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ABSTRACT

Background: Medulloblastoma is the most common brain tumor in children, and its
prognosis is worse than for many other common pediatric cancersv@sarundergoing
treatment suffer from serious therapy-related side effddtsis, it is imperative to
identify safer, effective treatments for medulloblastoma. s shidy we evaluated the
anti-cancer potential of curcumin in medulloblastoma by testsmcahility to induce
apoptosis and inhibit tumor growthn vitro and in vivo using established
medulloblastoma models.

Methods: Using cultured medulloblastoma cells, tumor xenografts, and the 8mo/S
transgenic medulloblastoma mouse model, the antitumor effects ofhoarevere tested

in vitro andin vivo.

Results: Curcumin induced apoptosis and cell cycle arrest at the G2/M phase
medulloblastoma cells. These effects were accompanied by cetlistene deacetylase
(HDAC) 4 expression and activity and increased tubulin acetylatibmately leading to
mitotic catastrophe. Inn vivo medulloblastoma xenografts, curcumin reduced tumor
growth and significantly increased survival in the Smo/Smo teamsgnedulloblastoma
mouse model.

Conclusions: Thein vitro andin vivo data suggest that curcumin has the potential to be

developed as a therapeutic agent for medulloblastoma.






Cytotoxicity assay
LDH levels were determined using the Non-radioactive Cytotiyxidit

(Promega, Madison, WI) according to manufacturer’s instructionss @lalted in a 24-
well plate were incubated with different concentrations of curcumin for vaeogshs of
time as indicated. To obtain the released LDH, media were tadlend cell debris was
removed via brief centrifugation. Viable cell LDH was collectéérare-adding 1ml of
fresh serum-free medium. Cells were lysed by freezing fanibbites at -70°C followed
by thawing at 37°C. The medium was collected and cleared frohmdeletis using
centrifugation. The relative release of LDH was determamethe ratio of released LDH

versus total LDH from viable cells. Assays were performed twice inciel.

Immunoblotting

Cell lysates were prepared in a buffer containing 20 mM PiE4.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM b-glycerolphosphate, 1 mM sodium vanadate, 1 mM phenylmethylsulfargdide
and 5ng/ml of antipapain, leupeptin and pepstatin, sonicated and briefly ocgeilif
Protein concentrations of the supernatants were determined by thef assay (Bio-
Rad, Hercules, CA). Equal amounts of protein were resolved by SE=P#and
transferred to nitrocellulose. The membranes were blocked in 5%ahonlk in tris-
buffered saline with 0.1% Tween 20 (TBST) and then incubated overrtiighCawith

primary antibodies diluted in 5% bovine serum albumin/TBST. After incuawith



HRP-conjugated secondary antibodies in 5% non-fat milk/TBST, the protein bands were

visualized by Enhanced Chemiluminescence Plus (GE Healthcare, Piscataway, NJ).

Immunofluorescence

Cells grown on glass coverslips were incubated with curcumin as indicated and
fixed with either ice-cold methanol (b-tubulin, acetylated tubulin) or 4%
paraformaldehyde (cleaved caspase-3, HDAC4) with subsequent permeabilization with
saponin (Sigma-Aldrich). For analysis of mitotic cells, DAOY cells were synchronized
by incubation with 2 mM thymidine for 18 hours. Subsequently, after the block was
released for 3 hours, cells were arrested in prometaphase with 100 nM nocodazole for 8
hours. The block was then released in the presence of DMSO or curcumin as indicated,
and the cells were fixed as described above. Primary antibodies were diluted in PBS with
1% bovine serum albumin (PBS-BSA) and incubated overnight at 4°C. Samples were
then incubated with Alexa 488™- or Alexa 546™-conjugated secondary antibodies and
mounted in Prolong Gold (Invitrogen). DNA was visualized with TO-PRO3 (Invitrogen)
after incubation with RNase A. Images were acquired with a Leica TCS SP5 laser-
scanning confocal microscope and LSM software (Leica Microsystems, Mannheim,

Germany).

Cell cycle analysis

DAOQY cells were treated with curcumin for indicated times, harvested, fixed in
cold 70% ethanol, and stored overnight at -20°C. DNA was stained with 100 mg/ml

propidium iodide (PI) and 20 mg/ml ribonuclease A in hypotonic citrate buffer. Samples









prometaphase by a thymidine-nocodazole block and then released in shacpref
curcumin or vehicle. Sixty minutes after release of the mitdbck, vehicle-treated cells
clearly formed bipolar mitotic spindles and showed the alignmentcarhpact
chromosomes at the metaphase plate. Some cells showed segrefyahoonsomes
toward each pole (Fig. 3B, arrow). Curcumin-treated mitotic aetlsibited a higher
incidence of spindle abnormalities (64% + 6 %, compared with 11 + 4 9%&hofle
control) and disorganized alignment of chromosomes (Fig. 3B, arealshand Fig. 3C).
These results suggest that curcumin preferentially affibetsorganization of spindle

microtubules.

Tubulin acetylation is increased in curcumin-treated medulloblatoma cells
Post-translational modifications of tubulin are crucial for regudamicrotubule
stability and function. Using modification-specific anti-tubulin antibedige found that
in curcumin-treated DAOY cells, acetylataetubulin accumulated in a dose-dependent
manner as early as 3 hours after treatment (Fig. 4A). Siyilaurcumin increased-
tubulin acetylation in D431 Med and D283 Med cells (Additional file 2)ilev
glutamylation and tyrosination were not affected in any of tedutioblastoma cell lines
(data not shown). Interestingly, in interphase cells, acetylateubulin was found
predominantly in the perinuclear region of vehicle-treated cells,ravtiee major
population of stable microtubules resides (Fig. 4B). In curcuminetle@AOY cells, we
found increased staining for acetylatdubulin throughout the cytoplasm. In addition,
in mitotic DAQOY cells, acetylated tubulin was found predominantlytred mitotic

spindles and the intercellular bridge of cells undergoing cytokin@sg 4C). In
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stability [41]. Thus, it is possible that factors other than dib&etling of curcumin to
tubulin play a role in the altered organization of the mitotic spimalcurcumin-treated

medulloblastoma cells.

We found that curcumin is a novel modulator of HDAC4. In curcuminddeat
cells, HDAC activity was inhibited and HDAC4 expression was cedy while the
expression levels of other HDAC isoforms did not appear to betedfest this point, we
do not know how curcumin regulates HDAC4 expression and HDAC actiitidies to
determine the molecular mechanisms continue in our laboratory. ReldDé&d activity
and HDAC4 levels were observed as early as three hours upon auitceatment,
coinciding with increased-tubulin acetylation. Mitotic spindles were altered as easly a
30 min after treatment (data not shown) and very prominent afteri®QFig. 3B),
indicating a potential of curcumin as an anti-mitotic drug. &Asthearly time points, we
did not find any indication of curcumin-treated cells undergoing ap@ptoer did we
find substantial changes in some of the well-known signaling psthwaéfected by
curcumin, such as B (Fig. 5B) or Akt (data not shown). Therefore, we suggest that
HDAC4 inhibition in curcumin-treated cells might contribute to tmeluiction of
apoptosis rather than being a byproduct of apoptosis. This is furthporsed by our
observation that inhibition of caspase-3 did not prevent reduced expressitihAQi4
upon curcumin treatment (Additional file 1). The effects of curcuobserved in cell
lines were mirrored iim vivo models of medulloblastoma, namely DAOY xenografts and
the Smo/Smo transgenic mice. In both medulloblastoma models, curcgmitcantly

reduced tumor growth and increased survival, respectively. Moleanalysis of
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(6 hours) did not significantly affect the cellular distribution dDALC4. Nuclei are

indicated by DNA (blue). Bar, 30m.

Fig. 6. Curcumin reduces tumor growth in DAOY in vivo tumor xenografts and
Smo/Smo mice.

A. Effect of curcumin on tumor growth of subcutaneous xenograft tumarsde mice.
30 days after cell injection (arrow), each group of mice (N=E2eived corn oil or
curcumin (1 g/kg body weight) once daily and the tumor volume wasuned by using
a caliper. Data are expressed as mean £ SEM. *, P<0.05; **, P<0.0P<6*001. Data
are representative of three independent studies. Bottom panel, ferdresotral images
of tumor-bearing mice. tdTomato-expressing tumors were imaged angeek and
representative images are shown. B. Life span of control and curtteated Smo/Smo
(N=9) plotted as Kaplan-Meier survival curve. The median suntiwe of curcumin-
treated mice was 192 days vs 144 days of control mice (corn 6#)0.B308 (log rank
analysis). C. Apoptotic markers, tubulin acetylation and HDAC esgion and

phosphorylation in tumor lysates obtained from each group of the Smo/Smo mice.
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ADDITIONAL FILES

Additional File 1

Curcumin-induced HDAC4 reduction and inhibiton of HDAC activity is not
blocked by caspase inhibition

A. DAOY cells were incubated for 2 hours with 281 z-VAD-FMK followed by
curcumin treatment in the presence of inhibitor for an additional 8 hbysates were
prepared and immunoblotted for HDAC4, HDAC5, and cleaved caspase-3. K6APD
served as loading control. B. DAQY cells were treated with z-VAIK and curcumin

as described above and HDAC activity was measured by a flusre HEIAC activity
assay. Data are representative of two independent experimentheantkan + SD is

shown.

Additional File 2

Curcumin induces apoptosis and tubulin acetylation in medulloblastoia cell lines
D283 Med and D341 Med cells were incubated with different concentratfangcumin
for 24 hours, lysed and immunoblotted with cleaved PARP, acetyl tubuliGARDH

antibodies, respectively.

Additional File 3

Curcumin reduces the expression and phosphorylation of HDAC4
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Figure 3






Figure 6



