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A B S T R A C T

Medulloblastoma cells exhibit varied responses to therapy by all-trans retinoic acid (RA).

The underlying mechanism for such diverse effects however remains largely unclear. In

this study, we attempted to elucidate the molecular basis of RA resistance through the

study of RA signaling components in both RA-sensitive (Med-3) and RA-resistant

(UW228-2 and UW228-3) medulloblastoma cells. The results revealed that RARa/b/g and

RXRa/b/g were found in the three cell lines. Expression of CRABP-I and CRABP-II was

seen in Med-3 cells, up-regulated when treated with RA, but was absent in UW228-2 and

UW228-3 cells regardless of RA treatment. Bisulfite sequencing revealed 8 methylated CG

sites at the promoter region of CRABP-II in UW228-2 and UW228-3 but not in Med-3 cells.

Demethylation by 5-aza-20-deoxycytidine recovered CRABP-II expression. Upon restoration

of CRABP-II expression, both UW228-2 and UW228-3 cells responded to RA treatment by

forming neuronal-like differentiation, synaptophysin expression, b-III tubulin upregula-

tion, and apoptosis. Furthermore, CRABP-II specific siRNA reduced RA sensitivity in Med-

3 cells. Tissue microarray-based immunohistochemical staining showed variable CRABP-

II expression patterns among 104 medulloblastoma cases, ranging from negative (42.3%),

partly positive (14.4%) to positive (43.3%). CRABP-II expression was positively correlated

with synaptophysin (rs ¼ 0.317; p ¼ 0.001) but not with CRABP-I expression ( p > 0.05). In

conclusion, aberrant methylation in CRABP-II reduces the expression of CRABP-II that in

turn confers RA resistance in medulloblastoma cells. Determination of CRABP-II expression

or methylation status may enable a personalized RA therapy in patients with medulloblas-

tomas and other types of cancers.

ª 2011 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction (Freemantle, 2003). The anticancer signal of RA is transmitted
Retinoic acid/RA has been commonly-used in cancer chemo-

therapy because it can induce differentiation and apoptosis
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RA first binds to protein/CRABP-II and then transports lipo-

philic RA to the nucleus where RA regulates its target gene
com.cn (H. Li), jialiudl@dlmedu.edu.cn (J. Liu).

mical Societies. Published by Elsevier B.V. All rights reserved.

mailto:lihongmcn@dlmedu.edu.cn
mailto:lihongmcn@yahoo.com.cn
mailto:jialiudl@dlmedu.edu.cn
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004


M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 4 8e6 1 49
expression through binding with the heterodimers of its nu-

clear receptors, RARa/b/g and RXRa/b/g (Delva et al., 1999;

Dong et al., 1999; Budhu and Noy, 2002; Sessler and Noy,

2005). Nevertheless, RA resistance often occurs at first-time

use or during the treatment (Warrell et al., 1993; Freemantle

et al., 2003). Although it is known that aberrant expression

of nuclear RA receptors, increased rate of cytoplasmic RA me-

tabolism, differential BMP-2 expression, disrupted expression

of CRABP-II and the fatty acid binding protein/FABP-5-

mediated RA signaling pathway may influence the RA sensi-

tivity of cancer cells (van der Burg et al., 1993; Hallahan

et al., 2003; Schug et al., 2007; Schug et al., 2008; Corlazzoli

et al., 2009), the detailed mechanism(s) resulting in RA-

resistance remains to be further elucidated. Since a normal

operation of CRABP-II mediated RA signaling is essential for

RA to exert anticancer effects, it is worthwhile to evaluate

the status of this signaling in RA-sensitive and RA-resistant

cancer cells with the same tissue origin.

Medulloblastoma is the most frequent primary brain ma-

lignancy in childhood and characterized with rapid growth,

earlier intracranial dissemination and high recurrence inci-

dence (Chatty and Earle, 1971; Ho et al., 2000; Fossati et al.,

2009). Although the combination of operation with craniospi-

nal radiation and/or multi-agent chemotherapy have been

adapted in clinical settings (Mueller and Chang, 2009; Ohta

et al., 2011), the outcome of medulloblastomas remains

poor due to the difficulty in removing the highly invasive tu-

mor radically and the long-term side effects of conventional

adjuvant therapies (Gururangan et al., 2008). As a kind of

neuroectodermal tumors, medulloblastomas maintain the
Table 1 e Primer sequences for conventional RT-PCR and methylation-

Gene Primers

RARa F:50-CTGCCAGTACTGCCGACTGC-30

R:50-ACGTTGTTCTGAGCTGTTGTTCGTA-30

b F:50-GAATTGAAACACAGAGCACC-30

R:50-GCAGGAGTGGTGACTGACTG-30

g F:50-CCACCAATAAGGAGCGACTCTTTG-30

R:50-TTCTTCTGGATGCTTCGGCG-30

RXRa F:50-CCCTGTCACCAACATTTGC-30

R:50-AGAAGTGTGGGATCCGCTTG-30

b F:50-CTCTGGATGATCAGGTCATATTGCT-30

R:50-GCCATCTCG AACATCAATGGA-30

g F:50-GGGAAGCTGTGCAAGAAGAAA-30

R:50-TGGTAGCACATTCTGCCTCACT-30

CYP26A1 F:50-GAGACCCTTCGACTGAATCC-30

R:50-GGAGGTCCATTTAGAAGCTGC-30

CRABP-I F: 50-GCCATGCTGAGGAAAGTG-30

R: 50-TTCTCCGACCTTGAAGTTG-30

II F: 50-ATGCCCAACTTCTCTGGCAA-30

R: 50-CGTCATGGTCAGGATCAGTT-30

NGN1 F: 50-TCAGCAGGCAATAGATTGGG -30

R: 50-AAAGGAAAGGCCGTCTAGGG-30

b-III tubulin F: 50-CTCAGGGGCCTTTGGACATC-30

R: 50-CAGGCAGTCGCAGTTTTCAC-30

Primers for bisulfite sequencing PCR

CRABP-I F:50- AGGGAGGTGGAGGTTTTTTAGT -30

R:50- ACCAACTTACCCAATACCTTAAAC-30

CRABP-II F:50-GGGTTTTTGTTTAATTTTTTAATGTT-30

R:30-AACTAAATCCAATAAAACCACTCC-50
potential for further differentiation. However, the medullo-

blastoma cells respond to RA differently by showing both dif-

ferentiation and apoptosis (Gumireddy et al., 2003) or growth

arrest only (Chang et al., 2007) or almost no response

(Kitamura et al., 2004). According to our previous observa-

tions, human medulloblastoma cell line Med-3 is relatively

sensitive to RA treatment (Liu et al., 2000), while UW228-1,

UW228-2 and UW228-3 cells are not [unpublished data]. We

therefore selected Med-3, UW228-2 and UW228-3 cells as an

experimental model to investigate the underlying molecular

mechanism for diverse sensitivities of medulloblastomas to

the treatment by RA.
2. Materials and methods

2.1. Cell culture and treatment

The Med-3 medulloblastoma cell line was kindly provided by

the doctors in the Department of Neurosurgery, Kobe Univer-

sity School of Medicine (Matsumoto, 1991). UW228-2 and

UW228-3 cell lines were established and provided by the De-

partment of Neurological Surgery, University of Washington

at Seattle (Keles et al., 1995). Med-3 cells were cultured in

MEM (Invitrogen, California, USA) containing 10% fetal bovine

serum/FBS (Gibco Life Science, Grand Island, NY) and UW228-

2 and UW228-3 cells in DMEM (Invitrogen) supplemented with

10% FBS. 5 � 104/ml of the cells were plated to 100 mm dishes

(Nunc A/S, Roskilde, Denmark) and incubated for 24 h before

further experiments. The gelatin-coated coverslips were put
specific PCR.

Amplicon size (bp) Annealing temperature (�C)

325 66

1180 54

358 55

90 60

92 60

69 60

332 56

132 65

375 59

200 58

160 60

359 53

214 58
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onto the dishes before cell seeding and collected regularly dur-

ing drug treatments for immunocytochemical staining and

terminal deoxynucleotidyl transferase dUTP nick end label-

ing/TUNEL assay. All-trans retinoic acid (RA; SigmaeAldrich,

St. Louis, USA) was dissolved in dimethylsulfoxide/DMSO (Sig-

maeAldrich) and diluted with culture medium to optimal

working concentration of 10 mM. The treatments lasted for 3

days and the cells were observed in 6-h intervals. The cells

cultured in conventional medium with and without 0.2%

DMSO supplementation were cited as controls. To determine
Figure 1 e H&E morphological staining (a), flow cytometry (b), TUNEL (

cells under normal culture condition (N) and incubated with 10 mM RA fo
the effects of RA on cell growth, the treated cells were col-

lected after 72-h 10 mMRA exposure, re-suspended in 1ml pro-

pidium iodide solution containing RNase, incubated at 37 �C
for 30 min and subjected to flow cytometry analysis (Becton

Dickinson, San Jose, CA). Meanwhile, total cell numbers, cell

viability and the feature(s) of cell death were determined in

24-h intervals by staining the suspended single cells with

0.25% trypan blue, MTT (3-[4,5-dimethylthiazol- 2-yl]-2,5-

diphenyl-tetrazolium bromide) assay and TUNEL. Each of

the experiments was repeated at least three times to establish
b) and MTT assay (c) performed on Med-3, UW228-2 and UW228-3

r 3 days (RA). * indicates p < 0.01.
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a confident conclusion and the data were statistically ana-

lyzed by ANOVA (analysis of variance).

2.2. RT-PCR for major components of CRABP-II mediated
RA signaling

After 3 days of RA treatment, total RNA samples were isolated

from the cells using Trizol solution (Life Tech, Texas, USA) and

subjected to RT-PCR for RARa, RARb, RARg, RXRa, RXRb, RXRg,

CRABP-I, CRABP-II and CYP26A1 according to producer’s pro-

tocols (Takara, Dalian Branch, Dalian, China). NGN1 was am-

plified to check the impact of RA in neuronal differentiation.

The sequences of PCR primers for each of the gene transcripts

were listed in Table 1. The PCR products were resolved on

ethidium bromide-stained 1.5% agarose gel and photographed

under ultraviolet illumination (UVP, LLC Upland, CA, USA). b-

actin was used as the quantitative and qualitative control.

2.3. Immunocytochemical and immunohistochemical
staining

Based on RT-PCR findings, CRABP-I, CRABP-II and synaptophy-

sin were selected for further immunocytochemical (ICC) and

tissue microarray-based immunohistochemical (IHC) analy-

ses (Wang et al., 2008), because of their distinct transcription

patterns between Med-3 and UW228-2 or UW228-3 cells. The

antibodies used were the rabbit anti-human CRABP-I and

CRABP-II antibodies (Protein Tech, Chicago, USA) and anti-

human synaptophysin antibody (Dako, Glostrup, Denmark).

The experiment was performed on the cell-bearing coverslips

and the paraffin sections of tissue microarray constructed in

duplicate with the representative tumor and, where possible,
Figure 2 e Evaluation of the expression of RA signaling components (RAR

CYP26A1) and neuronal differentiation biomarker NGN1 in Med-3, UW22

(b) and ICC staining (c) for CRABP-I and -II. Grayscale quantitative analys

culture; RA, treatment with 10 mM RA for 72 h.
tumor-surrounding non-cancerous regions of 104 medullo-

blastoma cases ranging from ages 1-year to 58-years-old.

The sections without the first antibody incubation were used

as background control. The staining results were scored as

“positive (þ)” when the target proteinswere evenly distributed

in the tissues, “negative (�)” if no immunolabeling was ob-

served, and “mixed pattern (þ/�)” when only part (>20% and

<80%) of the cells showed positive staining (Malanchi et al.,

2008). Spearman rank-correlation test was used to analyze

the distribution of three CRABP-I and CRABP-II staining pat-

terns in the three medulloblastoma subtypes and their rele-

vance with synaptophysin expression. Bivariate correlation

analysis was applied to evaluate the relationship between

CRABP-I expression and CRABP-II silencing in the three me-

dulloblastoma subtypes.

2.4. Protein preparation and Western blotting for
CRABP-I and CRABP-II

The sample proteins (50mg/lane) were prepared convention-

ally (Wang et al., 2008) and separated by electrophoresis in

10% sodium dodecylsulfateepolyacrylamide gel electrophore-

sis and transferred to polyvinylidene difluoride membrane

(Amersham, Buckinghamshire, UK). The membrane was

blocked with 5% nonfat milk in TBS-T (10 mM TriseCl, pH

8.0, 150mMNaCl, and 0.5% Tween 20) at 4 �C overnight, rinsed

three times with TBS-T, followed by 3-h incubation at room

temperature with the first antibodies (1:1000) and 1-h incuba-

tion with HRP-conjugated anti-rabbit IgG (Zymed). The bound

rabbit anti-CRABP-I was detected using the enhanced chemi-

luminescence system (Roche, Penzberg, Germany). After re-

moving the labeling signal by incubation with stripping
a, RARb, RARg, RXRa, RXRb, RXRg, CRABP-I, CRABP-II and

8-2 and UW228-3 cells by RT-PCR (a), followed by Western blotting

is was performed on the RT-PCR andWestern blot results. N, normal

http://dx.doi.org/10.1016/j.molonc.2011.11.004
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buffer (62.5 mM TriseHCl, pH 6.7, 100 mM 2-mercaptoethanol,

2% SDS) at 55 �C for 30 min, the membrane was reprobed one-

by-one with rabbit anti-human CRABP-II antibody and with

anti-b-actin antibody.
2.5. Bisulfite sequencing PCR

DNA samples were extracted from Med-3, UW228-2 and

UW228-3 cells, respectively with DNAzol (Invitrogen). They

were modified with sodium bisulfite by the method described

previously (Zhang et al., 2008) and then purified by theWizard

DNA Clean-Up System (Promega, Madison, USA). Parts of

CRABP-I and CRABP-II promoter regions (Figure 3) were ampli-

fied using the forward and reverse primers for modified

CRABP-I and CRABP-II (Table 1). DNA fragments were con-

nected according to the protocol provided with the DNA liga-

tion kit (D6022, TaKaRa). Altogether, 9 ampicillin-resistance

clones were collected separately for DNA isolation and se-

quencing (ABI PRISMTM 3730XL DNA Analyzer, ABI, CA,

USA). The sample DNA isolated from CRABP-I and CRABP-II

expressing Med-3 cells was used as negative control for pro-

moter methylation of the two genes. The BSP generated
Figure 3 e BSP sequencing-based DNA methylation analyses of CRABP-I

CG sites. The sample DNAs isolated from UW228-2 and UW228-3 cells we

determined as the negative control. a. Scheme of CRABP-II gene and the lo

of BSP product and the locations of 8 CG sites. c. The sequencing result of

UW228-2 and Med-3 sample DNAs, respectively. The sequencing result of

therefore not shown.
sequences were compared with the sequence of the corre-

sponding region in the normal human genome (http://

www.ncbi.nlm.nih.gov/

nuccore/NC_000001.10report¼genbank&from¼156669398&to¼
156675608&strand¼true).
2.6. 5-aza-20-deoxycytidine demethylation and RA
treatment

5-aza-20-deoxycytidine (SigmaeAldrich) was dissolved in wa-

ter and diluted with culture medium to the working concen-

trations. UW228-2 and UW228-3 cells were cultured in the

presence of 5 mM and 10 mM 5-aza-20-deoxycytidine for 4-

days by daily renewing 5-aza-20-deoxycytidine containing

medium (Lusher et al., 2002). The demethylated cells were

collected directly or co-incubated with 10 mM RA for another

2 days, followed by total RNA isolation and RT-PCR for

CRABP-I, CRABP-II, NGN1, b-III tubulin, RARa and RARb, re-

spectively. Meanwhile, cell-bearing coverslips were collected

for H/E staining and CRABP-I and CRABP-II immunocyto-

chemistry. Total number and viability of the cells treated

by 5-aza-20-deoxycytidine and RA combination were
I promoter region encompassing the position of L734 to L521 and 8

re positive in methylation. The methylation status in Med-3 cells was

cation of BSP amplified promoter region. b. The nucleotide sequence

the underlined region (b) of CRABP-II BSP product generated from

UW228-3 BSP product is the same as that of UW228-2 product and

http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10report%3Dgenbank%26from%3D156669398%26to%3D156675608%26strand%3Dtrue
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http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10report%3Dgenbank%26from%3D156669398%26to%3D156675608%26strand%3Dtrue
http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10report%3Dgenbank%26from%3D156669398%26to%3D156675608%26strand%3Dtrue
http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10report%3Dgenbank%26from%3D156669398%26to%3D156675608%26strand%3Dtrue
http://www.ncbi.nlm.nih.gov/nuccore/NC_000001.10report%3Dgenbank%26from%3D156669398%26to%3D156675608%26strand%3Dtrue
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determined in 12-h intervals by 0.25% trypan blue staining.

The cells cultured normally and treated by 0.2% DMSO,

10 mM RA or 10 mM 5-aza-20-deoxycytidine were used as nor-

mal and background controls.
2.7. Transfection of CRABP-II expressing plasmid to
UW228-2 cells

Because UW228-2 and UW228-3 cells were resistant to RA

treatment and shared similar expression pattern of major RA

signaling components, the former was selected for transfec-

tion assay. Plasmid harboring full-length CRABP-II cDNA was

purchased from GeneCopoeia, Rockvillie, MD, USA and puri-

fied using the PureYieldTM Plasmid Midiprep System (Prom-

ega, Madison, USA). After estimating DNA concentration,

plasmid DNA was introduced into UW228-2 cells using Lip-

ofectamine�2000 reagent (Invitrogen, California, USA). Briefly,

the cells were conventionally cultured in 6-well plates until

about 90% confluence. 2 mg plasmid DNA was suspended in

50 ml of DMEM and mixed with 2 ml Lipofectamine 2000 in

50 ml DMEM. The mixture was incubated for 20 min at room

temperature to allow the formation of DNA-liposome
Figure 4 e Effects of 5-aza-20-deoxycytidine induced demethylation on gene

examination of CRABP-II, CRABP-I, RARa and RARb transcription aft

deoxycytidine. b. Total cell numbers and viable fractions of UW228-2 and L

culture; 2, 10 mM RA; 3, 10 mM 5-aza-20-deoxycytidine; 4, 10 mM RA after

10 mM 5-aza-20-deoxycytidine and 10 mM RA. White block, nonviable cells

Morphological features (H&E staining; X40) and immunocytochemical illu

10 mM 5-aza-20-deoxycytidine and by 10 mM 5-aza-20-deoxycytidine and 10

transcription in normally cultured cells (N), 3 day 10 mM 5-aza-20-deoxycyt
deoxycytidine for 3 days, followed by 2 day 10 mM RA treatment (5-azaDR
complexes and added drop-by-drop to the culture dishes con-

taining serum-free DMEM. The cells were incubated at 37 �C in

5% CO2 for 4e6 h. After incubation, the transfection medium

was replaced by DMEM supplemented with 10% fetal bovine

serum (Gibco Life Science, Grand Island, NY, USA). The trans-

fection efficiencywas confirmedby checking the expression of

the enhanced green fluorescent EGFP reporter protein at 24-h

time-point under fluorescence microscope. The transfected

cells were then treated by 10 mM RA for 2 days. The morphol-

ogy, feature of cell death, ratios of viable/unviable cells and

CRABP-II expression of the treated cells were checked by con-

ventional approaches. The results were compared with that

obtained from the cells cultured in normal medium without

and with RA treatment, treated by Lipo2000 without and

with 10 mM RA supplementation and transfected with

CRABP-II expressing plasmids.
2.8. RNA interference and RA treatments

The influence of CRABP-II down-regulation in RA sensitivity of

Med-3 cells was elucidated by using the RNA interference/

siRNA approach. The CRABP-II siRNA sequences were sense-
expression and RA sensitivity of UW228-2 and L3 cells. a. RT-PCR

er 4-day demethylation treatments with 5 mM and 10 mM 5-aza-20-
3 cells cultured for 2 days under the following conditions: 1, normal

10 mM 5-aza-20-deoxycytidine pre-treatment and 5, co-treatment with

; gray block, viable cells. *, # and $ indicate p < 0.01, respectively. c.

stration of CRABP-II expression of UW228-2 and L3 cells treated by

mM RA combination. RT-PCR was performed to examine NGN1

idine treated cells (5-aza) and the cells pre-treated by 10 mM 5-aza-20-
A).

http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004
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50-GAGACAUUUCUACAUCAATT-30 and antisense-50-UUGAU-

GUAGAAAGUGUCUCCC-30. The mock oligonucleotides

(sense-50-UUCUCCGAACGUG UCACGUTT-30 and antisense-

50-ACGUGACACGUUCGGAGA) and b-actin siRNAs (sense-50-
UGAAGAUCAAGAUCAUUGCdTdT-30 and antisense-50-
GCAAUGAUCUUGAUCUUCAdTdT-30) were used as negative

and positive controls of transfection efficiency (Bergamaschi

et al., 2003). Those siRNAs were synthesized by Genepharma

Company, Shanghai, China. The RA-sensitive Med-3 cells
Figure 5 e a. H/E morphological staining, CRABP-II oriented immunocy

transfected with CRABP-II expressing plasmids and cultured without (Tran

b. Trypan blue viable/nonviable cell discrimination performed on UW228-

10 mM RA treatment; Lipo2000, treatment with transfection reagent only;

Transfection, CRABP-II siRNA transfection; Transfection/RA, co-treatm
were conventionally cultured in 6-well plates to 70%e80%

confluence and then transfected with 0.3 nmol siRNA/well

for 2 or 3 days using 4 ml X-tremeGENE siRNA transfection re-

agent according to manufacturer’s manual (Roche, Penzberg,

Germany). After confirming the efficiency of CRABP-II inhibi-

tion, Med-3 cells were further incubated with 10 mM RA for 3

days after 2-day siRNA treatment; afterward, the cells were

examined by morphological staining, viable and unviable

cell counting, flow cytometry and MTT assay and the results
tochemical staining and TUNEL assay performed on UW228-2 cells

sfection only) or with 10 mMRA supplementation (Transfection/RA).

2 cells under six experimental conditions: N. normal culture; RA,

Lipo2000/RA, co-treatment with transfection reagent and 10 mM RA;

ent with CRABP-II siRNA and 10 mM RA. *, indicates p < 0.01.

http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004
http://dx.doi.org/10.1016/j.molonc.2011.11.004
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were compared with those obtained from the normally cul-

tured cells and the cells treated by CRABP-II siRNA or mock

oligonucleotides.
3. Results

3.1. Differential response of Med-3 and UW228 cells to
RA treatment

By comparing Med-3 with UW228-2 and UW228-3 cells, we ob-

served that the treatment by 10 mM RA induced elongated

changes in cell morphology, growth suppression, and the

signs of apoptosis in Med-3 cells. In contrast, no distinct mor-

phologic changes were seen in RA-treated UW228-2 and

UW228-3 cells (Figure 1a). Flow cytometry analysis demon-

strated increased fraction of apoptotic cells in RA-treated

Med-3 but not in UW228-2 andUW228-3 cells (Figure 1b). In ac-

cordance, TUNEL (Figure 1b), MTT (Figure 1c) and cell viability

tests (data not shown) showed significant growth inhibition

and apoptosis induction only in RA-treatedMed-3 cell popula-

tion. NGN1 was undetectable in normally cultured Med-3,

UW228-2 and UW228-3 cells but became expressed only in

RA-treated Med-3 cells (Figure 2a). The above results suggest

that Med-3 is in fact RA-sensitive while UW228-2 and

UW228-3 are RA-resistant or -insensitive medulloblastoma

cells.
3.2. RA-induced CYP26A1 expression

CYP26A1, as amajor retinoic acid catabolic enzyme and a sup-

posed target of RA signaling, promotes RA degradation and ex-

tracellular elimination (Niederreither et al., 2002; Osanai et al.,

2010). The results of RT-PCR and grayscale analysis clearly

showed that under normal culture condition, CYP26A1 was

expressed in low levels in UW228-2, UW228-3 and Med-3 cells

and its expression was remarkably enhanced in the three cell

lines after RA treatment (Figure 2a). This suggests that the ex-

pression of CYP26A1 can be enhanced by exogenous RA and

this process is independent of RA sensitivity of the medullo-

blastoma cells.
3.3. Expression of nuclear RA receptors

Because of the importance of nuclear RA receptors in mediat-

ing RA target gene transcription, their expression patterns in

the three medulloblastoma cell lines were examined before

and after RA treatment. The results of RT-PCR revealed that

the three members of RAR and RXR families were expressed

in those cells although the level of RARa and RARbwere lower

in UW228-3 and especially in UW228-2 cells (Figure 2a). In RA-

treated Med-3 cells, RARa, RARb and RXRb expression

remained stable, while RXRa, RARg and RXRg were increased.

In RA-treated UW228-2 cells, the expression of RARg, RXRb

and RXRg was more or less reduced, RARb was elevated, and

RARa and RXRa remained almost unchanged. In the case of

UW228-3 cells, RARa and RARb were clearly up-regulated,

while the expression levels of other RA nuclear receptors

were almost unchanged.
3.4. Absence of CRABP-I and CRABP-II in UW228 cells

The results of RT-PCR revealed that CRABP-I was almost unde-

tectable and CRABP-II was expressed weakly in Med-3 cells;

the expression of these two genes was apparently enhanced

upon RA treatment (Figure 2a and b). In contrast, neither con-

trol nor the RA-treated UW228-2 and UW228-3 cells showed

CRABP-I and CRABP-II expression. In agreement with RT-PCR

findings, immunocytochemical staining and Western blot

analysis showed a RA-enhanced expression of CRABP-I and

CRABP-II in Med-3 but neither proteins were present in

UW228-2 and UW228-3 cells without and with RA treatment

(Figure 2b and c). Moreover, distinct nuclear translocation of

CRABP-II was observed in RA-treated Med-3 cells (Figure 2c).

3.5. CRABP-II promoter methylation in UW228 cells

To understand the molecular mechanism underlying the loss

of CRABP-I and CRABP-II expression in UW228-2 and UW228-3

cells, the methylation statuses of promoter regions in the

genes for CRABP-I and CRABP-II were examined by bisulfite se-

quencing PCR (BSP). The PCR products for CRABP-I (359bp) and

for CRABP-II (214bp) were sequenced, which demonstrated

the presence of methylation at 8 CG sites in the CRABP-II pro-

moter region, while no methylation was found in the BSP

product of Med-3 cells (Figure 3). In contrast, no promoter

methylation of CRABP-I could be detected in UW228-2,

UW228-3 and Med-3 cells (data not shown).

3.6. 5-aza-20-deoxycytidine recovered CRABP-II but not
CRABP-I expression

In order to further evaluate the signficance of DNA methyla-

tion in regulation of CRABP-II expression, UW228-2 and

UW228-3 cells were treated with two different doses (5 mM

and 10 mM) of the demethylation agent 5-aza-20-deoxycytidine
for 4 days. The study by RT-PCR and ICC demonstrated that

CRABP-II expression in the two cell lines was successfully re-

covered by 5-aza-20-deoxycytidine, whereas CRABP-I

remained undetectable in both RNA and protein levels

(Figure 4a). These data thus provide evidence for the role of

DNA methylation to control expression of CRABP-II but not

CRABP-I in UW228-2 and UW228-3 cells. In a separate control

study, we showed that the expressions of RARa and RARb ex-

pression were unchanged in both UW228-2 and UW228-3 cells

by 5-aza-20-deoxycytidine. The data suggests that DNA meth-

ylation may be a specific regulatory mechanism that controls

the expression of CRABP-II in UW228-2 cells.

3.7. Overcome RA resistance by 5-aza-20-deoxycytidine
and CRABP-II transfection

To elucidate the importance of CRABP-II expression in deter-

mining RA sensitivity of medulloblastoma cells, CRABP-II ex-

pression in UW228-2 and UW228-3 cells was recovered by 5-

aza treatment and by CRABP-II expressing plasmid transfec-

tion, respectively. In the first option, CRABP-IIþ/CRABP-I� cells

were incubated with 10 mM RA for 2 days after 4-day 5-aza-20-
deoxycytidine treatment. H/E morphologic examination, try-

pan blue cell discrimination, ICC and RT-PCR analyses

http://dx.doi.org/10.1016/j.molonc.2011.11.004
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demonstrated that 10 mM 5-aza-20-deoxycytidine treatment

alone brought about little cellular change, while when 10 mM

RA was used, the cells showed growth arrest, apparent

neuron-like morphology and cell death (Figure 4b and c). Fur-

thermore, NGN1, a pivotal bHLH transcription factor in neuro-

genesis, became expressed in low levels in 5-aza-20-
deoxycytidine treated UW228-2 and UW228-3 cells and appar-

ently up-regulated in the cells treated with both 5-aza-20-
deoxycytidine (10 mM) and RA (10 mM). b-III tubulin, the early

neuronal differentiation biomarker, was expressed in

UW228-2 and UW228-3 cells and became up-regulated by 5-

aza-20-deoxycytidine (10 mM) and RA (10 mM) combination

(Figure 4a). These phenomena indicate the possible pre-

determination of neuron-oriented differentiation in UW228

cells and, meanwhile, suggest RA promoted differentiation

of 5-aza-20-deoxycytidine treated cells. More meaningfully,

CRABP-II expression in UW228-2 cells was specifically recov-

ered by transfecting the plasmids harboring full-length

CRABP-II cDNA (Figure 5a) and the transfectants became sen-

sitive to RA in the forms as similar as that of 5-aza-20-deoxycy-
tidine/RA-treated cells (Figure 5a and b).

3.8. Reduced RA sensitivity of Med-3 cells by CRABP-II
siRNA

The importance of CRABP-II in determining RA sensitivity of

medulloblastoma cells was confirmed by transfecting Med-3

cells with CRABP-II siRNA candidates. Among three siRNA se-

quences tested, the siRNA construct containing the following

sequences, sense-50-GAGACAUUUCUACAUCAATT-30 and an-

tisense-50-UUGAUGUAGAAAGUGUCUCCC-30, showed an opti-

mal inhibitory effect (w83%) on CRABP-II expression (Figure 6a

and b). We then used this siRNA in the subsequent experi-

ments. MTT assay and morphological examination revealed

that a 3-day treatment with 10 mM RA failed to bring about

growth arrest and neuron-like differentiation of the Med-3

cells transfected by CRABP-II siRNA (Figure 6b and c), and

the apoptosis fractions were similar between the Med-3 cells

treated by siRNA only and by the siRNA/RA combination

(Figure 6d). In contrast, the RA-sensitive features remained

unchanged when Med-3 cells were treated by 10 mM mock ol-

igonucleotides and 10 mM RA.

3.9. Differential in vivo expression of CRABP-I, CRABP-II
and synaptophysin

Since no comprehensive report is available concerning

CRABP-I and CRABP-II expression in humanmedulloblastoma

tumors, tissue microarray-based IHC staining was performed
Figure 6 e siRNA suppressed CRABP-II expression and its influence in R

expression by siRNA and subsequent reduction of RA sensitivity of Med-3

the three siRNA candidates exerted different inhibitory effects on CRABP

immunocytochemical staining performed on normally cultured Med-3 cells

proliferation assay of Med-3 cells under normal culture condition (normal)

siRNA (siRNA) and pre-treated by CRABP-II specific siRNA for 48 h, fo

significance of OD values among the four experimental groups ( p > 0.05

conditions: mock, transfected with mock siRNA; siRNA, transfected with

48 h and then 10 mM RA for 72 h; siRNA D RA, treated by CRABP-II s
to address this issue. The results revealed that all of the 12

non-cancerous cerebella were positive in CRABP-I and

CRABP-II production together with synaptophysin expression

in the neurons (Figure 7a). In contrast, 45 (43.3%) of the 104 tu-

mor samples were positive (þ), 44 (42.3%) were negative (�)

and 15 (14.4%) were partly positive in CRABP-II expression

(Figure 7b and Table 2). According to the criterion reported

by Eberhart et al. 2002, 58 samples were diagnosed as the clas-

sic subtype, 40 as anaplastic/large cell subtype, and 6 as nod-

ular subtype. Three CRABP-II staining patterns were observed

in the corresponding three histological groups as mentioned

above. As shown in Figure 7c and Table 2, the expression of

CRABP-II and synaptophysin was strongly correlated (Spear-

man rank-correlation, rs¼ 0.317; P¼ 0.001) among the 104me-

dulloblastoma specimens examined and this correlation was

more remarkable (91.7%; 22/24) in the classic subtype

(rs ¼ 0.576; P ¼ 0.000). Paralleled analysis demonstrated that

60 (57.7%) of 104 tumor caseswere negative in CRABP-I expres-

sion and distributed in 36/58 (62.1%) of the classic, 18/40 (45%)

of the anaplastic/large cell and 6/6 (100%) of the nodular/des-

moplastic medulloblastomas. The overlapped CRABP-I and

CRABP-II silencing was only found in 18/58 (31.0%) of the clas-

sic, 10/40 (25%) of the anaplastic/large cell and 3/6 (50%) of the

anaplastic/desmoplastic tumors ( p > 0.05; Figure 7c and d).
4. Discussion

RA has been widely used in cancer chemotherapy because of

its property to suppress growth and to induce differentiation

and apoptosis (Meyskens and Manetta, 1995; Zusi et al., 2002;

Ravandi, 2009). Several cytosolic elements can influence the

biological effects of RA. For example, the significances of

CRABP-II in RA resistance had been reported using a mouse

model of breast cancer MMTV-neu in which the expression

of CRABP-II is disrupted (Schug et al., 2008). CYP26A1 can me-

tabolize RA to less bioactive forms and eliminate metabolites

to the extracellular space (Abu-Abed et al., 2002). CRABP-I in-

fluences the biological effects of RA in cell-selective manners

by enhancing the physiological function of RA in keratinocytes

(Astr€om et al., 1991; Tang et al., 2008) or inhibiting RA-induced

differentiation of neuroblastoma cells (Uhrig et al., 2008). Be-

cause any imbalanced expression of RA associated proteins

may lead to different cellular outcomes (Warrell et al., 1993;

Zhu et al., 2009), a full understanding of the mechanism for

RA-resistant mechanism(s) will potentially help clinicians in

the selection of personalized cancer therapy for their patients.

Our study revealed that CRABP-I and -II were up-regulated

inMed-3 cells treatedwith RA but absent in both UW228-2 and
A sensitivity of Med-3 cells. a. Down-regulation of CRABP-II

cells. Densitometry scan values of the RT-PCR products showed that

-II transcripts. b. H&E staining C and RABP-II oriented

and the cells treated by siRNA and RA combination. c. MTT-based

, transfected with mock siRNA (mock) or with CRABP-II specific

llowed by 10 mM RA supplementation (siRNA D RA). No statistical

). d. Flow cytometry analysis of Med-3 cells under four culture

CRABP-II specific siRNA; mock D RA, treated by mock siRNA for

pecific siRNA for 48 h and then 10 mM RA for 72 h.
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UW228-3 cells regardless of RA treatment. Although CYP26A1

was expressed in low levels in the three medulloblastoma cell

lines, it could be remarkably up-regulated by RA in those cells.

As for the nuclear RA receptors, the three subtypes of RARs

and RXRs were found either in Med-3 or in UW228-2 and
Figure 7 e a. Immunohistochemical illustration of CRABP-I, CRABP-II

cancerous tissues. b. Immunohistochemical profiling of CRABP-II express

medulloblastomas. The staining patterns were scored as “Negative (L)” if

distinct staining was generally observed and “Mixed (D/L)” when CRABP

region. c. The incidences of three CRABP-I IHC staining patterns in the m

II expression patterns in the three medulloblastoma subtypes. Chi-square a

two genes in any of the histological groups ( p > 0.05).
UW228-3 cells. Given the above findings, we considered that

CYP26A1 seems not a central player in determining RA thera-

peutic effects because it is inducible in both RA-sensitive and

RA-resistant medulloblastoma cells. However, the fundamen-

tal difference of CRABP-I and -II expression patterns between
and synaptophysin expression in medulloblastoma-surrounding non-

ion patterns in the classic and the anaplastic subtypes of

no immunolabeling was observed in the tumor cells, “Positive (D)” if

-II positive and negative tumor cells co-existed in the same observed

edulloblastoma subtypes. d. Fractionation of CRABP-I and CRABP-

nalysis showed no statistic difference between the expression of these

http://dx.doi.org/10.1016/j.molonc.2011.11.004
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Table 2e Tissue microarray-based immunohistochemical staining of CRABP-I, CRABP-II and synaptophysin in the three histological subtypes
of medulloblastomas.

CRABP-I (%) Synaptophysin (%) CRABP-II (%)

n e þ þ/� e þ þ/� e þ þ/�
Medulloblastomas 104 60 (57.7) 39 (37.5) 5 (4.8) $ 24 (23.1) 74 (71.1) 6 (5.8) # 44 (42.3) 45 (43.3) 15 (14.4)

Classic 58 36 (62.1) 20 (34.5) 2 (3.4) $$ 15 (25.9) 38 (65.5) 5 (8.6) * 28 (48.3) 24 (41.4) 6 (10.3)

Anaplastic/large cell 40 18 (45) 19 (47.5) 3 (7.5) $$$ 6 (15) 33 (82.5) 1 (2.5) ** 13 (32.5) 19 (47.5) 8 (20)

Nodular/desmoplastic 6 6 (100) 0 0 3 (50) 3 (50) 0 3 (50) 2 (33.3) 1 (16.7)

The marked correlations between CRABP-I and Synaptophysin expression levels: $rs ¼ �0.109, p＞0.05; $$rs ¼ 0.036, p＞0.05; $$$rs ¼ �0.252,

p＞0.05.

The marked correlations between CRABP-II and Synaptophysin expression levels: # rs ¼ 0.317, p＜0.01; * rs ¼ 0.576, p＜0.01; ** rs ¼ 0.09,

p ¼ 0.579.

M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 4 8e6 1 59
Med-3 and UW228 cells suggests that these proteins likely

contribute to the differences in RA sensitivity. Tissue

microarray-based immunohistochemistry revealed that

CRABP-I and CRABP-II were constitutively expressed in the

tumor-surrounding non-cancerous cerebella but absent in

57.7% and 42.3% of medulloblastoma tumors, respectively. In-

terestingly, 15 out of 104 (14.4%) medulloblastoma cases were

partly positive in CRABP-II expression and 5 (4.8%) in CRABP-I

expression. This further suggests the presence of molecular

heterogeneity (Pfister et al., 2010), the multiclonal origins of

medulloblastomas and independent expression of these two

genes (Eberhart et al., 2002).

Synaptophysin is regarded as a reliable biomarker of neu-

ron and an indicator of neuron-like differentiation of brain tu-

mors (Kawashima et al., 2000; Kido et al., 2009). In order to

evaluate potential relevance of synaptophysin production

with CRABP-II expression, a correlative analysis of these two

parameters was conducted using the data from tissue

microarray-based immunohistochemistry. Although CRABP-

II and synaptophysin expression was closely related not only

in non-cancerous cerebella but also among the three subtypes

of medulloblastoma tissues, there are still some cases with

synaptophysin but without CRABP-II expression (31.2%; 23/

74) and vice versa (13.3%; 6/45). These phenomena suggest

that the concurrent expression of these two genes inmedullo-

blastoma cells may not be directly linked. Therefore, CRABP-II

expression is unnecessarily restricted to a particular medullo-

blastoma subtype and can not be inferred from the

commonly-used synaptophysin staining.

DNA methylation is known to regulate gain or loss of gene

expression, which also happens to the promoter region of

CRABP-I (Wei and Lee, 1994; Tanaka et al., 2007) and CRABP-

II (Gupta et al., 2008; Calmon et al., 2009). Although differential

responses of medulloblastoma cells to RA treatment have

been documented, there has been no report yet concerning

the effect of CRABP-I and -II expression patterns on RA sensi-

tivity. Our study thus demonstrated for the first-time the fun-

damental difference of CRABP-I and CRABP-II expression in

RA-sensitive Med-3 and RA-resistant UW228-2 and -3 cells.

Furthermore, more than half of medulloblastoma cases

checked so far were either totally or partly negative in

CRABP-I and CRABP-II expression. These findings prompted

us to investigate the underlying reason(s) leading to the si-

lencing of these two genes. The presence of CG methylation

at the amplified CRABP-II promoter region (�521 to �734)
and 5-aza-20-deoxycytidine recovered CRABP-II expression of

UW228-2 and UW228-3 cells suggest a close correlation of

DNA methylation with CRABP-II silencing. The distinct

CRABP-II expression patterns in RA-sensitive and RA-

resistant medulloblastoma cells thus provide an ideal experi-

mentalmodel to evaluate the importance of CRABP-II in deter-

mining the RA sensitivities of medulloblastoma cells. In the

case of CRABP-I, the parallel sequencing analysis showed no

methylation in the BSP product and 5-aza-20-deoxycytidine
failed to restore its expression in both UW228-2 and UW228-

3 cells. These findings indicate the presence of an alternative

regulatory pathway for CRABP-I expression. CYP26A1 is sup-

posed to be the target gene of CRABP-II mediated RA signaling

(Abu-Abed et al., 2002), while this gene can be up-regulated in

RA-treated UW228-2 cells in CRABP-II independent fashion.

Since CYP26A1 expression is also under complex feed-

forward control by FGF signaling that blocks the proliferation

of mouse medulloblastoma cells via inhibiting Sonic hedge-

hog signaling (White et al., 2007), the potential influence of

RA in FGF-regulated CYP26A1 expression in human medullo-

blastoma cells should be taken into account.

So far, the influence of altered CRABP-I and -II expression

in the RA sensitivities of human cancers, especially medullo-

blastomas, remains lesser known. This issue has been

addressed in the current study by modulating CRABP-II ex-

pression in UW228-2, UW228-3 and Med-3 cells. An increased

RA sensitivity accompanied with appearance of NGN1 expres-

sion could be observed in 5-aza-20-deoxycytidine treated

UW228-2 and �3 cells in which CRABP-II but not CRABP-I ex-

pression was recovered. More importantly, UW228-2 cells

transfected with CRABP-II expressing element became sensi-

tive to RA and, conversely, Med-3 cells showed declined RA

sensitivities when CRABP-II expression was largely inhibited

by siRNA approach. It would be therefore considered that

the presence or absence of CRABP-II but not CRABP-I would

be more critical in determining RA sensitivities of humanme-

dulloblastoma cells. In this context, CRABP-II can be regarded

as a potential epigenetic marker for personalized RA therapy

of medulloblastomas and other applicable cancers.
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