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Abstract

Dysregulation of the ubiquitin-proteasome pathway plays an essential role in tumor growth and
development. Shikonin, a natural naphthoquinone isolated from the traditional Chinese medicine
Zi Cao (gromwell), has been reported to possess tumor cell-killing activity, and results from a
clinical study using a shikonin-containing mixture demonstrated its safety and efficacy for the
treatment of late-stage lung cancer. In the present study, we reported that shikonin is an inhibitor
of tumor proteasome activity in vitro and in vivo. Our computational modeling predicts that the
carbonyl carbons C4 and C4 of shikonin potentially interact with the catalytic site of f5
chymotryptic subunit of the proteasome. Indeed, shikonin potently inhibits the chymotrypsin-like
activity of purified 20S proteasome (ICsg 12.5 pmol/L) and tumor cellular 26S proteasome (ICsg
between 2-16 pmol/L). Inhibition of the proteasome by shikonin in murine hepatoma H22,
leukemia P388 and human prostate cancer PC-3 cultures resulted in accumulation of ubiquitinated
proteins and several proteasome target proapoptotic proteins (IxB-a, Bax and p27), followed by
induction of cell death. Shikonin treatment resulted in tumor growth inhibition in both H22
allografts and PC-3 xenografts, associated with suppression of the proteasomal activity and
induction of cell death in vivo. Finally, shikonin treatment significantly prolonged the survival
period of mice bearing P388 leukemia. Our results indicate that the tumor proteasome is one of the
cellular targets of shikonin, and inhibition of the proteasome activity by shikonin contributes to its
anti-tumor property.
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Shikonin is an active naphthoquinone that is mainly isolated from Chinese medicine Zi Cao
(gromwell), the dried root of Lithospermum erythrorhizon Sieb. et Zucc, Arnebia euchroma
(Royle) Johnst, or Arnebia guttata Bunge.1 Dating back to 5" century, Zi Cao had been
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used for the treatment of throat sore, burns, cut and skin diseases such as macular eruption,
measles and carbuncles in China.2

Shikonin exerted anti-inflammatory effect by inhibiting tumor necrosis factor o (TNF-a) that
is important for initiation and persistence of inflammation.3:4 Shikonin inhibited
transcription factor 11D binding to TNF-o promoter3 and blocked TNF-o pre-mRNA
splicing,4 resulting in TNF-a. suppression. Shikonin also possessed anti-bacteria, anti-fungi,
and anti-HIV properties.1'5:6

Sankawa et al. reported that shikonin inhibited the tumor growth in murine Sarcoma-180.7
Subsequent in vitro studies revealed that shikonin induced apoptotic cell death in a variety
of cancers, which involved multiple cellular targets.8716 Shikonin induced apoptosis by
activation of caspase-3 in leukemia, bladder and cervical cancer cells.8710 In caspase-3-
negative MCF-7 cells, it triggered necroptosis that contributed to overcome Bcl-2- and Bcl-
X -mediated apoptotic resistance.11 Shikonin inhibited the activity of topoisomerase Il and
NF-«B, both of which are potential targets for chemotherapy.12:13 Treatment with shikonin
led to cell cycle arrest through up-regulation of p53 and down-regulation of cyclin-
dependent protein kinase 4 in malignant melanoma.14 Shikonin reacted with endogenous
thiols including glutathione, which in turn induced apoptosis in HL-60 cells.15 Shikonin-
induced apoptosis could be protected by N-acetylcysteine (NAC) in SK-Hep-1 hepatoma,16
suggesting that it targeted an oxidative stress-mediated pathway.

A clinical trial using shikonin in 19 cases of late-stage lung cancer revealed that use of a
shikonin-containing mixture reduced lung cancer growth with the effective rate of 63.3%,
remission rate of 36.9%, and 1-year survival rate of 47.3%.17 Furthermore, administration
of the shikonin-containing mixture increased body weight and appetite of the patients. No
harmful effects on peripheral system, heart, kidney and liver were observed after shikonin
treatment.17

Although several cellular proteins or activities could be affected by shikonin treatment as
stated above, its specific molecular target has not been discovered. The chemical structure of
shikonin suggested to us that it might target the proteasome. Shikonin contains at least two
carbonyl carbons which are electrophilic in nature since the oxygen pulls electron density
away from the carbon. The eukaryotic proteasome (26S proteasome) is a multicatalytic
protease complex with a 20S preteolytic core and 19S regulatory caps.18720 The
proteasomal subunits B5, B2 and B1 in 20S catalytic core are responsible for three main
proteolytic activities of the proteasome, chymotrypsin (CT)-like, trypsin-like, and peptidyl-
glutamyl peptide-hydrolyzing (PGPH)-like or caspase-like activities, respectively. A
threonine residue at the N terminus (Thr 1) of these B subunits imparts the catalytic activity
of the proteasome.21 The atom OY of Thr 1 (Thr 1 Q) is activated to be nucleophilic by
proton shuttling from Thr 1 OY to the proton acceptor Thr 1 N.22 Compounds with
electrophilic functional groups are able to react with the nucleophilic Thr 1 OY:22 causing
interference of the proteasomal activity.

Consistently, in a computational modeling study, shikonin was docked to the proteasomal 5
subunit in an orientation and conformation that was suitable for nucleophilic attack by Thr 1
of the 85 subunit. Shikonin directly inhibited the chymotrypsin-like activity of purified 20S
proteasome in vitro. Since our laboratories have established animal models using murine
hepatoma H22, leukemia P388 or human PC-3 prostate cancer23, these cell lines were
selected to test whether shikonin could inhibit 26S proteasome in both cultured tumor cells
and tumor tissues and, if yes, whether the proteasome inhibition was associated with cell
death induction and tumor growth inhibition.

Int J Cancer. Author manuscript; available in PMC 2010 May 15.
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Materials and Methods

Materials

Purified shikonin (>98%) was purchased from National Institute for the Control
Pharmaceutical and Biological Products (Beijing, China) and BIOMOL International LP
(Plymouth Meeting, PA) for the studies in murine hepatoma H22 and human prostate cancer
PC-3 cell line, respectively. Shikonin was dissolved in DMSO (Sigma; St. Louis, MO) at a
stock concentration of 50 mM, aliquoted and stored at -80 °C. Cremophor EL, ethanol and
propidium iodide (P1) were purchased from Sigma (St. Louis, MO). Fetal bovine serum
(FBS) was from Tissue Culture Biologicals (Tulare, CA). RPMI 1640, penicillin and
streptomycin were purchased from Invitrogen Co. (Carlsbad, CA). Purified rabbit 20S
proteasome and fluorogenic peptide substrates Suc-LLVY-AMC (for the proteasomal
chymotrypsin-like activity) were from Calbiochem Inc. (Gibbstown, NJ). Mouse
monoclonal antibody against human poly(ADP-ribose) polymerase (PARP) was purchased
from BIOMOL International LP (Plymouth Meeting, PA). Mouse monoclonal antibodies
against Bax (B-9), p27 (F-8), Ubiquitin (P4D1) and rabbit polyclonal antibody against
inhibitor of nuclear factor kB-a (IxB-a) (C-15), GAPDH (FL-335) and goat polyclonal
antibody against actin (C-11) were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Rabbit polyclonal antibody Hsp70 (SPA-812) was purchased from Stressgen Bioreagents
(Ann Arbor, MI). Mouse monoclonal antibody NCL-p27 was purchased from Novocastra
Laboratories Ltd (Benton Lane, Newcasle upon Tyne, UK). Enhanced Chemiluminescence
Reagent was from Amersham Biosciences (Piscataway, NJ). Apoptag Peroxidase In Situ
Apoptosis Detection Kit was from Chemicon International, Inc. (Temecula, CA). The
terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) in situ
apoptosis detection kit was from Roche (Mannheim, Germany). Annexin V-FITC Apoptosis
Detection Kit was from Bipec Biopharma Corporation (Cambridge, MA).

Nucleophilic susceptibility analysis

Analysis of electron density surface colored by nucleophilic susceptibility was generated
using Quantum CAChe (Fujitsu; Fairfield, NJ). Highly susceptible atoms for nucleophilic
attack were showed by two-colored “bull's-eyes”.

Computational modeling

The crystal structure of the eukaryotic yeast 20S proteasome used for all the docking studies
was obtained from the Protein Database.24:25 The yeast 20S proteasome is structurally very
similar to the mammalian 20S proteasome, and the chymotrypsin proteolytic site between
the two species is highly conserved. The AutoDock 3.0 suite of programs and docking
parameters were set up as described.24:25 The Autodock software was run on an 386
architecture computer operating with Redhat Linux 6.0 ™ operating system. The selected
dockings for shikonin were the two clusters with more members and lower binding free
energies. Structural output from Autodock was visualized using PyMOL software.

Inhibition of purified 20S proteasome activity by shikonin

Purified rabbit 20S proteasome (35 ng) was incubated with 40 umol/L of fluorogenic
peptide substrate Suc-LLVY-AMC (for the proteasomal chymotrypsin-like activities) in 100
ul assay buffer (20 mM Tris-HCI, pH 7.5) in the presence of shikonin at different
concentrations or the solvent DMSO for 2 h at 37°C, followed by measurement of
hydrolysis of the fluorogenic substrates using a Wallac Victor3™ multilabel counter with
355-nm excitation and 460-nm emission wavelengths.

Int J Cancer. Author manuscript; available in PMC 2010 May 15.
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Murine hepatoma H22, human prostate cancer PC-3 and murine leukemia P388 cells were
purchased from American Type Culture Collection (Manassas, VA) and grown in RPMI
1640 supplemented with 10% FBS, 100 units/ml of penicillin, and 100 pg/ml of
streptomycin or cultured as recommended by the supplier. Cell cultures were maintained at
37 °C and 5% CO,.

Whole cell extract preparation and Western blotting analysis

Inhibition of

A whole cell extract was prepared as described previously.26 Western blotting assay using
Enhanced Chemiluminescence Reagent was performed as described previously.27

the cellular proteasome activity by shikonin

Prostate cancer PC-3 or murine leukemia P388 cells were treated with different
concentrations of shikonin for indicated times. The prepared whole cell extracts (7.5 pg)
were incubated with the substrate Suc-LLVY-AMC for 2 h, followed by fluorescent
measurement as described above.

Annexin V-FITC binding assay

H22 or P388 cells were treated with shikonin as indicated. Harvested cells were washed with
cold PBS and re-suspended with 1xbinding buffer, followed by Annexin V- FITC
incubation for 15 min and PI staining for another 15 min at 4 °C in dark. The apoptosis rates
were detected by flow cytometry.

Flow cytometry analysis by propidium iodide (PI)

Establishme

Establishme

H22 cells were treated with 4 umol/L shikonin for different hours, followed by fixation with
70% ethanol and staining with PI. Cell viability was quantified as previously described.28

nt and treatment of H22 allografts

Male KMF mice aged 5 weeks were purchased from Guangdong Animal Center and housed
in accordance with protocols approved by the Guangdong Animal Center. Murine hepatoma
H22 cells (10x106) suspended in 0.2 mL of serum-free RPMI 1640 were inoculated s.c. in
the left armpit of each mouse. After 24 h of inoculation, mice were randomly divided into
three groups (10 mice per group) and treated with either vehicle (10% DMSO, 15% ethanol,
and 75% PBS) or shikonin (4.0 or 8.0 mg/kg) for consecutive 7 days. Two days later, the
mice were sacrificed, and the tumor tissues were weighed and stored at -70 °C.

nt and treatment of PC-3 xenografts

Male athymic nude mice aged 5 weeks were purchased from Taconic Research Animal
Services (Hudson, NY) and housed in accordance with protocols approved by the
Institutional Laboratory Animal Care and Use Committee of Wayne State University. PC-3
xenografts were generated by s.c. inoculation as described before23 and treated with either
vehicle [10% DMSO, 20% Cremophor:ethanol (3:1) and 70% PBS] or shikonin (5 mg/kg)
twice a week. Tumors were measured by caliper and tumor volume was calculated using
standard formula: Width2xLength/2. When the tumor reached to 1200 mm3 in the vehicle
group, the experiment was terminated and tumor tissues were removed for biological
analysis.

Int J Cancer. Author manuscript; available in PMC 2010 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal. Page 5

Proteasome inhibition and apoptosis assays using tumor tissue samples

Western blotting using animal tumor tissue samples was performed similarly as described
above using cultured cancer cells. TUNEL assay and p27 immunostaining in tumor tissues
were performed according to manufactory protocols.

Effect of shikonin on cumulative survival in KMF mice bearing mouse leukemia P388 cells

Male KMF aged 5 weeks were i.p. inoculated with murine leukemia P388 cells (1x107)
suspended in 0.2 mL of serum-free RPMI 1640. After 24 h, mice were randomly divided
into two groups (10 mice per group) and treated with i.p. bolus injections of either the drug
vehicle (10% DMSO, 15% ethanol, and 75% PBS) or shikonin (4 mg/kg) for 7 consecutive
days. The mice were then kept for additional 60 days and mouse survival was monitored
every day.

Statistical analysis

The difference with respect to tumor growth inhibition multiple groups was analyzed by
ANOVA, followed by Dunnett Test. P<0.01 was considered as significant difference.

Results

Computational modeling studies predict that shikonin interacts with the proteasomal g5
chymotryptic subunit and inhibits the chymotrypsin-like activity

Toward the goal of searching for a putative specific target of shikonin in tumor cells, we
analyzed the chemical structure of shikonin and noticed that it contained two carbonyl
carbons, C1 and C4 (Fig 1A). Some compounds containing eletrophilic carbonyl carbons
were susceptible towards attack by nucleophilic catalytic site of the proteasome.29 To
investigate whether shikonin was susceptible to be attacked by the proteasome, we
performed computational electron density analysis for shikonin molecule. The result
suggests that carbonyl carbons Cq and Cy4 of shikonin molecule have high susceptibility, as
denoted by “bull's eyes” with red center (Fig. 1B), towards a nucleophilic attack. Results
from computational docking indicated that shikonin could bind to the 5 chymotrypsin site
in an orientation and conformation that was suitable for a nucleophilic attack by the OH
group of Thr 1 of 35 subunit (Fig. 1C). There were two major docking modes out of total
seven obtained. One mode with the lowest docked free energy (-10.12 kcal/mol) was
repeated for 29 out of 100 runs (29% probability), showing that the distance from the
electrophilic C, of shikonin to the OH of B5 Thr 1 was 2.64 A (Fig. 1C, left). Another
docking mode (28% probability; -9.28 kcal/mol) showed a distance of 2.69 A from C; to the
OH of B5 Thr 1 (Fig. 1C, right). Since nucleophilic attack could occur within 4 A 23 the
docking data suggested that both C; and Cy4 of shikonin could interact with the proteasomal
{35, causing an inhibition of the chymotrypsin-like activity.

Shikonin inhibits the chymotrypsin-like activity of a purified rabbit 20S proteasome

To provide direct evidence for that shikonin inhibits the proteasomal chymotrypsin-like
activity, as predicted by the computational model, we performed a cell-free proteasome
activity assay. Purified rabbit 20S proteasome was incubated with up to 50 umol/L shikonin
for 2 h in the presence of a specific substrate for proteasomal chymotrypsin-like activity. As
shown in Figure 1D, the chymotrysin-like activity of the purified 20S proteasome was
significantly inhibited by shikonin with an 1Csq value of 12.5 umol/L. Shikonin at 25-50
umol/L inhibited ~80% of chymotrypsin-like activity of the purified 20S proteasome (Fig.
1D).

Int J Cancer. Author manuscript; available in PMC 2010 May 15.
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Shikonin causes proteasome inhibition and cell death in human PC-3 prostate cancer and
murine hepatoma H22 cell lines

To determine whether shikonin can also inhibit the cellular 26S proteasome activity, human
androgen-independent PC-3 prostate cancer cells were treated with shikonin at 5, 15, 25 or
50 umol/L for 6 h, followed by the measurement of proteasome activity in the cell lysates
prepared. The proteasomal chymotrypsin-like activity was inhibited by shikonin in a dose-
dependent manner (Fig. 2A): Shikonin caused 20, 45, 70 or 90% inhibition at 5, 15, 25 or 50
umol/L, respectively, and the I1Csq value calculated from this experiment was 16.5 umol/L,
comparable to that obtained by using the purified 20S proteasome (ICsq = 12.5 umol/L; Fig.
1D). Accompanying with proteasome inhibition by shikonin, ubiquitinated proteins, which
were tagged by polyubiquitins for the proteasome degradation29, were accumulated in a
dose-dependent manner: slight accumulation by 5 umol/L shikonin treatment and further
accumulation by shikonin at 15-50 umol/L (Fig. 2B). We also measured the levels of natural
proteasome target proteins, such as IkB-o, Bax and p27. An ubiquitinated form of 1kB-a30
was found to be accumulated by treatment of shikonin at 15 to 50 umol/L (indicated by an
arrow, Fig. 2B). Expression of Bax protein was also increased by 25-50 umol/L shikonin,
while p27 protein level was slightly increased by 15 umol/L shikonin and further increased
by 25-50 umol/L shikonin (Fig. 2B).

Inhibition of the proteasomal chymotrypsin-like activity was reported to be associated with
induction of tumor cell death.20 We then measured cell death by PARP cleavage and
morphological changes in the same samples of PC-3 cells. The cleaved PARP fragment p85/
PARP was detected after treatment of 5 umol/L shikonin for 6 h, while p65/PARP fragment
was generated by shikonin treatment at 15 to 50 umol/L (Fig. 2B).

Similarly, treatment of murine hepatoma H22 cells with shikonin inhibited the proteasome
in a dose-dependent manner (data not shown). In the same experiment, shikonin was also
able to induce apoptotic cell death. As shown in Figure 2C, compared to the vehicle DMSO
treatment, shikonin at 8-16 umol/L induced apoptotic cell death in 51-56% of H22 cells, and
it at 32 umol/L induced 96% of H22 cells undergoing apoptotic cell death (Fig. 2C).
Therefore, shikonin is able to inhibit the cellular proteasome and induce cell death in both
PC-3 and H22 cancer cells.

Shikonin-induced proteasome inhibition occurs prior to tumor cell death

Next we performed kinetic experiments using both H22 and PC-3 cell lines to determine
which event occurs first, proteasome inhibition or cell death induction. H22 cells were
treated with 4 umol/L shikonin for up to 48 h, followed by Western blotting and flow
cytometry analysis. As shown in Fig. 3A, the levels of ubiquitinated proteins started to
increase after 2 h treatment with shikonin, which was further increased afterwards (Fig. 3A).
The level of 1kB-a protein also started to increase after 2 h treatment and further increased in
a similar Kinetics as that of ubiquitinated proteins (Fig. 3A). Bax protein expression was
increased slightly after ~8 h and significantly after 24 and 48 h treatment (Fig. 3A). Levels
of p27 protein were found to increase apparently after 24 to 48 h treatment of shikonin (Fig.
3A). Hsp70, a major stress-inducible heat shock protein, was increased after 4 h treatment
with shikonin and further increased afterwards in a time-dependent manner (Fig. 3A). In a
sharp contrast to the proteasome inhibition at early hours, cell death occurred in later hours.
PARP cleavage, an indicator of apoptotic cell death31 was detected only at 24-48 h
treatment of shikonin (Fig. 3A). We also performed flow cytometry to measure the sub-G;
population, another cell death marker, in the cells after shikonin treatment. Compared to
untreated control, sub-G4 population was increased by only 2-fold after 12 h and further
increased by 4- to 5-fold after 24-48 h treatment (Fig. 3B).

Int J Cancer. Author manuscript; available in PMC 2010 May 15.
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Then we treated PC-3 cells with 10 umol/L shikonin for up to 24 h. The results showed that
the proteasomal chymotrypsin-like activity in PC-3 cells was inhibited around 50% at as
early as 0.5 h after addition of shikonin, which was lasted to 8 h and then further increased
to 70% inhibition at 24 h (Fig. 4A). Consistently, accumulation of ubiquitinated proteins
was detected from 1 h to 24 h, peaked at 8 h during the treatment of shikonin (Fig. 4B).
Levels of Bax protein and the ubiquitinated form of IxB-a were slightly increased after 0.5 h
treatment and greatly increased at 8 or 24 h, respectively (Fig. 4B). Expression of p27
protein was increased from 8 h to 24 h of shikonin treatment (Fig. 4B). In the same kinetic
experiment, a band of PARP/p65 cleaved fragment was detected at 8 h (Fig. 4B), which
became very abundant after 24 h treatment (Fig. 4B). Cell death was also observed under
microscope after 8 h treatment (data not shown), consistent with the changes on molecular
levels (Fig. 4B). Taken together, these results indicated that the proteasome inhibition by
shikonin was followed by induction of cell death in both cancer cell lines, suggesting that
the proteasome is a cellular target of shikonin for cell death.

Cytotoxicity of shikonin to murine leukemia P388 cells

We then determined the cytotoxicity of shikonin in cultured murine leukemia P388 cells.
Shikonin-induced dose-dependent inhibitory effects on the chymotryptic activity of the
proteasome were observed in P388 cells, showing 17, 32, 56 and 75% inhibition at 1, 2, 4
and 6 umol/L, respectively (Fig. 5A). Ubiquitinated proteins were also accumulated by
shikonin treatment at 1-6 umol/L (Fig. 5B). Accompanying with proteasome inhibition, cell
death was induced by shikonin in a dose-dependent manner, as evident by appearance of
cleaved PARP fragment (Fig. 5B). In the same experiment, Shikonin-induced cell death was
quantified with Annexin-PI binding assay: 19.4, 40.4. 82.1 and 90.6% cell death detected in
the cells treated with shikonin at 1, 2, 4 and 6 umol/L, respectively (Fig. 5C), demonstrating
dose-dependency.

In a kinetic experiment, shikonin-induced proteasome inhibition was followed by induction
of cell death in P388 cells (Fig. 6), similar to what observed in H22 and PC-3 cell lines
(Figures 3-4). After only 0.5 h treatment with 2 umol/L shikonin, about 10% proteasome
activity was already inhibited (Fig. 6A). This inhibition was further increased to 50% after
8-12 h treatment. Consistently, ubiquitinated proteins were also accumulated as early as 0.5
h treatment and further accumulated in a time-dependent manner (Fig. 6B). Following
proteasome inhibition, cell death was detected at 1 or 2 h after addition of shikonin. A low
level of cleaved PARP fragment was detected at 1 h which reached its peak at 8 h after
shikonin treatment (Fig. 6B). Compared to control, cell death was not detected before 2 h
treatment (Fig. 6C), which was increased by 3-fold at 2 h and by 7-8-fold after 8-12 h
treatment (Fig. 6C). These data confirm that proteasome inhibition occurs prior to cell death
induction by shikonin.

Shikonin treatment significantly increased the survival rate of tumor-bearing mice

To study the in vivo effect of shikonin, we first determined effect of shikonin on survival of
mice bearing tumors. Male KMF mice were inoculated by i.p. injection with P388 cells.
After 24 h, mice were randomly divided into two groups (10 mice per group) and started i.p.
bolus injections with either drug vehicle or 4 mg/kg/day shikonin for 7 consecutive days.
After that, the effect of shikonin on mice survival was monitored daily for next 60 days (Fig.
7A). We found that all the mice in control group died within 23 days. In a sharp contrast,
only one mouse in shikonin-treated group died on day 28 and all the others survived to the
end of the experiment (for 60 days) (Fig. 7A). These data demonstrate that shikonin
treatment greatly prolonged the survival period in leukemic mice.

Int J Cancer. Author manuscript; available in PMC 2010 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 8

The antitumor property of shikonin was associated with its proteasome-inhibitory activity

in vivo

Next we determined whether shikonin targets the tumor proteasome in vivo, as observed in
cultured cancer cells. Male KMF mice were inoculated s.c. in the left armpit with H22 cells
(1 x 107). After 24 h inoculation, mice were randomly divided into three groups (10 mice
per group), which were i.p. daily treated with either the drug vehicle or shikonin at 4.0 mg/
kg or 8.0 mg/kg for 7 consecutive days. Two days after that, all the mice were sacrificed,
and the tumors were weighed. As shown in Fig. 7B, tumor weight in the vehicle-treated
group reached to ~1800 mg in average. In comparison, tumor weight from groups treated
with 4 mg/kg or 8 mg/kg shikonin was 1000 and 800 mg, respectively (Fig. 7B),
demonstrating 45% and 56% inhibition. Therefore, shikonin at both doses could
significantly inhibit the growth of H22 allografts (P<0.01).

Whether the proteasome was inhibited by shikonin in H22 tumors was then examined by
Western blotting analysis using whole tissue extracts and immunohistochemistry. Compared
with vehicle control, shikonin treatment caused accumulation of ubiqutinated proteins, as
well as IkB-a, Bax, p27 and Hsp 70 proteins (Fig. 7C). In situ proteasome inhibition and
increased p27 protein level in H22 tumors treated with shikonin was confirmed by tissue
immunostaining. Increased expression of p27 protein was observed in groups treated with
shikonin at 4 or 8 mg/kg compared to vehicle control (Fig. 8A). All these results suggested
that shikonin could reach the proteasome and inhibit its activity in H22 tumor tissues. In the
same H22 tumors treated with shikonin, apoptotic cell death was also induced, as evident by
generation of p85/PARP cleavage fragment (Fig. 7C) and TUNEL positivity (Fig. 8A).

To confirm the H22 in vivo results, human prostate cancer PC-3 xenografts were also
generated s.c. in male nude mice. Compared to the vehicle-treated group, shikonin at 5 mg/
kg/day treatment induced ~20% growth inhibition in nude mice bearing PC-3 tumors, which
is correlated with 30% inhibition of the chymotrypsin-like activity in the tumors (data not
shown). Immunostaining of p27 and TUNEL assay were also performed in the tumor tissues
from the same PC-3 xenografts. Both p27 expression and TUNEL-positive cell population
were increased in shikonin treated PC-3 tumors compared to vehicle control (Fig. 8B). From
these in vivo studies, we conclude that the antitumor property of shikonin is associated with
its proteasome-inhibitory and cell death-inducing activities.

Discussion

Shikonin is the main component of Chinese herbal medicine Zi Cao (gromwell)1 that has
antitumor activity.7 Although several in vitro molecular targets were found to be associated
withn shikonin-induced apoptotic cell death,11:14:15 the in vivo cellular target of shikonin is
still unknown. Here we report that shikonin targets the tumor proteasome and inhibits the
proteasomal chymotrypsin subunit B5 in vitro and in vivo. Shikonin inhibits the
chymotrypsin-like activity of a purified 20S proteasome and 26S proteasome in murine
hepatoma and human prostate cancer cells and tumors, leading to induction of cell death and
tumor growth inhibition.

Chemical structure analysis combined with computational modeling predicted shikonin
might be a proteasome inhibitor. Shikonin contains two carbonyl carbons, C; and (Fig. 1A),
both of which are eletrophilic in nature that might therefore interact with Thr 1,22 the
catalytic site of the proteasomal 5 subunit responsible for the chymotrypsin-like activity.
This hypothesis was supported by the following lines of docking results: (i) C; and C4 atoms
of shikonin were highly susceptible towards nucleophilic attack by the 5 subunit of
proteasome (Fig. 1B); (ii) there was a very high probability (29%+28%=57%, Fig. 1C) for
C, or C4 of shikonin to bind to the g5 subunit; (iii) these two potential carbons were oriented

Int J Cancer. Author manuscript; available in PMC 2010 May 15.
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the effective range (4 A)24 for interacting with the Thr 1of 5 (Fig. 1C); (iv) Theenergies of
these docking modes were very low.

Consistent with the prediction from the computational modeling, our experimental data
supported that shikonin targeted the proteasome. First, shikonin directly and potently
inhibited the chymotrypsin-like activity of the purified proteasome with an 1Csgq value of
12.5 umol/L (Fig. 1D). Secondly, shikonin inhibited the tumor cellular proteasome activity
with an ICgq values between 2-16.5 umol/L (Figs. 2, 4-6). Thirdly, treatment of both H22
and PC-3 cancer cell lines by shikonin caused accumulation of ubiquitinated and proteasome
target proteins (Figs. 2-6). Finally, shikonin inhibited the proteasome in H22 allografts and
PC-3 xenografts (Figs. 7, 8). It has been found that some natural compounds with
proteasome inhibitory properties, such as EGCG and B-lactone, need higher concentration to
reach the same inhibition to cellular 26S proteasome as it to purified 20S proteasome.32:33
We also found that shikonin showed less potency to inhibit 20S proteasome than that to
inhibit 26S proteasome in P388 cells, although in PC-3 cells it showed comparable potency
to inhibit purified 20S proteasome (ICsp = 12.5 umol/L) and cellular 26S proteasome (50%
inhibition of the proteasome at 10-16 pmol/L) (Figs. 1, 2, 4).

Proteasome inhibitors represent a novel class of anticancer drugs. Bortezomib (PS-341), the
first proteasome inhibitor in clinical trial approved by FDA has been demonstrated to cause
tumor cell death in vivo34, consistent with the hypothesis that inhibition of the proteasome
causes induction of tumor cell death. In our dose-dependent studies, we found that shikonin
inhibited the proteasome in different cancer cell lines, which was accompanied by cell death
induction (Figs. 2, 5). Moreover, in our kinetic experiments, we found that proteasome
inhibition by shikonin occurred before cell death induction. We determined cell death using
multiple assays, all of which showed that cell death occurred after proteasome inhibition
(Figs. 3, 4, 6). Therefore, proteasome inhibition by shikonin should contribute to the
subsequent cell death.

Furthermore, we found that shikonin inhibited the tumor cellular proteasome and suppressed
tumor growth in H22 allografts and PC-3 xenografts. We found inhibition of chymotrypsin-
like activity (data not shown), accumulation of proteasome substrate proteins IxB-a, Bax
and p27 as well as ubiquitinated proteins in shikonin-treated tumors compared to vehicle-
treated tumors (Fig. 7). The proteasome inhibition was confirmed by the extensive
accumulation of p27 in situ in shikonin-treated tumor tissues (Fig. 8). The same shikonin-
treated tumor samples showed PARP cleavage and TUNEL positivity, indicating that in vivo
proteasome inhibition by shikonin was associated with tumor cell death (Fig. 8). Finally,
shikonin treatment at 4.0-8.0 mg/kg for 7 consecutive days caused 45-56% of tumor growth
inhibition (Fig. 7B). All these results suggest that shikonin can reach the tumor cellular
proteasome, causing tumor cell death and tumor growth inhibition.

We noticed that shikonin treatment resulted in Hsp 70 increase, which is implicated to
protect cells from stress-induced cell death.35 The pleiotropic effects on activation of both
apoptotic and antiapoptotic proteins have been found when other proteasome inhibitors were
tested.36 Heat shock proteins are highly conserved proteins in response to stresses such as
physical and chemical stresses.37 Hsp 70 is a predominant stress-inducible heat shock
protein. Sikonin treatment (4 umol/L) increased Hsp 70 protein in H22 cells (Fig. 3). There
are at least two possible explanations for this Hsp 70 protein increase. i) In response to
chemical stress introduced by shikonin treatment, Hsp 70 synthesis might be elevated. ii)
Due to proteasome inhibition by shikonin, degradation of Hsp 70 protein was decreased.
Regardless of the increase of Hsp 70 upon proteasome inhibition by shikonin, other pro-
apoptotic proteins, IxB-a, Bax and p27 were also accumulated and cell death occured in the
cultured hepatoma cells (Fig. 3). It has been suggested that cell proliferation and cell death is

Int J Cancer. Author manuscript; available in PMC 2010 May 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 10

regulated by the balance between proapoptotic and anti-apoptotic proteins.35 Our results
suggest that although shikonin activated both apoptotic and ant apoptotic pathways, as a net
result, this treatment made the cells shift toward cell death.

A shikonin-containing mixture has been examined in 19 late-stage lung cancer patients who
were not suitable for surgical or irradiation treatment, showing that one year survival rate
was 47.3%.17 In accordance with this report, our cumulative survival experiments
demonstrated that 4 mg/kg shikonin treatment significantly extended the survival period of
KMF mice bearing murine leukemia (Fig. 7A). Within 23 days, the entire 10 control vehicle
treated mice died. In a sharp contrast, the 9 out of 10 mice treated with 4 mg/kg shikonin
survived by the end of the experiment (60 days). However, when shikonin was used at a
higher concentration (8 mg/kg) in the same experiment, only 7 out 10 mice survived by the
end of the experiment (60 days; data not shown). Therefore, high dose treatment of shikonin
might have caused some toxicity although no apparent loss of body weight was found in
these mice. We also found slight loss of body weight and activity in nude mice bearing
human prostate cancer under our experimental conditions.

Natural compounds might have multiple cellular targets in order to achieve their biological
beneficial effects such as tumor growth inhibition.38 Results of the present study, for the
first time, show that the 25 subunit of the proteasome is one of the targets of shikonin in
vitro, inhibition of which leads to cell death in tumor cells. More importantly, our work also
demonstrates that the tumor proteasomal chymotrypsin subunit is also an in vivo biological
target of shikonin in tumor tissues, inhibition of which is associated with tumor growth
inhibition. This study suggests that shikonin has a great potential to be used clinically for
treatment of various human cancers.
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Figure 1. Computational modeling and cell-free proteasome-inhibitory activity of shikonin

A, The chemical structure of shikonin was shown. B, Nucleophilic susceptibility of shikonin
analyzed using CAChe software. Higher susceptibility was shown at the C; and Cy4 positions
of shikonin. C, Computational modeling of shikonin interacting with 25 subunit of
proteasome. Shikonin was shown in pink while the hydroxyl group (OH) of the N-terminal
threonine (Thr 1) of 25 subunit was shown in red and white. The distance of C4 to the OH of
Thr 1 was 2.64 A in one cluster with 29% possibility (C, left) while the distance of C; to the
OH of Thr 1 was 2.69 A in another cluster with 28% possibility (C, right). D, Shikonin
inhibits the chymotrypsin (CT)-like activity of a purified 20S proteasome. To verify
computational modeling results, inhibition of CT-like activities of a purified 20S rabbit
proteasome (35 ng) by shikonin was tested. The calculated I1Csq value of shikonin was 12.5
umol/L.
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Figure 2. Shikonin dosage effects on proteasome inhibition and cell death induction in PC-3 and
H22 cells

A-B, Human prostate cancer PC-3 cells were treated with either solvent DMSO (DM) or
indicated concentrations of shikonin for 6 h, followed by measuring the inhibition of the
protesomal CT-like activity using fluorescent substrate Suc-LLVY-AMC (A) and Western
blotting analysis using specific antibodies against ubiquitinated proteins, IkB-o Bax, p27
and PARP (B). Columns, means of independent triplicate experiments; bars, SD. Molecular
weight of 1kB-o Bax and p27 is 37, 23 and 27 kDa, respectively. An ubiqutinated form of
1°B-+ (~56 kDa)30 was indicated by an arrow. Full length PARP is 116 kDa, the cleaved
fragments of PARP are 85 kDa or 65 kDa. Actin was used as loading control. C, Murine
hepatoma H22 cells were treated with either DMSO (DM) or 8, 16 or 32 uM shikonin for 24
h, followed by Annexin V-FITC binding assay. The lowerright part (Annexin V-FITC +/PI
-) was considered as early stage of apoptotic cells and upright part (Annexin V-FITC +/ PI
+) was considered as late stage of apoptotic cells. The lowerleft part (Annexin-FITC -/PI -)
was considered as viable cells and the upleft part (Annexin V-FITC -/ Pl +) was considered
as necrotic cells.
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Figure 3. Kinetic effect on proteasome inhibition and apoptosis induction by shikonin in H22

hepatoma cells

H22 cells were treated with 4 ¥amol/L of shikonin for indicated hours, followed by Western
blotting analysis using specific antibodies against ubiquitinated proteins (Ub-prs), IxB-a
Bax, p27, Hsp70, PARP, GAPDH (loading control, A) and flow cytometry analysis (B).

Sub-G1 cell population, as indicated (%), was considered as apoptotic cells.
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Figure 4. Kinetic effect on proteasome inhibition and apoptosis induction by shikonin in PC-3

prostate cancer cells

PC-3 cells were treated with 10 pmol/L of shikonin for different hours, followed by
measurement of the protesomal CT-like activity using fluorescent substrate Suc-LLVY-
AMC (A) and Western blotting analysis (B). Columns, means of independent triplicate

experiments; bars, SD.
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Figure 5. Dosage effect on proteasome inhibition and cell death induction by shikonin in P388

leukemia cells

P388 cells were treated with various concentrations of shikonin (Shi) for 6 h, followed by
the proteasome CT-like acitivity assay (A), Western blotting analysis using specific
antibodies against ubiquitinated proteins (Ub-prs), PARP, GAPDH (loading control, B) and
annexin-P1 binding assay (C). Columns, means of independent triplicate experiments; bars,

SD. Cell death rate (%) was shown.
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Figure 6. Kinetic effect on proteasome inhibition and cell death induction by shikonin in P388
leukimia cells

P388 cells were treated with 2 umol/L of shikonin for different hours, followed by
measurement of the protesomal CT-like activity (A) and Western blotting analysis using
specific antibodies against ubiquitinated proteins (Ub-prs), PARP, GAPDH (loading control,
B) and annexin-PI binding assay (C). Columns, means of independent triplicate experiments;
bars, SD. Cell death rate (%) was shown.
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Figure 7. Shikonin prolongs survival of mice beaing tumors and suppresses tumor growth

A, Shikonin effect on cumulative survival in KMF mice. Male KMF aged 5 weeks were i.p.
inoculated with murine leukemia P388 cells. After 24 h, mice were randomly divided into
two groups (10 mice per group) and treated with i.p. bolus injections of either drug vehicle
(V) or 4 mg/kg/day shikonin (Shi 4) for 7 consecutive days. The mice were then kept for
additional 60 days to determine the effect on mice survival of shikonin. Triangle indicates
the end of the experiment. B, C, H22 allografts were generated in male KMF mice as
described in Materials and Methods and treated with either vehicle (V) or shikonin at 4.0
mg/kg (Shi 4) or 8.0 mg/kg (Shi 8) (10 mice per group) for 7 consecutive days. Two days
after that, the mice were sacrificed, and the tumor tissues were weighed (B), and tumor
tissue samples were analyzed by either Western blotting using antibodies against proteasome
target proteins and PARP (C). Bars, SD; *, P<0.01.
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TUNEL

Figure 8. Immunostaining of p27 and TUNEL assay

A, H22 tumors were generated and trerated with vehicle (V) or 4 mg/kg shikonin (Shi 4) or 8
mg/kg shikonin (Shi 8) as described in Figure 5. Tumor tissues were sectioned for
immuostaining of p27 and TUNEL assay (A). B, PC-3 xenografts were generated in male
athymic nude mice as described in Materials and Methods and treated with either vehicle
(V) or 5 mg/kg shikonin (Shi 5) twice a week. By the end of the experiment, tumor tissues
were removed for immunostaning of p27 and TUNEL assay. Pictures were taken under 400
magnitudes.
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