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Abstract
Medulloblastoma is the most frequent malignant central nervous system tumor in children.
MicroRNAs (miRs) are small, non-coding RNAs that target protein-coding and non-coding
RNAs, and play roles in a variety of cellular processes through regulation of multiple targets.
In the present study, we analyzed miR-22 expression and its effect in cell proliferation and
apoptosis in medulloblastomas. Quantitative reverse transcription PCR (RT-PCR) revealed
significantly lower expression of miR-22 in 19 out of 27 (70%) medulloblastomas, D341,
DAOY, ONS-76 medulloblastoma cell lines, compared with normal cerebellum. Forced
expression of miR-22 by lentiviral vector transfection reduced cell proliferation and induced
apoptosis, while knockdown of miR-22 increased proliferative activity in DAOY and
ONS-76 cells. DAOY cells with miR-22 overexpression in nude mice yielded tumors
smaller than those originated from control DAOY cells. Microarray analysis in DAOY cells
with forced miR-22 expression showed significant changes in expression profiles, PAPST1
being the most significantly (10 folds) downregulated gene. Quantitative RT-PCR revealed
PAPST1 mRNA upregulation in 18 out of 27 (67%) medulloblastomas. In addition, a
luciferase reporter assay in ONS-76 and DAOY cells suggested that miR-22 directly targets
the PAPST1 gene, and lentivirus-mediated knockdown of PAPST1 suppressed proliferation
of DAOY and ONS-76 medulloblastoma cells. These results suggest that frequently
downregulated miR-22 expression is associated with cell proliferation in medulloblastomas,
and this may be at least in part via PAPST1, which is a novel target of miR-22.

INTRODUCTION
Medulloblastoma [World Health Organization (WHO) grade IV] is
the most common malignant intracranial tumor in children (12),
which arises primarily from external granular layer precursor cells
(50). Patients with medulloblastoma have been stratified into
“standard-risk” and “high-risk” groups based on the clinical
parameters (age, metastatic stage at diagnosis, extent of surgical
resection) and histologic features (34). The 5-year disease-free
survival rates have been improved by multimodality treatment
(surgery, radiotherapy and chemotherapy) at 70%–80% in the
standard-risk group, and 55% to >60% in the high-risk group (7,
13). However, the majority of survivors suffer from the adverse
effects, for example, life-long cognitive defects and neuro-
endocrine late effects (24), and there is an urgent need for devel-
opment of novel targeted therapy. Several recent large-scale
genomic and expression studies have shown genetic heterogeneity
in medulloblastomas, and defined several subtypes with unique
molecular profiles and clinical behavior (18).

MicroRNAs (miRs) are short non-coding RNAs that have critical
regulatory functions in a variety of biological processes, that is, cell

proliferation, apoptosis, differentiation, development and
tumorigenesis, by affecting expression of multiple target genes,
including oncogenes and tumor suppressor genes (3, 11). Several
studies have suggested important roles of miRs in pathogenesis of
medulloblastomas. It has been reported that miR-183 cluster regu-
lates multiple biological programs which support the maintenance
and metastatic potential of medulloblastomas (44). Bai et al (2)
showed that miR-182 promotes leptomeningeal metastatic dissemi-
nation of non-sonic hedgehog medulloblastoma. The miR-124 was
downregulated in medulloblastoma (MB) and involves in the
cell cycle regulation by targeting CDK6, a well-known adverse
prognostic marker in MB (31). The miR-214 was increased in
Sonic Hedgehog (SHH) group of medulloblastomas, its oncogenic
role was based on the regulation of human suppressor of fused
gene, a SHH pathway inhibitor (8). Therefore, miRNAs are
important players in MB tumorigenesis and their therapeutic
exploitation can constitute an alternative approach to this devastat-
ing disease (42).

MiR-22 gene is located at 17p13.3, where loss of heterozygosity
(LOH) are frequent in human neoplasms (6), including breast
cancer (28%) (35), ovarian cancer (79%) (30, 32), lung cancer
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(57%) (17), hepatocellular carcinomas (68%) (53) and
medulloblastomas (38%–44%) (25, 37). MiR-22 expression is
reduced in a variety of human neoplasms, including breast cancer
(47), hepatocellular carcinomas (52) and acute lymphoblastic
leukemia (20). Level of miR-22 expression was significantly lower
in colorectal cancer tissues than normal adjacent mucosa and was
associated with liver metastasis and shorter overall survival (51).
In patients with non-small cell lung cancer, there was a correlation
between high miR-22 expression in blood and the lack of response
to pemetrexed-based chemotherapy, suggesting that miR-22 rep-
resent a novel predictive biomarker (10).

Berenguer et al (4) showed that miR-22 regulates cell cycle
length in cerebellar granular neuron precursors. A microarray
analysis by Ferretti et al (9) revealed lower expression of miR-22
in medulloblastomas compared with adult and fetal normal cer-
ebellum. Little is known about the role of miR-22 in the patho-
genesis of medulloblastomas. In the present study, we assessed
miR-22 expression in medulloblastoma tissues and medulloblas-
toma cells. The observation of very frequent miR-22 down-
regulation in medulloblastomas prompted us to further carry out in
vitro studies to obtain underlying mechanisms and to identify the
target of the miR-22.

MATERIALS AND METHODS

Tumor samples

A cohort of 27 primary medulloblastomas without history of radio-
therapy or chemotherapy was obtained from Xinqiao Hospital,
Third Military Medical University, Chongqing and Xiangya Hos-
pital, Central South University, Changsha. Twenty-two patients
were children (median age, 8 years; range 2–13 years) and five were
adults (median, 39 years; range, 19–63 years). The male/female
ratio was 2:1. Tumor tissues were immediately frozen at the time of
surgery and kept in liquid nitrogen until use. Tumors were diag-
nosed according to the 2007 WHO Classification of Tumours of the
Central Nervous System (22). Histologically, 20 cases were diag-
nosed as classic medulloblastomas, four were large cell/anaplastic

medulloblastomas and three were desmoplastic/nodular
medulloblastomas. Histological examination confirmed that >80%
of cells in samples were neoplastic cells. Written informed consent
was obtained from parents or legal guardians of all patients.
A normal cerebellum was obtained from a 20-year-old male
at autopsy, and was used as a negative control for
immunohistochemistry. This study was approved by the Ethical
Committee of the Xinqiao Hospital, Third Military Medical Uni-
versity, Chongqing and Xiangya Hospital, Central South Univer-
sity, Changsha.

Medulloblastoma cell lines

Human medulloblastoma cell lines D341 and DAOY were gener-
ous gifts from Dr. Jesse Chung-Sean Pang, Department of Ana-
tomical and Cellular Pathology, The Chinese University of Hong
Kong. ONS-76 medulloblastoma cells were kindly provided by
Professor Xiuwu Bian, Institute of Pathology and Southwest
Cancer Center, Southwest Hospital, Third Military Medical Uni-
versity, China. D341 and DAOY cells were cultured in α-minimum
essential medium (α-MEM; HyClone, Logan City, UT, USA) and
ONS-76 was cultured in RPMI-1640 culture medium (HyClone).
All culture media were supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin at 37°C in a humidified 5% CO2

incubator.

Vector construction, lentiviral production and
infection

Sequences of pri-miR-22, miR-22-inhibitor and PAPST1-shRNA
are shown in Table 1. The pLKD.CMV.GFP.U6.shRNA vector
(Supporting Information Figure S1A) was purchased from
NeuronBiotech (Shanghai, China), and was inserted into the AgeI-
EcoRI site downstream of the U6 promoter. A negative control
vector containing a non-targeting sequence was also obtained from
NeuronBiotech.

For the lentivirus production, vectors were cotransfected with
pHelper 1.0 and pHelper 2.0 helper plasmids using Lipofectamine

Table 1. DNA oligos sequence of shRNA and microRNA.

Name DNA oligos sequence (5’→3’) Sizes (bp)

Pri-miR-22 Sense ACCGGTAGTGGGTCAGCGTTGCAGCAACATGCCCTGCTCAGATCTTTCCCATTTTCC
CTCCCTTTCCCTTAGGAGCCTGTTCCTCTCACGCCCTCACCTGGCTGAGCCGCAG
TAGTTCTTCAGTGGCAAGCTTTATGTCCTGACCCAGCTAAAGCTGCCAGTTGAAG
AACTGTTGCCCTCTGCCCCTGGCTTCGAGGAGGAGGAGGAGCTGCTTTCCCCAT
CATCTGGAAGGTGACAGAAATGGGCTGGGAAGGTCCGAACAGCAGGGTGGATG
ATACGTTTTTTGAATTC

291

Antisense GAATTCAAAAAACGTATCATCCACCCTGCTGTTCGGACCTTCCCAGCCCATTTCTGT
CACCTTCCAGATGATGGGGAAAGCAGCTCCTCCTCCTCCTCGAAGCCAGGGGCA
GAGGGCAACAGTTCTTCAACTGGCAGCTTTAGCTGGGTCAGGACATAAAGCTTG
CCACTGAAGAACTACTGCGGCTCAGCCAGGTGAGGGCGTGAGAGGAACAGGCT
CCTAAGGGAAAGGGAGGGAAAATGGGAAAGATCTGAGCAGGGCATGTTGCTG
CAACGCTGACCCACTACCGGT

291

miR-22-inhibitor Sense CCGGTAAAGCTTGCCACTGAAGAACTTTTTTTG 33
Antisense AATTCAAAAAAAGTTCTTCAGTGGCAAGCTTTA 33

PAPST1-shRNA Sense CCGGGGTCAAGAGAGCATAGGTAGGCTCGAGCCTACCTATGCTCTCTTGACCTTTTTTG 59
Antisense AATTCAAAAAAGGTCAAGAGAGCATAGGTAGGCTCGAGCCTACCTATGCTCTCTTGACC 59
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2000 (Invitrogen, Carlsbad, CA, USA) into HEK293T cells when
they reached 80% confluency. After culture for 3 days, supernatant
was harvested and purified by centrifugation, and was filtered
through a 0.45 μm cellulose acetate filter. The titer of virus was
measured by quantitative polymerase chain reaction (PCR).

The lentivirus was transfected to the DAOY and ONS-76 cells
according to the manufacturer’s instructions, in the presence of
virus at a multiplicity of infection (MOI) of 30 for the pri-miR-22
and empty control, and an MOI of 10 for miR-22-inhibitor,
PAPST1-shRNA and their corresponding negative control vectors.
Transfection efficiencies were determined by the proportion of
green fluorescence protein (GFP)-positive cells. Five days after
transfection, GFP-expressing cells were used for subsequent
analyses.

Quantitative reverse transcription PCR
(qRT-PCR)

Total RNA was isolated from tumor tissues or cells using TRizol
(Invitrogen) according to the manufacturer’s instructions. To
assess miR-22 expression, pooled total RNA (1 μg) was reverse-
transcribed in the presence of a Poly-A polymerase with an
oligo-dT adaptor using All-in-One™ miRNA First-strand cDNA
synthesis kit (GeneCopoeia, Inc., Rockville, MD, USA). Quan-
titative RT-PCR was performed in a CFX96™ RT-PCR Detection
System (Bio-Rad, Laboratories, Hercules, CA, USA) with SYBR
green detection and the universal adaptor reverse primer, with
1 μL of cDNA, following the protocol of All-in-One™ miRNA
qPCR Kit (GeneCopoeia, Inc.). The threshold cycle numbers (Ct)
were normalized against an endogenous control (RNU6B RNA)
and related to a pooled total RNA from the normal cerebellum
(24 male/female Caucasians; age, 16–70 years old; Clontech,
Mountain View, CA, USA) (2, 23).

cDNA was synthesized from 1 μg of total RNA using
PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Kyoto,
Japan). Quantitative PCR was carried out in the CFX96™ RT-PCR
Detection System (Bio-Rad, Laboratories) with 1 μL of the cDNA
product, according to the instruction of SYBR® Premix Ex Taq™
II (TaKaRa).

Primers for miR-22 (HmiRQP0332) and RNU6B
(HmiRQP9001) were purchased from the GeneCopoeia, Inc.
Forward and reverse primers for PAPST1 were 5’-CTA TGG TTC
TTC CCA TTT GTG G-3’ and 5’-ACC GGT CTC CAG GTA GTT
CTT C-3’ (27), and those for β-actin were 5’-GCA CCA CAC CTT
CTA CAA TGA GC-3’ and 5’-TAG CAC AGC CTG GAT AGC
AAC G-3’. The level of PAPST1 mRNA expression, normalized to
the reference control β-actin, was related to the normal cerebellum
total RNA as described above. Supporting Information Figure S2
shows the standard curves of quantitative RT-PCR for miR-22, U6,
PAPST1 and β–actin. The efficiency of the amplifications was
similar and sufficiently high for the target and internal control
genes. Data from quantitative RT-PCR were analyzed by relative
quantification using the 2[-ΔΔC(T)] method (21). Each sample was
analyzed in triplicate.

Fluoresence in situ hybridization (FISH)

Dual color FISH was performed on formalin-fixed paraffin-
embedded medulloblastoma specimens. We used Vysis LSI dual

color probe set, which consisted of locus-specific 17p13.3 (orange
spectrum) and locus-specific 17q21/RARA (green spectrum)
probes (Abbott molecular, Chicago, IL, USA). FISH analysis was
carried out according to the standard protocol described (29),
using the criteria for assessing FISH results previously described
(28).

Cell counting kit-8 (CCK-8) assay

Five days after transfection, cell viability was evaluated by CCK-8
assay (Dojindo, Kumamoto, Japan). Briefly, medulloblastoma
cells (DAOY, ONS-76) transfected with lentivirus carrying pri-
miR-22, miR-22-inhibitor or PAPST1-shRNA, as well as their
respective control cells transfected with control vectors, were
trypsinized and plated (103 cells/well) in 96-well plates with a final
volume of 100 μL/well. After incubation for 0 h, 24 h, 48 h, 72 h,
96 h or 120 h, 10 μL of CCK-8 solution was added to each well
and plates were incubated at 37°C for an additional 1 h. The
optical density (OD) value of each well at 450 nm was recorded on
a Microplate Reader (Thermo Fisher Scientific, Waltham, MA,
USA).

Flow cytometric analysis

To assess apoptosis, AnnexinV-PE/7-amino-actinomycin (7-AAD)
flow cytometric assay was performed using the AnnexinV-PE/7-
AAD Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China).
Medulloblastomas cells (DAOY, ONS-76) transfected with miR-22
and their respective control cells transfected with empty vectors,
were washed with phosphate buffered saline (PBS) at room tem-
perature and trypsinized without Ethylenediaminetetraacetic acid,
then were washed twice with cold PBS.Approximately 3 × 105 cells
were resuspended in 200 μL binding buffer. After incubated with
phycoerythrin-conjugated (PE-conjugated) annexin V (5 μL) for
15 min and then with D 7-AAD (5 μL) for 15 min, cells were
analyzed by Fluorescence Activated Cell Sorter (FACS) using a
FACSCanto II flow cytometer equipped with FACSDiva soft-
ware (BD Biosciences, Heidelberg, Germany). Percentages of
AnnexinV + /7-AAD- (early stage apoptotic cells), AnnexinV + /
7-AAD + (late stage apoptotic cells) and AnnexinV-/7-AAD- (non-
apoptotic cells) were calculated based on the distribution in the set
quadrants (5).

Western blot

Medulloblastoma cells (DAOY, ONS-76) transfected with
lentivirus carrying pri-miR-22, PAPST1-shRNA or their respective
control cells, were cultured for 5 days. Protein was extracted from
these cells, as well as from tumor tissue in nude mice using Total
Protein Extraction Kit (BestBio Biotechnologies, Shanghai,
China). Protein concentrations were determined with bicincho-
ninic acid assay (Beyotime Biotechnology, Haimen, China). The
lysates were heated in SDS-PAGE protein loading buffer
(Beyotime Biotechnology) at 100°C for 5 min. Equal amounts
of protein (40 μg/cell line) were separated using 12% (w/v) SDS-
PAGE (Beyotime Biotechnology) and transferred onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Labora-
tories). Non-specific binding was blocked with 10 mmol/L tris
buffered saline, containing 0.1% Tween 20 and 5% non-fat milk.

The Role of miR-22 in Medulloblastomas Xu et al

570 Brain Pathology 24 (2014) 568–583

© 2014 International Society of Neuropathology



Membranes were then incubated overnight at 4°C with the respec-
tive primary antibodies (diluted 1:1000) for caspase-3 (Cell
Signaling Technology, Danvers, MA, USA), GAPDH (Cell
Signaling Technology) or PAPST1 (Abcam, Cambridge, MA,
USA). Membranes were washed and incubated with Horseradish
Peroxidase-conjugated goat anti-rabbit IgG (H + L) (Zhongshan

Golden Bridge, Beijing, China) at a dilution of 1:2000. Signals
were visualized by enhanced chemiluminescence, using BeyoECL
Plus kit (Beyotime Biotechnology) and detected with Gel Doc™
2000 Gel Documentation System (Bio-Rad, Laboratories). Rela-
tive band intensities were determined using Quantity One analysis
software (Bio-Rad, Laboratories).

Table 2. PAPST1 primer sequences for luciferase report assay. Abbreviations: WT = vector containing wild-type 3’ Untranslated Regions (UTR) of
PAPST1(SLC35B2) mRNA; MUT = vector containing two mutant binding sites in 3’UTR of the PAPST1 mRNA.

Vector Primer Primer sequence (5’→3’) Sizes (bp)

WT h- PAPST1-F CCGCTCGAGTGTGCCTGTTGAGTCTCCTGTGC 32
WT h- PAPST1-R AGTTTAGCGGCCGCCAGTCAACCAAAACACAGGACCAAG 39
MUT h- PAPST1-Mut1-F GAGCCCAGGACCGACGCTTCCCTTTTG 27
MUT h- PAPST1-Mut1-R CAAAAGGGAAGCGTCGGTCCTGGGCTC 27
MUT h- PAPST1-Mut2-F AAGTCACCCATGTAGCAGTAACGACTATATTCTGAGCC 38
MUT h- PAPST1-Mut2-R GGCTCAGAATATAGTCGTTACTGCTACATGGGTGACTT 38
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In vivo assay

BABL/C nude mice were bred at the Laboratory Animal Center,
Third Military Medical University, Chongqing, China. All animal
experimental procedures were performed with the protocols

approved by the Institutional Animal Care and Ethics Committee.
Five nude mice were subcutaneously injected with DAOY cells
transfected with empty vector (106 cells/mouse), and five mice
were with DAOY cells transfected with miR-22 (106 cells/mouse).
Eight weeks after inoculation of cells, volumes of tumors were
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Figure 2. Laser scanning confocal microscope analysis 3 days after miR-22 transfection with lentivirus, indicating high efficiencies and stable miR-22
expression in DAOY and ONS-76 medulloblastoma cells (A). The forced expression (B) and knockdown (C) of miR-22 were confirmed by quantitative
RT-PCR (n = 3, ± SD, *P < 0.05, **P < 0.01). NC, negative control.
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calculated by the formula A × A × B/2 (A, short diameter; B, long
diameter perpendicular to A). All parameters were measured with
digital calipers. Measurement by fluorescence imaging (NIR)
using the Kodak In-Vivo Imaging System FX Pro was also carried
out (Kodak, USA) (38, 39).

Transmission electron microscopy

Transmission electron microscopy was carried out to examine the
ultrastructure of the tumor samples in nude mice. Tumor tissues
(approximately 1 mm3 in diameter) were fixed in 2.5% glutar-
aldehyde for 1 day. After the post-fixation with 1% osmium tetrox-
ide for 2 h, specimens were dehydrated with graded series of
ethanol, and were embedded in epoxy resin 618. Ultrathin
sections were cut on a Leica EM UC7 ultramicrotome (Leica
Microsystems, Bannockburn, IL, USA), and were stained with
double lead. The sections were examined and photographed using
a FEI Tecnai10 electron microscope (FEI Company, Acht,
Eindhoven, The Netherlands).

Microarray analysis in DAOY cells with and
without forced miR-22 expression

Microarray analysis was performed using human oligo Chip 35k
V2.0 (CapitalBio Corporation, Beijing, China), which contain
35 035 oligonucleotide 70-mer probes. The cDNA was synthesized

by Eberwine’s linear RNA amplification method, followed by sub-
sequent Klenow enzymatic reaction, which introduced the Cy5/
Cy3-dCTP into the cDNA. The labeled cDNAs were dissolved in
80 μL of hybridization solution [3 × 0.15M NaCI, 0.015M sodium
citrate pH7.0 (SSC), 0.2% SDS, 5 × Denhardt’s solution, and 25%
formamide], followed by hybridization overnight at 42°C. Chips
were then washed with washing buffer (0.2% SDS, 2 × SSC) at
42°C for 5 min, and then with 0.2 × SSC for 5 min at room tem-
perature. Microarray slides were scanned with a LuxScan 10 K/A
scanner (CapitalBio), and the spot intensities were measured by
LuxScan 3.0 image analysis software (CapitalBio). Based on a
LOWESS program, a space and intensity-dependent normalization
was employed. The intensity value of >1500 was defined as the
standard for gene expression. Differentially expressed genes were
selected by significant analysis of microarray (SAM) (multiclass,
3.0). Relative expression of ≥2.0 or ≤0.5 was considered as
upregulation or downregulation, respectively. Gene ontology (GO)
and pathway analysis were performed using Molecular Annotation
System 3.0 (MAS, 3.0, CapitalBio).

PAPST1 immunohistochemistry

After deparaffinization and rehydration, sections were incubated in
0.3% H2O2, to quench the endogenous peroxidase activity. Antigen
retrieval was carried out in citric acid buffer (pH 6.0) at 121°C/
0.12 MPa for 20 min. Sections were then incubated with a
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expression of cleaved caspase-3 in DAOY and
ONS-76 cells transfected with miR-22 (upper
panel). Quantification of Western blot data
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polyclonal rabbit PAPST1 antibody (1:90; Abgent, San Diego,
CA, USA) overnight at 4°C. After washing thrice with PBS
(0.01 mol/L; pH 7.3), the sections were incubated with biotin-
labeled goat anti-rabbit IgG for 1 h at 37°C. Sections were then
washed three times, incubated with streptavidin-biotin-horseradish
peroxidase complex at 37°C for 1 h, according to the instruction
of the strept avidin-biotin complex (rabbit IgG)-peroxidase
kit (Boster Biotechnology, Wuhan, China). The peroxidase activity
was visualized by 3, 3′-diaminobenzidine (DAB, ZhongShan
Golden Bridge), and sections were counterstained with
hematoxylin.

Construction of plasmids and luciferase assay

The full length of 3’ Untranslated Regions (UTR) of human
PAPST1 mRNA sequence (NM_178148.2) was amplified by PCR
using genomic DNA extracted from HeLa cells. The primers
including restriction sites XhoI and NotI for the cloning purpose
were used. PCR product was cloned into pmiR-RB-REPORT™
Vector (Ruibo, Guangzhou, China, Supporting Information
Figure S1B), located the downstream of Renilla luciferase gene,
the resultant plasmid was termed pmiR-RB-REPORT™-
h-PAPST1 wild type (WT). By using PCR mutagenesis, a
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Figure 6. Representative images of nude mice 8 weeks after inocula-
tion of DAOY cells transfected with miR-22, showing that miR-22-
expressed tumors grow more slowly than those with empty vectors (A).
Quantification of volume of tumors in nude mice by caliper measure-
ments, indicating that tumors from DAOY cells transfected with miR-22
are significantly smaller than those transfected with empty vector.
The bar represent the average volume of the tumor in each group

(n = 5, ± SD; *P < 0.04) (B). Transmission electron microscopy reveals
apoptotic DAOY cells (indicated by arrow) transfected with miR-22. The
condensed chromatin block is located in the middle of the nucleus and
abutted on the nucleus membrane. The cell membrane and mitochon-
dria are intact (C). Quantitative RT-PCR showing that tumors originating
from miR-22-expressing DAOY medulloblastoma cells in nude mice
have significantly higher miR-22 expression (n = 3, ± SD; *P < 0.04) (D).
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conservative point mutation was introduced into the two putative
miR-22 binding sites at the same time (Figure 10B). PCR products
were cloned into pmiR-RB-REPORT™ Vector (Ruibo) as
described above, generating the plasmid containing mutations
(pmiR-RB-REPORT™-h-PAPST1 MUT). Primer sequences are
listed in the Table 2. Sequences in constructs were further con-
firmed by direct sequencing.

ONS-76 and DAOY cells were seeded in 96-well plates with
2 × 104/well, and cultured to 70% confluence one day after the
plating. Cells were transiently cotransfected with hsa-miR-22-3p
mimic (Ruibo) and the plasmids constructed above, using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Transfection efficiencies were determined by GFP
reporter plasmid.The constructed luciferase reporter plasmids were

cotransfected with miR-22 mimic or control miRNA into ONS-76
and DAOY cells. Luciferase activity was measured at 36 h after the
transfection using the Dual-Glo Luciferase assay system (Promega,
Madison, WI, USA). Firefly and Renilla luciferase luminescence
signals were both quantified by luminometer (Glomax, Promega).
Changes in expression of Renilla luciferase (target) were calculated
relative to firefly luciferase (internal control).

Statistical analysis

Significance of differences between the compared groups
was determined by two-tailed t-tests using Excel (Microsoft
Excel, Microsoft Corp, Washington, DC, USA). With a P-value
of less than 0.05 considered to be statistically significant.

RESULTS

MiR-22 expression is downregulated in
medulloblastomas

Quantitative RT-PCR revealed downregulation of miR-22 expres-
sion (ie, <20% compared with normal human cerebellum) in 19
out of 27 (70%) medulloblastomas, all three medulloblastoma cell
lines (Figure 1A,B).

LOH at 17p13.3

FISH analysis revealed 17p13.3 loss in five out of 27 (19%)
medulloblastomas analyzed (Figure 1C).

Role of miR-22 expression in cell proliferation
of medulloblastoma cells

Transfection efficiencies, estimated by the fraction of GFP-
positive cells at 72 h after transfection, were >80% (Figure 2A).
MiR-22 forced expression and miR-22 knockdown in DAOY and
ONS-76 medulloblastoma cells by lentivirus vector led to stable
miR-22 upregulation or downregulation, respectively. Quantitative
RT-PCR revealed miR-22 upregulation in DAOY/miR-22 (3.5-
fold) and ONS-76/miR-22 cells (40-fold), and downregulation in
DAOY/miR-22-inhibitor cells (67%) and ONS-76/miR-22-
inhibitor cells (37%), compared with the respective negative con-
trols. Empty vectors had no influence on the miR-22 expression
compared with untreated cells (Figure 2B,C).

In the CCK-8 assay, stable miR-22 overexpression led to a
reduction in viable DAOY and ONS-76 cells, compared with the
respective control cells transfected with empty vector, at 24 h,
48 h, 72 h, 96 h or 120 h time points. Cell proliferation was most
significantly inhibited in DAOY/miR-22 cells at 72 h (45%)
(Figure 3A), and in ONS-76/miR-22 cells at 48 h (30%) after the
transfection (Figure 3B). In contrast, knockdown of miR-22
increased proliferation in both DAOY (7% at 48 h) and ONS-76
(11% at 48 h) medulloblastoma cells (Figure 3C,D).

MiR-22 overexpression induces apoptosis in
medulloblastoma cells

Flow cytometry was carried out in DAOY and ONS-76 cells
transfected with miR-22 and their respective controls. MiR-22
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overexpression significantly increased apoptosis in DAOY cells by
120% (35.9 ± 3.3% vs. 16.3 ± 2.2%; P < 0.0001; Figure 4A,B)
and in ONS-76 cells by 12% (31.4 ± 1.8% vs. 28.0 ± 1.9%;
P < 0.02; Figure 4A,C), compared with their respective empty
vector groups. Western blot analysis revealed that miR-22 signifi-
cantly upregulated cleaved caspase-3 (17/19 KDa-active forms) in
DAOY cells (57% increase) and in ONS-76 cells (37% increase)
(Figure 5).

MiR-22 overexpression inhibits tumor growth
and induces apoptosis in vivo

Mean size of tumors originating from DAOY/miR-22 cells was
14.4% of those from DAOY/empty vector control cells, 8 weeks
after the inoculation of respective tumor cells to nude mice
(P < 0.04; Figure 6A,B).

Under transmission electron microscopy, typical apoptotic cells
were observed in DAOY/miR-22 tumors in nude mice. These
apoptotic cells showed condensed chromatin block located in the
middle of the nucleus and abutted on the nucleus membrane. The
cell membrane and mitochondria were intact. In contrast,
apoptosis was rarely detectable in tumors originated from control
DAOY cells transfected with the empty vector (Figure 6C). Quan-
titative RT-PCR confirmed that miR-22 was overexpressed (1.57-
folds) in DAOY/miR-22 tumors in nude mice (Figure 6D).

PAPST1 expression in medulloblastomas

Microarray analysis showed upregulation and downregulation of
RNA expression in many genes in DAOY and ONS-76 cells
transfected with miR-22, compared with their respective controls.
For further detailed analyses, we selected 3’-phosphoadenosine
5’-phosphosulfate transporters 1 (PAPST1, also called SLC35B2),

which showed the most significant (10-folds) downregulation in
DAOY cells by miR-22 overexpression.

Quantitative RT-PCR revealed >2-folds upregulation in 18 out
of 27 (67%) medulloblastomas tissues (Figure 7A) and in DAOY,
ONS-76 medulloblastoma cells (Figure 7B), compared with
normal human cerebellum.

Forced miR-22 expression significantly reduced PAPST1
expression in DAOY and ONS-76 medulloblastoma cells
(Figure 7C). Western blot showed that PAPST1 protein was
downregulated in DAOY and ONS-76 cells with miR-22
overexpression (Figure 7D).

Tumors originated from miR-22 overexpressing DAOY cells
in nude mice showed significantly higher miR-22 expres-
sion (Figure 6D) and significantly lower PAPST1 mRNA expression
(Figure 8A) than tumors derived from control DAOY cells. Western
blot analysis confirmed the downregulation of PAPST1 protein
expression (Figure 8B).

PAPST1 immunohistochemistry

Immunohistochemistry showed cytoplasmic PAPST1 expression
in neoplastic cells in six medulloblastomas analyzed. No
immunoreactivity was detected in a normal cerebellum analyzed
and negative controls without primary antibody (Figure 9).

PAPST1 is a novel target of miR-22

To determine whether PAPST1 is a target of miR-22, we analyzed
sequences using FindTar3 Online Prediction (http://bio.sz
.tsinghua.edu.cn/), and identified two potential binding sites
(Figure 10A). Luciferase reporter assay using the constructed
plasmid confirmed that PAPST1 was negatively regulated by inter-
action between miR-22 and complementary sequences in the
3’UTR of PAPST1 mRNA in DAOY and ONS-76 medulloblas-
toma cells (Figure 10B–D).

A B

C D

Figure 9. PAPST1 immunohistochemistry. No
immunoreactivity was observed in normal
cerebellum (A) or in IgG negative control in
medulloblastomas (B). Cytoplasmic PAPST1
expression in medullobalstoma cells (C,D).
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Knockdown of PAPST1 inhibits proliferation of
medulloblastoma cells

Transfection of PAPST1-shRNA lentivirus resulted in
downregulation of PAPST1 mRNA in DAOY (46%) and ONS-76
(46%) medulloblastoma cells (Figure 11A), and downregulation
of PAPST1 protein in DAOY (71%) and ONS-76 (30%)
(Figure 11B).

CCK-8 assay showed that PAPST1 knockdown significantly
inhibited proliferation of DAOY and ONS-76 cells compared with
the respective negative control cells. Cell proliferation was most
significantly inhibited in both DAOY/PAPST1-shRNA cells
(16%) (Figure 11C) and ONS-76/PAPST1-shRNA cells (13%)
(Figure 11D), at 24 h after the transfection.

Discussion

MiR-22 reduced proliferation of breast cancer cells by targeting
ESR1 (47), reduced angiogenesis in colon cancer by down-
regulating HIF-1α and vascular endothelial growth factor expres-
sion (49), and induced pRb pathway through targeting of CDK6
and SIRT1 in breast cancer cells (48). MiR-22 induced p53-
dependent apoptosis by repressing of p21 in colon cancer cells
(41). Upregulated miR-22 suppressed expression of its target SP1
transcription factor and estrogen receptor 1 in pancreatic cancer
cells (40). These findings suggest that miR-22 play important roles
in carcinogenesis (19, 46, 48).

We here provide evidence that miR-22 is frequently
downregulated in medulloblastomas, and that forced miR-22
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expression reduced cell proliferation and increased apoptosis in
DAOY and ONS-76 medulloblastoma cells. Conversely, knock-
down of miR-22 increased proliferation of medulloblastomas
cells. Reduced miR-22 expression may confer a proliferative
advantage to tumor cells, which may contribute to the pathogenesis
of medulloblastomas. Molecular mechanisms of miR-22 reduced
expression in medulloblastomas remains to be elucidated. This
may be in part due to loss of one allele, as miR-22 is located at
17p13.3 where LOH is frequent in medulloblastomas (25, 37). In
the present study, we showed that a fraction of medulloblastomas
(five out of 27; 19%) demonstrated loss of 17p13.3. Alternatively,
epigenetic regulation may affect miR-22 expression. MiR-199b-5p
was shown to be downregulated in several medulloblastoma cell
lines and in tumors by epigenetic methylation of a CpG island
upstream of the miR-199b-5p promoter (1). In acute lymphoblastic
leukemia, the transcriptional start point of the miR-22 histone
modification independent of CpG island promoter DNA
methylation may be a novel epigenetic mechanism for miR-22
silencing (20). Our results also indicated that there was no signifi-
cant changes of miR-22 after treating the DAOY and ONS-76 cells
with the 5-Azacytidine (data not shown).

Target genes of miR-22 so far reported include HDAC4, ERα,
CDK6, SIRT1, SP1 P21, HIF-1α, MYCBP, MAX, PTEN, PPARA,
BMP7, BDNF, HTR2C, MAOA and RGS2 (46). To further iden-
tify miR-22 target genes, we carried out microarray analysis in
medulloblastoma cells with and without miR-22 overexpression.
Forced expression of miR-22 significantly changed expression
profiles, with the PAPST1 located at 6p12.1-p11.2 (also known as
SLC35B2) being the most significantly (10-folds) downregulated
gene in DAOY cells. We showed that PAPST1 was indeed fre-
quently upregulated in the majority (18 out of 27; 67%) of medul-
loblastoma samples and in two of three medulloblastoma cells. We
also demonstrated that medulloblastoma cells with forced expres-
sion of miR-22 led to PAPST1 downregulation at mRNA and
protein levels, which were also detected in tumors from the nude
mice which contained the overexpressed miR-22. Immuno-
histochemistry also confirmed cytoplasmic PAPST1 expression in
medulloblastomas cells, but not in normal cells in the cerebellum.
Furthermore, luciferase report assay demonstrated that PAPST1
is a novel direct target of miR-22 in medulloblastoma cells.
In medulloblastoma tissues, no one-to-one correlation between
miR-22 levels and PAPST1 expression was found, which maybe
the result of the complex regulation of gene expression in vivo.
Gene expression is regulated by various miRNAs and transcription
factors, there is also a regulatory relationship between miRNAs
and transcription factors (14, 45).

Proteoglycans with highly sulfated glycosaminoglycan (GAG)
chains involve in multiple oncogenic pathways in tumor cells as
well as regulate tumor–microenvironment interactions (43). The
universal sulfate donor 3-phospho-adenosine-5-phosphosulfate
(PAPS) is essential for the synthesis and the sulfation of
proteoglycans in the Golgi (33), PAPST1 is expressed in Golgi
membrane, and transfers PAPS from the cytoplasm into the Golgi
(16). It has been reported that PAPST1 and PAPST2 contribute to
the maintenance and differentiation of mouse embryonic stem
cells (36). Overexpression of PAPST1 reduced radiation-induced
apoptosis in Burkitt’s lymphoma cells, and promoted the
phosphorylation of p38 MAPK and Akt in irradiated Namalwa
cells (26). PAPST1 was overexpressed in DLD-1 colorectal carci-

noma cells, and silencing PAPST1 led to downregulation of fibro-
blast growth factor signaling and decreased cell proliferation (15).
Above all, PAPST1 is a very important molecule which involved in
the carcinogenesis of solid tumors. In the present study, knock-
down of PAPST1 led to inhibited cell proliferation in DAOY and
ONS-76 medullobalstoma cells, suggesting that PAPST1 plays a
role in the pathogenesis of medulloblastomas, and PAPST1 is nega-
tively regulated in vitro and in vivo by miR-22.

In summary, downregulation of miR-22 is frequent in
medulloblastomas. The expression level of miR-22 in medullo-
blastoma cells has a negative correlation with the cell proliferation
in vitro, the forced expression of miR-22 increases apoptosis
and decreases tumor growth in vitro and in vivo. PAPST1 is a
novel target of miR-22, and is frequently overexpressed in
medulloblastomas, the knockdown expression of PAPST1
decreases the cell proliferation in medulloblastoma cell lines. Our
data provides evidence that miR-22 plays a tumor suppressive role
in medulloblastomas, and sheds a light on the importance of
PAPST1 in the pathogenesis of medulloblastomas.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. The structure of the pLKD.CMV.GFP.U6.shRNA
vector (A), the synthesized DNA oligo sequences of pri-miR-22,
miR-22-inhibitor, PAPST1-shRNA were inserted into the AgeI-
EcoRI site downstream of U6 promoter. The structure of the pmiR-
RB-REPORT TM Vector (B), the PCR product was cloned into the
downstream of Renilla luciferase gene.
Figure S2. The amplification standard curve for qPCR, (miR-22,
RNAU6B, upper panel; PAPST1, β-actin, lower panel) both
the target and the internal control genes have highly similar
efficiencies.
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