate reader (Varioskan
Flash 3001, Thermo, USA). The excitation and emission wavelengths for measuring free
AMC were 360 nm and 436 nm, respectively.

To determine the effect of Sanggenon C on proteasomes in culture cells, a Promega cell-
based assay was used. About 4,000 cells were treated with Sanggenon C at various
concentrations at 37°C for 6 hours. The drug-treated cancer cells were then incubated with
the Promega Proteasome-Glo Cell-Based Assay Reagent (Promega Bioscience, Madison,
WI1) for 10 minutes. The proteasomal chymotrypsin-like activity was detected as the relative
light unit (RLU) generated from the cleaved substrate in the reagent. Luminescence
generated from each reaction was detected with luminescence microplate reader (Varioskan
Flash 3001, Thermo, USA).

3.4. Cell culture

Murine (H22, P388) and human (K562) leukemia cells were cultured in RPM11640 medium
(Gibco) with 10% (v/v) fetal bovine serum, and maintained at 37 °C with 95% humidified
air and 5% CO»,. Human peripheral PMNCs from patients (n=3) with primary T-cell acute
lymphocytic leukemia were separated by Ficoll solution and cultured in RPMI-1640
medium with 10% FBS. About 36 h later, the cells were plated in 6-well plates for following
experiments. Supernatant was collected for LDH assay as described below. The patient
consent form was completed by Guangdong Provincial People's Hospital.

3.5. LDH assay

LDH activity was performed as described previously (15). LDH activity in the collected
medium was measured using the cytotoxicity detection kit (Keygen, Nanjing, China) by the
reduction of lactate to pyruvate in the presence of NAD. The resultant NADH reduces
tetrazolium to a red formazan product that is detectable at 490 nm by a microplate reader
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(Sunrise, Tecan). The reference wavelength was 620 nm. LDH activity was calculated
according to the standard curve as U/L.

3.6. Cell viability assay

Cell viability was determined using the Alumar blue assay (16). Briefly, cells were plated at
a density of 1x10% cells/well in 96-well plates and incubated overnight, and were then
treated for 24 h with either vehicle or various concentrations of Sanggenon C (2, 10, 25, 50,
100 microM). At the end of the experiment, cells were stained with 10% Amalur blue
solution for 4 h, and the plate was read in a microplate reader at 570/600 nm (VERSAmax;
Molecular Devices). Analysis was performed on triplicate wells, and the data presented is
representative of three independent experiments.

3.7. Cell death assay

Cell death was quantified using an AnnexinVV-FITC/PI kit and FACSCalibur flow cytometry
as described previously (17). Cells were plated at a density of 2x10° cells per well in six-
well plates and incubated overnight, and were then treated with either vehicle or Sanggenon
C as indicated. After treatment with Sanggenon C, cells were collected, washed with PBS,
resuspended in 500 microliter of binding buffer and incubated with 1 microgram/ml
Annexin V-FITC and 2 microgram/ml P1 for 10 min in the dark, and then flow cytometric
analysis was performed within 1 h. At least a total of 10,000 cells were acquired per sample,
and data were analyzed using CellQuest software (BD PharMingen). Cells in the early
stages of apoptosis were Annexin V-positive but Pl-negative, whereas cells in the late stages
of apoptosis were both Annexin V- and Pl-positive.

3.8. Cell cycle analysis

Cell cycle analysis was performed as reported previously (18). H22 or P388 cells were
seeded in 6-cm dishes overnight in RPMI 1640 medium supplemented with 10% fetal
bovine serum, then treated with 20 microM Sanggenon C at indicated time points. The cells
were collected by centrifugation at 100 g for 5 min, washed by PBS, stained with P1 in the
presence of RNAase. Data was analyzed based on the distribution of cell populations in
different phases of cell cycle.

3.9. Western blot analysis

Cells were seeded in 6-cm diameter dishes and incubated overnight, and were then either
treated with vehicle or Sanggenon C as indicated. After treatment, cells were washed twice
with cold PBS and solubilized in lysis buffer. Protein samples (20-60 microgram) were
separated by SDS/PAGE (12% gels) and transferred on to a PVDF (Amersham
Biosciences). The membrane was incubated with anti-ubiquitin, anti-p27, anti-PARP or anti-
GAPDH as primary antibodies which were diluted in 5% non-fat milk in PBS with 0.1%
Tween 20, followed by incubation with horseradish peroxidase-conjugated 1gG (Amersham
Biosciences) as the secondary antibody. The secondary antibodies on the PVDF membrane
were detected using the enhanced chemiluminescnce (ECL) detection reagents (Amersham
Bioscience) and exposed to X-ray films(NY 14608, Kodak) (19).

4. RESULTS

4.1. Determination of Sanggenon C Structure

We first determined the structure of purified Sanggenon C we isolated. All the properties,
including light yellow powder (MeOH); UV (CHClI3) lamdamax (I0gepsiion) 306 (3.67), 280
(3.93), 230 (4.75), 220 (5.35) nm; IR (KBr) vinax 3370 (-OH), 1630 (s, C=0), 1261, 840,
796 cm~L; ESI-MS m/z 707.8 [M + H]*; 1H NMR and 13C NMR spectral data (Table 1)
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were the same as the reported literature (20) and therefore, the molecular structure of our
isolated compound was elucidated as Sanggenon C (Figure 1A).

4.2. Cytotoxicity of Sanggenon C in murine hepatoma H22 and leukemic P388 cells

Flavonoids from Chinese Morus Mongolia were reported to show higher cytotoxicity against
human oral tumor cell lines (HSC-2 and HSG) than against normal human gingival
fibroblasts (HGF). Among the flavonoids in Morus Mongolia, the Diels-Alder type
flavanone Sanggenon C was the most potent (13). In the current study, the inhibitory effect
of Sanggenon C on cell proliferation was first evaluated by Alamur blue assay in two murine
cancer lines: hepatoma H22 and leukemic P388 cells. Results of Alumar blue assay showed
that Sanggenon C inhibited cell proliferation in these tumor cells with the 1C50 value of ~15
microM (Figure 1B and C). Since cell viability was dependent upon either cell cycle arrest
and/or cell death, next we determined the effect of Sanggenon C on both cell cycle arrest
and cell death.

4.3. Sanggenon Cinduces cell cycle arrest at Go/G1 phase in H22 and P388 cells

Cell cycle analysis was performed by flow cytometry. P388 (Figure 2A) or H22 (Figure 2B)
cells were treated with 20 microM Sanggenon C for 4, 8, 12, and 24 h, followed by flow
cytometry. The cells in Go/G; phase in untreated H22 cells (0 h) are around 40%, which was
increased to 80% after 24h treatment with Sanggenon C (Figure 2B). Furthermore,
Sanggenon C-induced Gg/G1 increase is time-dependent. The percentage of G, phase cells
remained relatively unchanged while S phase cell population decreased in a time-dependent
manner after Sanggenon C treatment (Figure 2A-B). Consistent to H22 cells, P388 cells
showed the same tendency (Figure 2A). In untreated P388 cells (0 h), Go/G; phase cells are
about 20% and reach as high as 40% after Sanggenon C treatment for 24 h. Sanggenon C-
induced accumulation of G¢/G; phase cells was accompanied with the decrease of S phase
in P388 cells (Figure 2A). These data clearly show that Sanggenon C induces cell cycle
arrest at Go/G1 phase and blocked the cell transition at the G41/S boundary.

4.4, Sanggenon C causes cell death in H22 and P388 cells

We also measured cell death in H22 and P388 cells after Sanggenon C treatment by using
Annexin V-Propidium iodide (PI) double staining, followed by flow cytometry analysis. As
shown in Figure 3, compared to the vehicle DMSO treatment, Sanggenon C at higher than
25 microM induced marked cell death in both H22 and P388 cell lines, and P388 cells were
more sensitive to Sanggenon C-induced cell death than H22 cells. The P388 cell death
induced by 50 microM of Sanggenon C is around 80%, while H22 cell death is around 40%
under the same condition. The typical cleaved PARP fragment p85/PARP reflecting cellular
apoptosis was also detected after 6 h treatment with 50 microM Sanggenon C in both H22
(Figure 4C) and P388 cells (Figure 4D). Therefore, Sanggenon C is able to induce cell death
in these murine cancer cells.

4.5. Sanggenon C inhibits the chymotrypsin-like activity of a purified human 20S
proteasome and 26S proteasome in H22 cell lysate

Above data strongly supported that natural product Sanggenon C decreases cancer cell
viability by inducing both cell cycle arrest and cell death, but the involved mechanism needs
to be further clarified. Since Sanggenon C contains an aromatic ketone structure that has
been shown to be involved in proteasome inhibition (3, 9), we hypothesize that Sanggenon
C decreases cell viability via proteasome inhibition.

It has been shown that inhibition of the proteasomal chymotrypsin-like activity is associated
with tumor cell death (3, 9, 21). To determine whether Sanggenon C could inhibit the
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proteasomal chymotrypsin-like activity, a cell-free proteasome activity assay was
performed. Purified human 20S proteasome or H22 cell lysate (10 microgram protein)
containing 26S proteasome was incubated with up to 100 microM Sanggenon C for 90 min
in the presence of a specific substrate for proteasomal chymotrypsin-like activity. As shown
in Figure 4A and B, the chymotrysin-like activity of the purified 20S proteasome and 26S
proteasome in H22 cell lysate was significantly inhibited by Sanggenon C with an ICgg
values of 4 and 15 microM, respectively. Sanggenon C at 25 microM inhibited more than
80% of the chymotrypsin-like activity of the purified 20S proteasome and 26S proteasome
in H22 cell lysate.

4.6. Sanggenon C causes proteasome inhibition in murine H22 and P388 cell lines

To determine whether Sanggenon C can also inhibit the cellular 26S proteasome activity,
murine H22 and P388 cells were treated with Sanggenon C at 5, 10, 25 or 50 microM for 6
h, followed by detection of the ubiquitinated protein accumulation in the cells. As shown in
Figure 4C and D, ubiquitinated proteins that were tagged by polyubiquitins for the
proteasome degradation were accumulated in a Sanggenon C dose-dependent manner: light
accumulation by 5 microM Sanggenon C treatment and further accumulation by Sanggenon
C at 10-50 microM. We also measured the level of the natural proteasome target protein
p27. At relatively low doses of Sanggenon C (5-25 microM), level of p27 expression was
dose-dependently increased while at 50 microM p27 was decreased probably due to cell
death in H22 cells (Figure 4C). In P388 cells, p27 expression showed the similar tendency as
that of poly-ubiquitinated proteins, even 5 microM of Sanggenon C induced marked
accumulation of p27 (Figure 4D).

4.7. Sanggenon C-induced tumor cell death occurs after proteasome inhibition

Next we did kinetic experiments using both H22 and P388 cells to determine which event
occurs first, proteasome inhibition or cell death induction. H22 and P388 cells were treated
with 20 microM Sanggenon C for up to 24 h, followed by Western blotting and flow
cytometry analysis. As shown in Figure 5A and B, the levels of ubiquitinated proteins
started to increase after 4 h treatment with Sanggenon C. Levels of p27 also started to
increase after 2 h treatment (2-8h), but at later points p27 varied because of the protein
synthesis/degradation imbalance. In a sharp contrast to the proteasome inhibition at early
hours, cell death occurred in later hours. The apparent PARP cleavage, an indicator of
apoptotic cell death, was typically detected at 24 h treatment of Sanggenon C in both H22
(Figure 5A) and P388 cell lines (Figure 5B). We further performed flow cytometry to
measure the cell death kinetics in H22 and P388 cells after Sanggenon C treatment. In H22
cells cell death started to increase after 8 h treatment (Figure 5C and E) and typical cell
death was also observed after 8 h treatment with Sanggenon C in P388 cells (Figure 5D and
E).

Taken together, these results indicated that the proteasome inhibition by Sanggenon C was
followed by induction of cell death in both cancer cell lines, suggesting that the proteasome
is at least one of the cellular targets of Sanggenon C for cell death induction.

4.8. Sanggenon C decreases cell viability, and induces cell death and proteasome
inhibition in human leukemia cells

Since H22 and P388 cells are established murine cancer cell lines, next we determined the
effect of Sanggenon C on cell viability, cell death and proteasome inhibition in human
leukemia K562 cells and primary leukemic cells from patients with acute leukemia. The
ICsq of cell viability in K562 cells was about 15 microM (Figure 6A), similar to H22 and
P388 cells (Figure 1B-C). To determine whether Sanggenon C caused proteasome inhibition
in K562 cells, levels of ubiquitinated proteins and p27 were detected by Western blotting.
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As shown in Figure 6B, at relatively low doses Sanggenon C accumulated ubiquitinated
proteins and p27 in a dosedependent manner; at 50 microM dose ubiquitinated proteins and
p27 did not further increase most likely due to cell death. To confirm Sanggenon C-induced
proteasome inhibition in K562 cells, a cell-based proteasomal chymotrypsin-like activity
was performed in living K562 cells. As shown in Figure 6C, Sanggenon C dose-dependently
inhibits the proteasome chymotrypsin-like activity with an ICsq of about 28 microM.
Consistent with the idea that proteasome inhibition leads to cell death, cell death was
detected only at higher concentrations of Sanggenon C (Figure 6C and D). To further
establish the clinical significance of use of Sanggenon C, leukemic cells from patients with
leukemia were treated with Sanggenon C. Surprisingly, these primary leukemic cancer cells
are even more sensitive to Sanggenon C-induced cell death (Figure 6E-G) than H22 and
P388 cells (Figure 3). Sanggenon C at 10 microM induced 50% cell death and high LDH
release in primary leukemic cancer cells (Figure 6E-G) while it only induced less than 10%
cell death in H22 and P388 cells (Figure 3).

5. DISCUSSION

Prenylated flavonoids exist widely in plants (24). Sanggenon C is a natural prenylated Diel-
Alder adduct of flavanone extracted from Chinese crude drug Shangbaipi (20). One of the
cellular molecular targets of Sanggenon C has been suggested to be protein tyrosine
phosphatase 1B (24), but its biological mechanisms and molecular targets are far from being
understood.

In recent years, some novel natural proteasome inhibitors have been found from plants, teas,
or Chinese herbs (8, 9). In the reported natural proteasome inhibitors, several flavonoids
from plants or foods have been discovered in our lab and other labs. In flavones, chrysin,
apigenin and luteolin have been reported to inhibit proteasome function (25, 26); in
flavonols, quercetin, myricetin and kaempferol were reported as proteasome inhibitors (3);
other flavonoids were also reported as proteasome inhibitors including chalcones and
derivatives (27), catechin and derivatives (28), naringenin in flavonones (25) and genistein
in isoflavones (29). It has been reported that there are different biological activities between
prenylated and non-prenylated flavonoids (30). To our knowledge, natural prenylated
flavonoids have never been reported to inhibit proteasome function. This study reveals for
the first time that Sanggenon C is a natural proteasome inhibitor and is the first proteasome
inhibitor from natural prenylated flavonoids.

We have shown that an aromatic ketone structure may play an important role in interacting
with and inhibiting the proteasome (3, 9). Consistently, Sanggenon C with such aromatic
ketone structure also acts as a proteasome inhibitor in vitro and in cells as shown in this
study. However, whether the chemical structure of prenylation and Diel-Alder adducts in
Sanggenon C also affects the proteasome activity is unclear at this moment. It is possible
that an unsaturated double bond could be attacked by the N-terminal theronine of the
proteasome subunits, leaving to formation of a new covalent bond and resulting in
proteasome inhibition. This idea will be tested by computer docking model and
experimentally in the near future.

In the current study we have also reported for the first time that Sanggenon C inhibited
tumor cell proliferation via induction of cell cycle arrest at Gg/G1 phase and induction of
cell death. We suggest that Sanggenon C-mediated proteasome is at least partially
attributable to induction of cell death and cell growth inhibition. It has been shown that
Sanggenon C has the strongest cell toxicity among the flavonoids derived from Chinese
Morus Mongolia. Consistent to the previous report (13), we found that Sanggenon C
inhibited cell viability in both mouse and human cancer cell lines (H22, K562 and P388) at
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an ICgq value of about 15 microM. Further experiments found that Sanggenon C induced
Gg/G1 cell cycle arrest in a time-dependent manner and induced cell death in a dose-
dependent manner, which is attributable to the observed decreased cell viability. To our
knowledge, this is the first report that Sanggenon C blocks the cell cycle progression at the
G4/S boundary.

Proteasome is responsible for the degradation of more than 80% intracellular proteins and
therefore is required for the maintenance of cell life. Dysfunction of the ubiquitin
proteasome system will lead to various diseases such as cancer (22, 23). Many cell cycle
proteins such as CDKs, p27Kipl and p21, and proapoptotic proteins like Bax are
endogenous proteasome substrates which have been chown to regulate cell cycle and cell
death (23). Here we found that Sanggenon C induced accumulation of p27 and ubiquitinated
proteins in both H22 and P388 cells which contributed to the observed cell cycle arrest and
cell death. Consistent with the hypothesis that inhibition of the proteasome causes induction
of cell death, in our dose-dependent studies we found that Sanggenon C inhibited the
proteasome in both murine and human cancer cells (Figures 4 and 6), which was
accompanied by cell death (Figures 3 and 6). Moreover, in our kinetic experiments we found
that proteasome inhibition by Sanggenon C occurred before cell death. We detected cell
death with multiple assays, all of which showed that cell death occurred after proteasome
inhibition (Figure 5), suggesting that proteasome inhibition by Sanggenon C at least partially
contributes to the subsequent cell death. It was interesting and exciting to find that primary
leukemic cancer cells from leukemic patients are more sensitive than cancer cell lines to
Sanggenon C-induced cell death in vitro (Figure 6). This study suggests that Sanggenon C
has a great potential to be used clinically for treatment of various human cancers in the
future.

However, one of the potential problems we identified was that Sanggenon C mainly induced
necrotic cell death in cancer cells which could limit the clinical potential of Sanggenon C.
The current results showed that Sanggenon C mainly induced necrotic cell death and
partially apoptotic cell death. This conclusion is supported by flow cytometry analysis in all
the used cancer cells, Annexin V-positive cells (early and late stage apoptotic cells) were
relatively lower than the Pl-positive cells (necrotic and late stage apoptotic cells) after
Sanggenon C treatment (Figures 3, 5 and 6). Consistently, as shown in Figures 4-6,
Sanggenon C did not induce dramatic PARP cleavage, an important marker of apoptosis,
and apoptosis is not induced to the similar level of proteasome inhibition under the same
experimental conditions. Also in clinical samples in Figure 6E, Sanggenon C induced high
LDH release reflecting necrotic cell death. Since some other proteasome inhibitors mainly
induced apoptosis (4, 5), while Sanggenon C mainly induced necrotic cell death and partial
apoptosis, Sanggenon C-mediated proteasome inhibition may be partially responsible for
cell death induced.

In conclusion, Sanggenon C inhibits tumor cell viability via induction of cell cycle arrest
and cell death, which is associated with its ability to inhibit the proteasome function and
proteasome inhibition by Sanggenon C at least partially contributes to the observed tumor
cell growthinhibitory activity.
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Figure 1.

Sanggeon C inhibits cell proliferation of H22 and P388 cell lines in a dose-dependent
manner. Elucidation of the molecular structure of Sanggenon C as shown in (A). H22 (B) or
P388 (C) cells were plated in 96-well plate (4000 cells each well) and treated with different
concentrations of Sanggenon C for 24 h, followed by Alamur blue assay. The mean value of
ICsq was calculated on three independent experiments. In all the 3 cell lines, the 1Cgy was
around 15 microM.
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Figure 2.
Sanggeon C induces cell cycle arrest at GO/G1 phase in H22 and P388 cells. H22 and P388

cells were exposed to 20 microM Sanggenon C for indicated hours, followed by PI staining
and detected with a flow cytometer. Cell cycle was analyzed by cycle software. A summary
of cell cycle data in P388 cells (A) and H22 cells (B) was shown.
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Figure 3.

Dose effects of Sanggeon C on the induction of cell death in murine hepatoma H22 and
leukemic P388 cells.. (A) Dosage effect of cell death induction in H22 cells (upper) and
P388 cells (lower). Murine hepatoma H22 and P388 cells were treated with various doses of
Sanggenon C for 6 h and cell death was detected with Annexin V-PI staining assay by flow
cytometry. The lower right part (Annexin V-FITC + / Pl —) was considered as early stage of
apoptotic cells and upper right part (Annexin V-FITC +/ Pl +) was considered late stage of
apoptotic cells. The upper left part (Annexin V-FITC +/ P1 +) was considered as necrosis.
Typical flow images were shown in A and a summary of cell death was in B.
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Figure 4.

Sanggenon C inhibits proteasome activity in vitro and in cultured H22 and P388 cells. (A
and B) Inhibition of chymotrypsin-like activity by Sanggenon C. Purifed human 20S
proteasome or H22 cell lysate (10 microgram protein) was treated with different doses of
Sanggenon C for 90 mins and chymotrypsin-like activity was detected by a fluorescence
plate reader. The ICsgq values of Sanggenon C were 4 microM, 15 microM each for 20S
proteasome and H22 cell lysate. (C and D) Does effect on proteasome inhibition and PARP
cleavage. Murine H22 cells (C) and P388 cells (D) were separately treated with either
solvent DMSO (DM) or indicated concentrations of Sanggenon C for 6 h, followed by
Western blotting analysis using specific antibodies against ubiquitinated proteins (Ub), p27
and PARP. Molecular weight of p27 is 27 kDa,. Full length PARP is 116 kDa, and the
cleaved fragment of PARP is 85 kDa. GAPDH was used as a loading control.
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Figure 5.

Kinetic effects of Sanggeon C on the induction of cell death and proteasome induction in
H22 and P388 cells. (A and B) Kinetic effect on proteasome inhibition and PARP cleavage.
H22 and P388 cells were treated with 20 microM of Sanggenon C for indicated times,
followed by Western blotting analysis using specific antibodies against ubiquitinated
proteins (Ub) p27 and PARP. The image is a representative immunoblot from three
independent experiments yielding similar results. GAPDH was used as loading control. (C,
D, and E) Kinetic effect on cell death induction in H22 and P388 cells. H22 and P388 cells
were exposed to 20 microM of Sanggenon C for indicated times, followed by Annexin V-PI
staining assay. Typical flow images were shown in (C) and (D). Summary of cell death in
H22 and P388 cells was shown in (E).
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Figure 6.
Sanggenon C induces cell death and proteasome inhibition in human K562 leukemic cells
and leukemic cells from patients with leukemia. (A) Dose effect of Sanggenon C on cell
viability in human K562 cells. K562 cells were treated as in Figure 1 (B) and (C), cell
viability was detected with Alumar blue assay. (B) Dose effect on proteasome inhibition and
PARP cleavage. K562 cells were treated with various doses of Sanggenon C for 6 h,
followed by Western blotting analysis as shown in Figure 4 (C) and (D). (C) Dose effect on
CT-like activities and cell death (CD). K562 cells were plated in 96-well plates or 6-cm
dishes and treated with different doses of Sanggenon C for 6 h, followed by in situ
chymotrypsin-like assay with Cell-based Chymotrypsin-like assay kit and cell death assay
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with Annexin V and PI satinning by flow cytometry. (D) Typical cell death images as
described in (C) were shown. (E, F and G) Sanggeon C induces cell death in cells from
patients with primary T-cell acute lymphocytic leukemia. Human peripheral cells from
patients were separated by Ficoll solution and cultured in RPMI-1640 medium with 10%
FBS. 36 h later, the cells were plated in either 6-well plates or 6 cm dishes for following
experiments. Cells were treated with different doses of Sanggenon C for 8 h, the supernatant
was used for LDH release assay and cells were collected for cell death assay by flow
cytometry. LDH release as shown in (E), and cell death assay by flow cytometry was shown
in (F) and (G).
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