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Bortezomib is well-known for inducing cell death in cancer cells, specifically through the mechanism of proteasome
inhibition. Thiostrepton, a thiazole antibiotic, has also been described for its proteasome inhibitory action, although
differing slightly to bortezomib in the proteasomal site to which it is active. Previously we had shown the synergic effect
of bortezomib and thiostrepton in breast cancer cells in vitro, where sub-apoptotic concentrations of both proteasome
inhibitors resulted in synergic increase in cell death when combined as a treatment. Here, we administered such a
combination to MDA-MB-231 xenograft tumors in vivo, and found that the effect of complementary proteasome
inhibitors reduced tumor growth rates more efficiently than compared with when administered alone. Increased
induction of apoptotic activity in tumors was found be associated with the growth inhibitory activity of combination
treatment. Further examination additionally revealed that combination-treated tumors exhibited reduced proteasome
activity, compared with non-treated and single drug-treated tumors. These data suggest that this drug combination may
be useful as a therapy for solid tumors.

Introduction

By interfering with inherent mechanisms for balancing protein
levels, proteasome inhibitors have shown potent effects for
inducing apoptosis in cancer cells. Proteasome inhibitors operate
by direct or indirect inhibition of the enzymatic sites within the
proteasome, resulting in the prevention of protein degradation
which leads to the accumulation of specific proteins that affect cell
viability. For example, treatment with proteasome inhibitors
leads to the accumulation of phosphorylated IkB-a, a regulatory
protein responsible for preventing the nuclear translocation of
NF-kB.1,2 By stabilizing p-IkB-a, the transcriptional activity of
NF-kB is prevented, halting the transcription of proliferation-
associated genes.3,4 However, the effect of proteasome inhibitors
on NF-kB cannot fully explain their anticancer activities.5

Bortezomib, the first FDA-approved proteasome inhibitor for
use as a chemotherapeutic drug for cancer treatment,6,7 is well
characterized for its direct inhibition of two of three of the specific
binding sites of the proteasome.8 The thiazole antibiotic,
thiostrepton, is a more recently discovered proteasome inhibitor
which has been shown to inhibit the third site of the proteasome,9

to result in cell death in a variety of cancer cell lines.10,11 The
allosteric effect of complementary proteasome inhibitors has
been discussed, where the inhibition of the “caspase-like” site,
the one inhibited by thiostrepton, can sensitize inhibition of

the other “chymotrypsin-like” and “trypsin-like” sites by drugs
such as bortezomib.12 The synergic anticancer effect of combining
these two complementary proteasome inhibitors has been
further described in a range of cancer cell lines in vitro.13,14

Other studies have also identified the use of complementary
proteasome inhibitors for the treatment of myeloma cancers,
leaving room for the development of such combination
cocktails for other types of tumor.15 Therefore, we aimed to
investigate the effect of combining thiostrepton with bortezomib
as an anticancer drug for treating triple negative xenograft breast
cancer tumors.

Thiostrepton is a highly hydrophobic molecule, therefore
methods for its solubilization into aqueous solutions are required
to demonstrate its potential as a drug for cancer therapy.
Previously described are the moderate anticancer effects of
thiostrepton in breast cancer xenograft model, most probably
due to the solubility issues of the drug.10 Since, we have
contemplated the solubilization of thiostrepton into micellar
nanoparticles, thereby addressing the issue with solubility and at
the same time formulated a thiostrepton-encapsulated nano-
medicine for improved delivery to cancers. The advantages of
employing nanoparticle vehicles for delivering cancer drugs lie in
both the protection of the drug from external stimuli during
transport (in circulation) and in the increase of the concentration
of drugs in the tumor. The vasculature that supplies tumors differs
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from that of normal organs in their irregularity and their
punctuations with fenestrations with diameters of approximately
700 nm.16 Having considered the solubility issues of thiostrepton,
we report on the study of combining the complementary
proteasome inhibitors, thiostrepton and bortezomib, for the
treatment of solid breast cancer tumor xenografts.

Results and Discussion

Thiostrepton solubilization was performed by its encapsulation
into nanomeric particles. According to a previous protocol,
nanoparticle formulation was achieved using DSPE-PEG2000-
MeO, an amphiphilic polymer-lipid conjugate as the material
for thiostrepton encapsulation.17 Upon dispersion into aqueous
solution, DSPE-PEG2000-MeO self-assembles into nanoparticular

structures, where the lipidic compartments point inwards to form
hydrophobic cores in which other hydrophobic molecules can be
solubilized. It is within this hydrophobic core that thiostrepton is
entrapped, resulting in a nanoparticle micelle structure approxi-
mately 100 nm in diameter, a size small enough to pass through
such fenestrations to selectively accumulate into tumors. The
ability of micelle-thiostrepton to localize into solid tumors was
examined by fluorescently labeling the nanoparticle and mea-
suring the amount of tumor-associated fluorescence over time.
We had found that fluorescence within the tumor was highest at
4 h post-administration, whereas by 17 h, the tumor-associated
fluorescence had predominately diminished (Fig. 1A). This was
demonstrative that micelle-thiostrepton was able to reach tumors
at high concentrations after intravenous injection, upon which its
anticancer effects can be exerted.

Figure 1. Effect of bortezomib and micelle-thiostrepton treatment on MDA-MB-231-luc tumor xenograft models. (A) Biodistribution of rhodamine-
labeled micelle-thiostrepton complexes in tumor-bearing mice. High micelle-associated fluorescence is apparent in tumors and in the liver 4 h post-
injection. Value for each organ represents an average of n = 2–4. (B) Anticancer effects of bortezomib (0.5 mg/kg) alone, micelle-thiostrepton treatment
(30 mg/kg) alone, a combination of bortezomib and micelle-thiostrepton on MDA-MB-231 xenograft volumes, after five treatments over 15 d, n = 6–8.
All averages were considered significant, and the t-test p value of the non-treated and the V+T-treated tumors was calculated to be 0.011. Error bars
represent SEM. (C) Change in tumor-associated bioluminescence in animals bearing breast cancer xenografts after continuous treatment with
a combination of complementary proteasome inhibitors over 15 d. Luciferase expression demonstrates that the sizes of tumors treated with bortezomib
and thiostrepton were much smaller in size than the non-treated controls. (D) Change in animal weight during treatment schedule. Only the animals
receiving the combination of proteasome inhibitors demonstrated slight weight loss, compared with non-treated and single drug-treated animals.
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To determine the combinatory effect of bortezomib and
thiostrepton, animals bearing triple-negative MDA-MB-231-luc
solid breast tumor xenografts were administered with either
bortezomib (0.5 mg/kg), micelle-encapsulated thiostrepton
(30 mg/kg) or a combination of the two. The in vitro synergic
effect of this combination for inducing apoptosis in the MDA-
MB-231 cell line was previously described.13 After a dosing
schedule of five injections (15 d, 2–3 injections per week), tumors
treated with a combination of the proteasome inhibitors
appeared to be significantly smaller in size, compared with non-
treated tumors and to those treated with single drugs (Fig. 1B).
Bortezomib and micelle-thiostrepton-treated tumors progressed
in size at a rate similar to that of non-treated tumors, although a
slight reduction in tumor growth was observed after repeated
treatment (Fig. 1B). After completion of the treatment schedule,
non-treated tumors had increased in size (compared with day 0,
first day of treatment) by 10-fold, bortezomib and thiostrepton-
treated tumors had increased in size by 6-fold, whereas tumors
treated with a combination of the drugs only increased in volume

by 3-fold (Fig. 1B). This is depicting the enhanced effect of
treating solid tumors with a combination of proteasome
inhibitors. The implanted tumor cells also stably express
luciferase, therefore live imaging of tumor-associated biolumi-
nescence also allowed the determination of tumor cell viability.
Bioluminescence data correlates with that of the tumor growth
curve, where non-treated tumors expressed higher amounts of
luciferase, compared with tumors treated with a combination of
proteasome inhibitors (Fig. 1C). After the treatment schedule,
only animals treated with a combination of proteasome inhibitors
showed weight loss, probably a result of both the inhibition of
tumor growth (less tumor mass) and the slight increase in toxicity
from combination treatment. However, it is likely that any
toxicity is far from lethal, as the weight loss was a maximum of
5% (Fig. 1D)

Upon completion of the dosing program, tumors were harvested
and examined for markers of apoptosis. Immunohistochemical
analysis on individual tumors demonstrated enhanced induction of
cleaved caspase-3 in combination-treated tumors, compared with

Figure 2. Combination treatment with bortezomib and micelle-thiostrepton induces cell death in MDA-MB-231-luc tumor xenografts, as determined
by promotion of apoptotic markers. (A) Immunhistochemical analysis of four individual tumors (two from non-treated and two from combination treated
groups) for cleaved caspase-3 expression (counterstained with hematoxylin). Cleaved-caspase-3 is evidently enhanced in combination-treated tumors,
identified by the presence of larger numbers of dark, DAB-stained clusters. Control slides were incubated with rabbit IgG primary antibodies. Blue bars
represent 100 mm (20 �). (B) Protein gel blotting of a panel of individual tumor homogenates (five of non-treated and five of combination-treated)
against cleaved PARP and b-actin. Cleaved PARP expression is increased in tumors treated with a combination of thiostrepton and bortezomib.
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non-treated tumors (Fig. 2A). Furthermore, individual homo-
genized tumor samples also showed increased promotion of
cleaved-PARP, another apoptotic marker, in combination-treated
tumors compared with non-treated tumors (Fig. 2B). This
suggests that the suppression of tumor growth by combination
treatments is associated with induction of cell death within the
tumor cells. Tumor homogenates were also examined for differences
in proteasome activities of tumor-associated proteasomes.
Homogenized tumor lysates were incubated with the fluorogenic
peptide YVAD-amc, a proteasome substrate that is cleaved by the
caspase-like site within the proteasome. First, it was found that
tumor-associated proteasomes from non-treated tumors maintained
the highest activity (Fig. 3A). Contrastingly, tumors treated with
a combination of the proteasome inhibitors bortezomib and
thiostrepton exhibited impaired proteasome function, as demon-
strated by the reduced abilities of tumor-associated proteasomes to
cleave the fluorogenic substrate (Fig. 3A). Furthermore, single drug-
treated tumors also showed reduction in proteasome substrate
cleavage, however to a lesser extent than tumors treated with the
combination of complementary inhibitors. This may the reason as
to why a bortezomib-only treatment proves challenging in treating
solid tumors.18 The decrease in proteasome activity in combination-
treated tumors is likely a result of proteasome inhibition by both
bortezomib and thiostrepton, which ultimately leads to the
suppression of tumor growth.11,13 Similar effect is observed when
the combination of such complementary proteasome inhibitors is
used to inhibit the activity of purified proteasomes (Fig. 3B).
Bortezomib and thiostrepton alone only slightly hindered the effect
of purified proteasomes to cleave YVAD-amc substrates, whereas the
effect of proteasome obstruction was more apparent when used in
combination (Fig. 3B). Although we believe that anticancer effects

of thiostrepton and other proteasome inhibitors may be linked
to the suppression of FOXM1, the exact mechanism of this
suppression is not completely understood.19,20

Here, the main aim of this communication is to demonstrate
the complementary effect of thiostrepton plus bortezomib on
inhibition of breast xenograft tumor growth in vivo. Our data
suggest that the anticancer effect of combination of thiostrepton
and bortezomib is superior to their individual treatments and may
have a potential as a therapy against solid tumors. Further study is
required to elucidate the full mechanisms through which tumor
growth is inhibited by combined administration of these two
proteasome inhibitors and their relevance to patient treatment.

Material and Methods

MDA-MB-231-luc-D3H2-LN, human lymph node-derived meta-
static mammary gland adenocarcinoma (Caliper Lifescience) were
maintained in MEM media (Mediatech) supplemented with 10%
FBS (Atlanta Biological), 1% 100� non-essential amino acids
(Gibco), 1% 200 mM NaPyruvate (Gibco) and 75 mg/mL Zeocin
(Invitrogen). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000-MeO) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl) (Rhodamine-DOPE) was purchased from
Avanti Polar Lipids. Thiostrepton (from Streptomyces azureus, 90%
purity) was obtained from Sigma and bortezomib was purchased
from Millennium pharmaceutics. Purified proteasomes and the
YVAD-amc proteasome substrate were purchased from Enzo.

Thiostrepton-nanoparticle preparation. A thin lipid-film of
DSPE-PEG2000-MeO and thiostrepton was prepared by mixing
the two components in chloroform in a 10 mL round-bottomed

Figure 3. Combination of bortezomib and thiostrepton suppresses proteasome activity. (A) Proteasome activity assay showed that lysates from MDA-MB-
231 tumors treated with a combination of proteasome inhibitors had decreased ability for proteasome substrate cleavage, compared with that from
non-treated and single drug-treated tumors. Values represent averages of 6–8 tumors and error bars depict SEM p values are stated within the figure.
(B) Proteasome activity assay showed that bortezomib and thiostrepton inhibit proteasome activities of purified proteasomes to a greater extent when
used in combination.
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flask. The chloroform was removed in vacuo and by air-drying,
after which the lipid film was hydrated (for final thiostrepton
concentration of 1 or 2 mM) with PBS (pH7) or H2O and
vortexed at room temperature for 10 min. Final solutions
contained 1 mM of thiostrepton contained in 3 mM of DSPE-
PEG2000-MeO. For fluorescence labeling, DOPE-Rhodamine was
incorporated at the chloroform stage at a 1:100 molar ratio to
DSPE-PEG2000-MeO. Sizes and zetapotentials of nanoparticles
(in PBS) were analyzed by dynamic light scattering, using a 5 mW
633 nm laser angled at 90° to the sample.20

Animal maintenance and tumor xenograft experiments.
Animals were maintained and treated in accordance with the
Animal Care and Use Committee of UIC. Tumor models were
prepared by implanting 1 � 106 of MDA-MB-231-luc cells
suspended in 50 uL of 1:1 PBS/Matrigel into each flank of 4-
week-old male athymic mice (Taconic). Treatment began once
tumors reached sizes of 100 mm3. After completion of the dosing
schedule, animals were sacrificed and tumors were removed.
Tumors were frozen in liquid N2 and kept at -80°C until further
analysis.

Biodistribution of micelle-thiostrepton nanoparticles. Rho-
labeled micelle-thiostrepton nanoparticles (1mM in PBS) were
injected via the tail-vein into MDA-MB-231 tumor-bearing
animals (1 cm3 per tumor) at a dose of 40mg thiostrepton/kg. At 4,
17 and 24 h post-injection, animals were sacrificed, and organs were
removed and imaged using the Xenogen IVIS system for rhodamine-
fluorescence distribution (ex = 570 nm, em = 620 nm). Background
autofluorescence was eliminated using a spectral unmixing algorithm
provided by Living Image software and photon flux per organ was
measured again with Living Image software.

Treatment of xenograft models with micelle-encapsulated
thiostrepton and bortezomib. Animals bearing tumors were
randomized into groups of four to five, where groups were
administered with either 30 mg/kg of thiostrepton encapsulated in
micelles (2 mM thiostrepton/6 mM DSPE-PEG2000-MeO in
PBS, 200–300 mL i/v), 0.5 mg/kg Bortezomib (in saline, 50 mL
per injection i/p) or with both thiostrepton 30 mg/kg and
bortezomib 0.5 mg/kg. Treatments were performed once every
2 d (three times a week), during which tumor volumes were
monitored with calipers (l � w � h = volume, mm3). Animals
were also weighed once a week. After five treatments, animals
were sacrificed and tumors removed. Removed tumors were
divided into two pieces, one piece was fixed in 10% formalin
(for 24 h, followed by storage in 70% EtOH solution) and the
other was frozen in liquid N2 and mechanically homogenized
(Fisher, Polytron) in IP lysis buffer (20 mM HEPES,
1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 100 mM NaF, 10 mM Na4P2O7, 1 mM Na3VO4,
0.2 mM PMSF).

For bioluminescence imaging, animals were injected intra-
peritonially with 100 mg luciferin/kg 10 min before animals
were anaesthetized under isoflurane. Animals were then imaged
for tumor-associated bioluminescence (IVIS, Xenogen), where

relative units of bioluminescence were quantified as flux (photon/
sec) and analyzed with Living Image software.

Immunohistochemical and western blot analysis of tumor
tissue. Formalin-fixed tumor tissues were embedded in paraffin
and sliced to 4-mm–thick sections. Sections were deparaffinzed
by submerging sample-containing slides into a series of solvents of
decreasing hydrophobicity. Heating samples in 10 mM citric acid
(pH 6) was used for antigen retrieval. After blocking with 3%
H2O2 in MeOH, and further blocking in normal goat serum in
PBS, slides were treated with primary anti- anti-cleaved caspase-3
or control IgG antibodies at concentrations of 1:100, in 1% BSA/
PBS. Biotinylated secondary antibody treatment and Avidin HPR
treatment was performed according to the Vectastain ABC kit
manual (anti-rabbit, Vector Labs), followed by staining with
DAB (Sigma, D-0426). Samples were further counterstained
with hematoxylin (Vector Labs) before dehydration in a series of
solvents and mounted with Permount (Fisher) mounting agent.
Slides were analyzed on a Zeiss Apotome microscope. For western
blot analysis, protein concentrations of tumor homogenates
were measured by the Bio-Rad Protein Assay, after which protein
separation was performed on 8 or 12% SDS-PAGE gels.
Separated proteins were then transferred onto PVDF membranes
(Millipore) and immunoblotted with specific antibodies against
cleaved PARP (h-250, Santa Cruz) and β-actin (Sigma).

Proteasome activity assay. Homogenized tumor lysates were
measured for protein concentration with the Bio-Rad Protein
assay to determine appropriate lysate volumes corresponding to
40 mg of protein. Consequently, to each reaction vial was added
tumor lysates (40 mg, ~10 mL), 10 � assay buffer (10 mL,
250 mM HEPES, pH 7.5, 5 mM EDTA, 0.5% NP-40, 0.01%
SDS w/v), Ac-YVAD-amc substrate (10 mL, 0.5 mM) and H2O
(~70 mL). Assay mixtures were incubated at 60°C for 2 h, after
which solutions were examined for fluorescence at ex = 340 nm
and em = 505 nm. Values are represented as a percent of the
proteasome activity of non-treated tumors.

To assay proteasome inhibitor activities of proteasome
inhibitors purified proteasomes, (0.5 mg, 1 mg/mL) were pre-
incubated with inhibitors bortezomib (5 nM, 1 mL of 0.5 mM
in DMSO) and/or thiostrepton (20 mM, 1 mL of 2 mM) in 10�
assay buffer (10 mL) and H2O (88.5 mL) for 30 min at room
temperature. Ac-YVAD-amc substrate (10 mL, 0.5 mM) was then
added and the assay solution was incubated at 60°C for 2 h, after
which solutions were examined for fluorescence at ex = 340 nm
and em = 505 nm. Values are represented as a percent of the
proteasome activity of non-inhibited proteasomes.
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