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Table 2
Association between RASSF1A, CASP8, DCR2, and PCDHB methylation and MYCN amplification.
Group Al Group A2 Group B Group A2 (<18 m) Group B (>18 m)
(<18 m) (<18 m) (>18 m)
RASSF1A (cMSP) RASSF1A
(qMsP)

Total (methyl versus NS S (0.001) S (0.002) ROC, S (5.29E-06); DRR., S ROC, S (0.003); DRR., S
unmethyl) (8.97E—06) (0.001)

Diploidy (methyl versus NS S (0.005) S (0.011) ROC, S (0.002); DRR, S (0.001) ROC, S (0.003); DRR., S
unmethyl) (0.003)

Triploidy (methyl versus NA NA NS ROC, NA; DRR., NA. ROC, M (0.08); DRR, NS
unmethyl)

CASP8 (cMSP)

Total (methyl versus NS S (1.94E-07) S (0.002)
unmethyl)

Diploidy (methyl versus NA S (1.35E-04) S (0.034)
unmethyl)

Triploidy (methyl versus NA NA $(0.027)
unmethyl)

DCR2 (cMSP) DCR2 (qMSP)

Total (methyl versus NS NS NS ROC, S (0.043); DRR., NA ROC, NS; DRR., NS
unmethyl)

Diploidy (methyl versus NS NS NS ROC, NS; DRR., NA. ROC, NS; DRR., NS
unmethyl)

Triploidy (methyl versus NA NA NS ROC, NA; DRR,, NA. ROC, NS; DRR., NS
unmethyl)

PCDHB (cMSP) PCDHB

(qMSP)

Total (methyl versus ROC, S (2.34E-07); DRR., S ROC, S (0.003); DRR,, M
unmethyl) (1.2E-04) (0.091)

Diploidy (methyl versus ROC, S (5.86E—06); DRR., S ROC, S (0.036); DRR,, S
unmethyl) (0.005) (0.032)

Triploidy (methyl versus ROC, NA; DRR, NA. ROC, NS; DRR., NS
unmethyl)

Group Al, infants found by mass-screening; Group A2, infants diagnosed clinically; Group B, children diagnosed clinically; m, month; cMSP, conventional methylation-
specific PCR; gMSP, quantitative methylation-specific PCR; Methyl, methylated; unmethyl, unmethylated; NS, not significant; S, significant; M, marginally significant; NA, not
applicable; ROC, ROC analysis; DRR, dose-response relationship analysis; Detailed data are shown in Supplementary Tables 2-7.

children were at a more advanced stage than DCR2-unmethylated
diploid and triploid tumors in children, respectively (P = 0.003 and
P=0.017), and the results were consistent with those obtained by
quantitative MSP. ;

Quantitative MSP analysis disclosed that PCDHB-methylated
diploid and triploid tumors were at more advanced stages than
PCDHB-unmethylated diploid and triploid tumors, respectively, in
children (P=0.001 and P=0.003). Such an association was not
found between PCDHB-methylated and -unmethylated tumors in
infants.

3.3. Correlation of methylation in the RASSF1A, CASP8, DCR2, and
PCDHB genes with MYCN amplification

Because only 2 of 123 tumors found by mass-screening had
MYCN amplification, further studies on the correlation were not
conducted (Table 2). RASSFIA methylation detected by conven-
tional MSP was associated with MYCN amplification in tumors in
infants and children (P=0.001 and P = 0.002). CASP8 methylation
was also associated with MYCN amplification in tumors in infants
and children (P =1.94E—-07 and P = 0.002). In contrast, no associa-
tion was found between DCR2 methylation and MYCN amplifica-
tion in tumors in infants and children. Quantitative MSP analysis
in RASSF1A and DCR2 methylation confirmed the findings. In addi-
tion, PCDHB methylation was also identified to have correlation
with MYCN amplification in tumors of infants and children. The
association between RASSF1A and PCDHB methylation and MYCN
amplification was also indicated by different distributions of meth-
ylation percentages of RASSF1A and PCDHB between MYCN-ampli-
fied and -nonamplified tumors; however, different distributions

of DCR2 methylation percentages were not exhibited between
the tumors in infants and children (Fig. 2).

We then classified tumors by the ploidy status, and found that
none of the triploid tumors in infants had MYCN amplification.
RASSF1A methylation was associated with MYCN amplification in
diploid tumors in infants and children (P=0.005 and P=0.011),
but not in triploid tumors in children. DCR2 methylation was not
associated with MYCN amplification in diploid and triploid tumors
in children. Quantitative MSP analysis confirmed the association
with MYCN amplification found in RASSF1A-methylated tumors,
and no association found in DCR2-methylated tumors. CASP8 meth-
ylation was associated with MYCN amplification in diploid tumors
in infants (P = 1.35E—04) or in diploid and triploid tumors in chil-
dren (P=0.034 and P=0.027). The correlation between PCDHB
methylation and MYCN amplification was found in tumors of in-
fants and children. When divided by the ploidy status, RASSF1A
and PCDHB methylation was correlated with MYCN amplification
in diploid, not triploid tumors in infants and children. DCR2 meth-
ylation (>7%) was found only 3 of 53 tumors in infants; further
study was not conducted. The correlation between DCR2 methyla-
tion and MYCN amplification was not found in tumors of children.

3.4. Correlation between the methylation status of the RASSF1A,
CASP8, DCR2, and PCDHB genes analyzed by conventional and
quantitative MSP and overall survival

There was no prognostic significance of methylation of RASSF1A,
CASPS8, and DCR?2 in infants found by mass-screening because only
two of 123 infants died of the disease (Table 3 and Supplementary
Tables 2-4). When we combined infants and children clinically
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Fig. 2. The distribution of RASSFIA, DCR2, and PCDHB methylation percentages between MYCN amplified and MYCN-nonamplified tumors.

Table 3

Association between RASSFIA, CASPS8, DCR2, and PCDHB methylation and overall survival.

Group Al Group A2 Group B Group A2 (<18 m) Group B (>18 m)
(<18 m) (<18 m) (>18m)
RASSF1A (¢cMSP) RASSFIA
(qMSP)
Total (methyl versus unmethyl) NS M (0.0705) S (0.0331) ROC, S (0.0001); DRR., S ROC, S (0.0288); DRR,, S
(0.0002) (0.0060)
Diploidy (methyl versus NS S (0.0405) NS ROC, S (0.0057); DRR., S ROC, NS; DRR., NS
unmethyl) (0.0031)
Triploidy (methy! versus NA NS NS ROC, NA; DRR., NA ROC, NS; DRR,, S (0.0126)
unmethyl)
CASPS (cMSP)
Total (methyl versus unmethyl) NS S (<0.0001) NS
Diploidy (methyl versus NA $(0.0027) NS
unmethyl)
Triploidy (methyl versus NA NA NS
unmethyl)
DCRZ (cMSP) DCRZ (qMSP)
Total (methyl versus unmethyl) NS NA M (0.0821) ROC, S (0.0020); DRR., NA ROC, NS; DRR,, S (0.0360)
Diploidy (imethyl versus NA NA NS ROC, S (0.0381); DRR., NA ROC, NS; DRR., NS
unmethyl) -
Triploidy (methy! versus NA NA S (0.0182) ROC, NA; DRR.,, NA ROC, NS; DRR,, S (0.0164)
unmethyl)
PCDHB (cMSP) PCDHB
(qMSP)
Total (methy! versus unmethyl) ROC, S (0.0101); DRR,, S ROC, S (0.0218); DRR., NS
(<0.0001)
Diploidy (methyl versus ROC, M (0.0609); DRR,, S ROC, NS; DRR,, S (0.0451)
unmethyi) (0.0007)
Triploidy (methy! versus ROC, NA; DRR., NA ROC, M (0.0850); DRR., NS
unmethyl)

Group A1, infants found by mass-screening; Group A2, infants diagnosed clinically; Group B, children diagnosed clinically; m, month; cMSP, conventional methylation-
specific PCR; qMSP, quantitative methylation-specific PCR; Methyl, methylated; unmethyl, unmethylated; NS, not significant; S, significant; M, marginally significant; NA, not
applicable; ROC, ROC analysis; DRR, dose-response relationship analysis; Detailed data are shown in Supplementary Tables 2-7.

diagnosed, patients with a RASSF1A-, CASP8-, or DCR2-methylated
tumor examined by conventional MSP had worse overall survival
than patients with a RASSF1A-, CASP8-, or DCR2-unmethylated tu-
mor, respectively (P = 0.0015, P = 0.0003,and P = 0.0038) (Fig. 3A-C).

When we further classified patients according to the ploidy sta-
tus, infants with a RASSF1A-methylated diploid tumor had worse

overall survival than infants with a RASSF1A-unmethylated diploid
tumor (P = 0.0405); however, such an association was not found in
infants with triploid tumors (Fig. 3D and F). In addition, infants
with a CASP8-methylated diploid tumor had worse overall survival
than infants with a CASP8-unmethylated diploid tumor

(P=0.0027). No significant difference was observed in overall
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Fig. 3. Overall survival curves for infants and children diagnosed clinically and classified by the methylation status of RASSFIA (A), CASP8 (B), and DCR2 (C) examined by
conventional MSP analysis. Overall survival curves for infants with a RASSF1A-methylated diploid tumor and those with a RASSF1A-unmethylated diploid tumor diagnosed
clinically and examined by conventional MSP (D), or quantitative MSP (E) analysis, and for infants with a RASSF1A-methylated triploid tumor and those with a RASSF1A-
unmethylated triploid tumor diagnosed clinically and examined by conventional MSP (F).
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Fig. 4. The distribution of RASSFIA methylation percentages between diploid and triploid tumors in infants found by mass-screening (A), between diploid and triploid tumors
in infants (<18 months) diagnosed clinically (B), and between diploid and triploid tumors in children (>18 months) (C).

survival between any two of the 4 types of tumors classified by the
methylation status of RASSF1A or CASP8 and the ploidy status in
children. In contrast, children with a DCR2-methylated triploid
tumor had worse overall survival than children with a DCR2-
unmethylated triploid tumor (P =0.0182).

When we analyzed RASSF1A, DCR2, and PCDHB methylation by
quantitative MSP, an association between methylation of each

gene and poor outcomes was identified in tumors of infants and
children (Table 3). When we divided tumors according to the ploi-
dy status, RASSF1A and DCR2, not PCDHB methylation was associ-
ated with a poor outcome in infants with a diploid, not triploid
tumor. Interestingly, RASSF1IA and DCR2 methylation was corre-
lated with a poor outcome in children with a triploid, not diploid
tumor.
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Fig. 5. The distribution of DCRZ methylation percentages between diploid and triploid tumors in infants (<18 months) diagnosed clinically (A), and between diploid and
triploid tumors in children (>18 months) (B). The distribution of PCDHB methylation percentages between diploid and triploid tumors in infants (<18 months) diagnosed
clinically (C), and between diploid and triploid tumors in children (>18 months) (D).

Table 4

Multivariate analysis on 5 clinicopathological and genetic factors including RASSFIA methylation in 102 patients with neuroblastoma.
Prognostic factors Relative risk (95%CI*) P-value Relative risk (95%Cl") P-value
Age: <18 months versus > 18 months 2.07 (0.84-5.13) 0.1159 1.88 (0.75-4.70) 0.1754
Stage: 1, 2, 4S versus 3, 4 2.71(0.79-9.27) 0.1116 2.88 (0.86-9.62) 0.0859
Ploidy: Triploidy versus diploidy 1.40 (0.65-3.01) 0.3940 1.26 (0.58-2.75) 0.5648
MYCN: Single copy versus amplification 3.19 (1.45-7.03) 0.0041 3.30 (1.55-7.00) 0.0019
RASSF1A ": Unmethylated (<26%) versus methylated (>26%) 1.55 (0.67-3.61) 0.3086
RASSF1A *: Unmethylated (<40%) versus methylated (>40%) 2.19 (1.02-4.72) 0.0455

2 95%Cl, 95% confidence interval.
® The cut-off value was determined by ROC analysis.
© The cut-off value was determined by the dose-response relationship.

3.5. The mean methylation percentage between diploid and triploid
tumors in infants and children

The mean methylation percentage of RASSFIA was higher in
diploid tumors than in triploid tumors of infants diagnosed clini-
cally; however, such an association was not observed in tumors
of infants found by mass-screening or children (Fig. 4). Likewise,
the mean methylation percentage of DCR2 or PCDHB was higher
in diploid tumors than in triploid tumors of infants; however, such
an association was not observed between diploid and triploid tu-
mors in children (Fig. 5).

The difference in the methylation percentage of RASSF1A or
DCR2 between diploid and triploid tumors in infants, but not in
children reflected the difference in outcomes between infants hav-
ing a diploid tumor with or without RASSF1A or DCR2 methylation
(P=0.0057 and P = 0.0381), but not between children having a dip-
loid tumor with or without (Table 3). Interestingly, the difference
in outcomes was observed between children having a triploid
tumor with or without RASSFIA or DCR2 methylation, but not

between infants having a triploid tumor with or without; methyl-
ation percentages of RASSF1A or DCR2 rarely exceeded cut-off val-
ues of 27% or 7% in triploid tumors in infants (Figs. 4 and 5).

3.6. Multivariate Cox proportional hazard regression analysis on 5
clinical and genetic factors in 102 patients clinically diagnosed

Multivariate analysis exhibited the MYCN amplification and
RASSF1A methylation statuses were shown to be independent fac-
tors predicting poor outcome, but the PCDHB and DCR2 methylation
statuses were not (Table 4, and Supplementary Tables & and 9).

4. Discussion

The present study using conventional MSP found methylation of
the RASSF1A, CASP8, and DCR2 genes in 62%, 25%, and 21%, respec-
tively, of 136 neuroblastoma samples diagnosed clinically. Previ-
ous studies reported methylation of RASSF1A, CASP8, and DCR2 in




Table 5
Incidences and associations between RASSF1A, CASPS, and DCR2 methylation and disease stage, MYCN amplification, and overall or event-free survival.
RASSF1A CASP8 DCR2
Studies Incidence Stage MYCN amp. Survival Incidence Stage MYCN Survival Incidence Stage MYCN Survival
amp. amp.
Astuti et al. {14] 55%, 37|67 N. S. ’ N. S. N. S. 40%, 24/60 N.D N.D. N. D.
Yang et al. {15} 70%, 39/56 N. S. N. S. 0S, P<0.01
Banelli et al. {16} 84%, 26/31 N. D. P<0.05 OS,N. S. N.D N. S N. D. 42%,13/ N.D. N.S. 0S, P<0.03
. 31
Lazcoz et al. {17} 83%,.29/35 N. D. N. S N. D. 60%,21/35 N.D, N. S. N. D.
Yang et al. {18] 90%, 63/70 N.D N. D N. D. 56%,39/70 N.D N.S. 0S, P=0.008 44% 31/ N.D. N. D. 0S, P=0.019
70
Michalowski et al. {19] 93%, 42/45 N.D. N.D N. S. 38%, 17/45 P=0.001 N. S N. S.
Misawa et al. [20] 94%, 64/68 N.S. N. S N. S.
Hoebeeck et al. {21] 71%, 29/41 N.S. N. S OS and EFS, N.  56%,20/36 N.S. N. S EFS,
S. P=0.038
Grau et al. {22} 66%, 54/82 P=0.024 N. S. EFS, P=0.003 52%, 43/8 P<0.001 P=0.007 0S,P=0019
(intermediate EFS,
risk) P=0.002
Stutterheim et al. {23} 96%, 68/71 N. D. St 1-3, 0S, P=0.02 (St
P=0.006St4, 4&>1y)
P=0.05
Kiss et al. {24} 61%, 23/38 N. D. N. D. N. D. 55%, 21/38 N. D. N.S. N. D.
Teitz et al. {25} 62%, 26/42  N.S. P<0.0001 N.D.
Takita et al. {26} 32%, 8/25 N. D. N.S. N. D.
Gonzalez-Gomez et al. {27} 14%, 6/38 P=0.019 P=0.0047 N.D.
Asada et al. {28] 19%,26/140 N.D. N. D. 0S P=0.002
20%,30/152 in Japanese
P =0.0002 in
German
van Noesel et al. {29} 70%,39/ N.D. N. D. N. D.
56
Yagyu et al. {30} 28%,24/ N.D. N. D. 0S, P=0.008
86 EFS,
P <0.001
Present study 62%, 84/136 <18 m, P<0.001 0S, P=0.0015 27%,36/136 <18 m P=0.0003 O0S,P<0.001 21%29/ <18m, P=0.149 OS,
P=0.018 P=0.090 136 P=0.406 P=0.0038
>18 m, ) >18 m >18 m,
P<0.001 / P=0.026 P<0.001

N. S., not significant; N. D., not done; OS, overall survival; EFS, event-free survival; st, stage; 1y., one year; Studies were cited in the Reference section.
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55-96%, 14-62%, and 28-70% in 25-86 neuroblastoma samples
(Table 5) [14-30]. The various results may have been affected by
the location of primers for target genes and numbers of PCR cycles
used for conventional and quantitative MSP analysis. We also eval-
uated PCDHB methylation, which was reported in a substantial
number of neuroblastoma samples {31].

Regarding to methylation of the 4 genes and the stage distri-
bution, RASSFIA methylation was associated with a more
advanced stage in infants and children diagnosed clinically and
in infants with a diploid tumor found by mass-screening,
whereas CASP8, DCR2, and PCDHB methylation was associated
with an advanced stage only in tumors of children (Table 1).
The findings reflected that RASSFIA methylation was fairly com-
mon in neuroblastoma in infants, while CSAPS, DCR2, and PCDHB
methylation was rare in tumors of infants, especially in triploid
tumors.

Associations between RASSF1A, or CASP8 methylation and MYCN
amplification have been reported (Table 5) [ 14-28]. In addition,
neuroblastoma with PCDHB methylation was reported to include
all tumors with MYCN amplification, and associated with a poor
outcome [31]. The present study exhibited that RASSFIA, CASPS,
or PCDHB methylation was correlated with MYCN amplification in
tumors of infants and children, but DCR2 methylation was not
(Table 2 and Fig. 2). Based on classification by the ploidy status,
the association between RASSF1A or PCDHB methylation and MYCN
amplification was observed in diploid tumors of infants and chil-
dren; triploid tumors in infants had no MYCN amplification, there-
fore, associations could not be examined. CASP8 methylation was
associated with MYCN amplification in diploid tumors of infants
and children, and triploid tumors in children.

Regarding to overall survival, the present study using conven-
tional and/or quantitative MSP analysis exhibited association
between RASSFIA, DCR2, and PCDHB methylation and poor out-
comes in infants and children (Table 3 and Fig. 1), especially in dip-
loid tumors of infants, and triploid tumors of children; CASPS
methylation was only associated with a poor outcome in infants
with a diploid tumor. Thus, RASSFIA methylation was associated
with at a more advanced stage, MYCN amplification, and a poor
outcome in infants with a diploid tumor. Although a substantial
number of triploid tumors in infants exhibited RASSF1A methyla-
tion by conventional MSP analysis, they had no MYCN amplification
and showed a favorable outcome, suggesting triploid tumors in in-
fants as a specific biological subtype of neuroblastoma. Children
with RASSF1A-, DCR2-, and PCDHB-methylated tumors had poorer
outcomes than children with RASSF1A-, DCR2-, and PCDHB-unme-
thylated tumors, respectively. The association between RASSF1A
and DCR2 methylation and a poor outcome in children with triploid
tumors is noteworthy, because the association was also observed
in infants having a diploid tumor with or without RASSFIA and
DCR2 methylation. These findings suggest 2 subtypes of triploid
neuroblastoma; while one was common in infants, exhibited
hypomethylation of RASSF1A and DCR2, no MYCN amplification,
and a favorable outcome, the other was common in children,
exhibited hypermethylation of RASSFIA, DCR2, and PCDHB, fre-
quent MYCN amplification, and an unfavorable outcome. We previ-
ously stated that triploidy in infant neuroblastoma may arisen
through tetraploidization and succeeding tripolar division,
whereas triploidy in childhood neuroblastoma may have derived
from tetraploidization and chromosome loss [36]. We suggest that
different mechanisms of triploid formation may have contributed
to the different epigenetic features between infant and childhood
triploid tumors. INRG proposed that patients with a hyperdiploid
tumor be classified at low risk, whereas patients with a diploid tu-
mor be classified at intermediate risk if they were <18 months of
age and at the distantly metastatic stage [33]. We provided the
data on epigenetic differences between diploid and triploid tumors

in infants, and supported the inclusion of the ploidy status as one
of factors included in the INRG classification system.

A recent study proposed a model in which the binding of TNFa
to the death receptor, TNFxR1 results in its internalization, and
subsequent formation of a complex with MOAP-1/RASSF1A to pro-
mote the open form of MOAP-1 to associate with Bax. This in turn
results in Bax conformational changes and recruitment to the
mitochondria to initiate cell death {10}, Silencing of RASSFIA due
to promoter methylation by DNMT3B facilitated by MYCN and
PRC2 was shown to avoid neuroblastoma cells entering apoptosis
[37]. Thus, we consider that RASSFIA-methylated diploid tumors
avoid entering apoptosis, facilitate proliferation, and finally cause
unfavorable outcomes in infants and children with overexpressed
MYCN with or without MYCN amplification.

On the other hand, aneuploidy has been shown to cause a pro-
liferative disadvantage in yeast because of the overexpression of
certain metabolism-associated genes [33], and it has been specu-
lated that hypermethylation of the promoter regions of genes in
cancer cells may lessen the metabolic impact of aneuploidy by
silencing genes on a supernumerary chromosome while preserving
the expression of other genes on chromosome that confer a selec-
tive advantage {29]. We propose that RASSFIA methylation in trip-
loid neuroblastomas in infants found by mass-screening or
diagnosed clinically may modulate their expression levels to
repress cell cycle arrest and microtubule stabilization.

DCR2 is an antiapoptotic decoy receptor, which disturbs TRAIL-
induced apoptosis in normal cells [29]. The present findings show-
ing that MYCN amplification was associated with RASSFIA, CASPS,
and PCDHB methylation, but not with DCR2 methylation, may be
explained by the transcriptional regulation of MYCN to the RASS-
F1A, CASPS, and PCDHB promoters, but not to the DCR2 promoter.

In conclusion, the present study disclosed 2 subtypes of triploid
neurblastoma with different clinical and epigenetic characteristics.
These findings will facilitate understanding of heterogeneous biol-
ogy of neuroblastoma, and improve choice of the treatment.
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Receptor-type protein tyrosine phosphatase k directly
dephosphorylates CD133 and regulates downstream
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INTRODUCTION

Colon cancer is the third leading cause of death from cancer and is
responsible for over 50 000 deaths in the United States.! Although
substantial progress has been made in the past decade, relapse
and metastasis to other tissues are serious issues to be addressed
to cure colorectal cancer? In this regard, understanding the
molecular mechanism(s) underlying colon cancer aggressiveness
is essential to improve the treatment of colon malignancy. In
several malignancies, including colon cancer, breast cancer and
brain tumor, a small population of tumor cells, the so-called cancer
stem cells (CSCs),® has been shown to possess the capacity to
initiate tumor growth. Some CSCs are resistant to extensive
chemotherapy owing to the overexpression of multidrug-resistant
ABCG2.* Thus, CSC has been considered to be a cause of relapse
and a promising cellular target in the development of a novel
therapeutic strategy for cancers.’

CD133, also known as Prominin-1, is a unique five-
transmembrane glycoprotein initially identified in CD34-positive
hematopoietic stem cells.” in addition, CD133 was expressed in

,~‘~Oncogene advanceronlme publlcatlon, 2 June 2014 clo; 10 1038/onc 2014 141

stem/progenitor cells of various tissues, including the kidney,
neuron and pancreas®'" In the murine intestine, CD133-positive
(CD133™) cells were localized at the bottom of the intestinal crypt
and had the potential to differentiate into mature intestinal
epithelial cells.'? Intriguingly, several lines of evidence indicate

‘that CD133 acts as a potential CSC marker for several malig-

nancies. In support of this notion, it has been shown that CD133*
cells display tumorigenic activity in immunodeficient animals,
self-renewal capacity and a chemoresistant phenotype.’>™'°
Recent studies have revealed that the CD133 expression level is
a marker of the prognostic impact of colon cancer.?>"?? Further
studies have demonstrated that activation of WNT/B-catenin,
Notch signaling and AKT-Bad-Bcl-2 pathways affect the behavior
of CD133" cells.?*** Thus, it is likely that elucidation of the
molecular mechanism(s) underlying high tumorigenic activity
of . CD133* tumors will contribute to the development of
CSC-targeted therapy.

Tyrosine phosphorylation of CD133 has been shown in human
brain tumor cell lines using an in vitro kinase reaction;”® however,
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its functional significance in the regulation of tumor initiation
and/or progression remains elusive. Our previous study demon-
strated that CD133 is closely linked to phosphatidylinositol
3-kinase (PI3K)/AKT activation.?’ This observation prompted us
to examine the possible role of the tyrosine phosphorylation of
CD133 in the regulation of AKT. activation during colon
carcinogenesis. In the present study, we found for the first time
that tyrosine phosphorylation of CD133 regulates colon cancer
progression via AKT/B-catenin activation. Furthermore, we here
identified the receptor-type protein tyrosine phosphatase «
(PTPRK) as a novel binding partner of CD133, which has the
ability to dephosphorylate CD133.

RESULTS

Knockdown of CD133 suppresses xenograft tumor formation

and anchorage-independent proliferation of human colorectal
cancer cells

To examine the possible role(s) of CD133 in tumorigenesis, we
transduced a short hairpin RNA-bearing lentivirus into CD133"
human colon cancer-derived HT-29 and LoVo cells. Marked
reduction of CD133 at mRNA and protein levels was observed in

these cells (Figure 1a). CD133-knockdown (CD133-KD) cells, their
mock-transduced cells or their parental cells were then sub-
cutaneously inoculated into nude mice, and the tumors were
measured at the indicated times after inoculation. CD133-KD
tumors were significantly smaller than their parental and mock-
transduced tumors 21 and 24 days after inoculation (Figure 1b;
P=10.005, analysis of variance (ANOVA)). To confirm these results
in vitro, we examined the anchorage-independent proliferation of
CD133-KD cells. Stable knockdown of CD133 led to a significant
decrease in the number of colonies arising from HT-29 and LoVo
cells in soft agar medium (Figure 1c). In contrast, silencing of
CD133 did not affect the cellular proliferation of either cell line
in vitro (Supplementary Figure S1).

CD133 activates the AKT/B-catenin pathway and induces its target
CD44 expression

Our previous studies showed that a PI3K inhibitor impairs
CD133-mediated neuroblastoma differentiation,>” suggesting the
existence of a functional collaboration between PI3K and CD133.
We examined whether PI3K could be attenuated in CD133-KD
cells. To this end, CD133-KD HT-29 cells were treated with or
without a PI3K inhibitor LY294002 and then their viability was
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Figure 1. Knockdown of CD133 suppresses xenograft tumor formation and anchorage-independent proliferation of human colorectal cancer
cells. (@) Generation of CD133-KD cells. CD133 was knocked down with HT-29 and LoVo cells as described in the Materials and methods
section. CD133 expression was evaluated by semiquantitative RT-PCR and flow cytometry. (b} Xenograft tumor growth. Cells (1x10° cells)
were subcutaneously inoculated into the flanks of BALB/c nude mice (n=3). Tumor volumes of parental (open circles), mock-transduced
(open squares) and CD133-KD (closed circles) cells at the indicated times. Asterisks indicate statistical differences between CD133-KD and
either parental or mock-transduced (Mock) cells (P < 0.05, ANOVA). (c) Anchorage-independent cell growth. Parent, Mock and CD133-KD cells
were cultured in the soft agar medium for 2 weeks and then the number of colonies was counted (n=3). Asterisks indicate statistical
difference between CD133-KD and either parental or Mock cells (P < 0.05, ANOVA).
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measured because blockade of PI3K might promote cell death
in several tumor cells?** CD133-KD cells exhibited higher
sensitivity to LY294002-induced cell death than mock-
transduced cells (Figure 2a). As AKT is one of the major effectors
in a pathway triggered by PI3K, we evaluated the phosphorylation
level of AKT in CD133-KD cells. As expected, the phosphorylation
level of AKT at serine-473"" and threonine-308" was significantly
reduced in CD133-KD HT-29 and LoVo cells relative to that of
mock-transduced cells. In contrast, the expression level of
phosphatase and tensin homolog (PTEN), which acts as a negative
regulator of the PI3K pathway,* remained unchanged regardless
of CD133 expression (Figure 2b).

Our present results raised the possibility that CD133 might be
closely involved in the regulation of the AKT/B-catenin signaling
pathway. We therefore investigated the phosphorylation status of
B-catenin in CD133-KD cells, which has been shown to be one of
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the substrates of AKT.** Silencing of CD133 reduced the steady-
state phosphorylation level of B-catenin at serine-552 (Figure 2c¢)
and also led to a decrease in the amount of nuclear B-catenin
(Figure 2d). Under our experimental conditions, lamin B was used
as a nuclear marker and E-cadherin was not detectable in the
nuclear fraction (data not shown).

We next examined the possible effect of CD133 on the
transactivation ability of {-catenin/T-cell factor (TCF) complex
using a luciferase reporter driven by a B-catenin/TCF complex-
responsive element. Luciferase activity was significantly lower in
CD133-KD HT-29 cells than in mock-transduced cells (Figure 2e;
P=0.011, t-test). Consistent with these results, silencing of CD133
also resulted in marked downregulation of CD44 at mRNA and
protein levels, which has been shown to be a B-catenin/TCF
complex target gene (Figure 2f and Supplementary Figure $2).%°

Tyrosine phosphorylation of CD133 promotes xenograft tumor
formation through activation of the PI3K/AKT pathway

Boivin et al*® described that Src family kinases phosphorylate
CD133 at tyrosine-828 and tyrosine-852, and also suggested that
these tyrosine residues might be involved in CD133 signaling,
such as docking for SH2 domain-containing adaptor proteins. As
shown in Figure 3a, tyrosine phosphorylation of endogenous
CD133 was induced in HT-29 cells exposed to epidermal growth
factor (EGF), which could activate Src kinase.*® To address whether
CD133 function could be modulated by its tyrosine phosphoryla-
tion, we established other colon cancer-derived SW480 cells
expressing mutant forms of ‘CD133, in which tyrosine residues
were substituted by phenylalanine (CD133-FF) or glutamate
(CD133-EE), and investigated AKT phosphorylation. Of note,
endogenous CD733 transcription was repressed by DNA methyla-
tion in SW480 cells (data not shown). Immunoprecipitation—
immunoblot experiments demonstrated that other tyrosine
residues in CD133-FF and CD133-EE were not phosphorylated in
SW480 cells (Figure 3b). We then examined whether wild-type
CD133 (CD133-WT)-, CD133-FF- or CD133-EE-expressing SW480
cells could undergo cell death in the presence of LY294002.

Figure 2. CD133 activates the AKT/f-catenin pathway and induces
its target CD44 expression. (a) Cell death induced by LY294002.
CD133-KD and mock-transduced (Mock) HT-29 cells were treated for
24h with LY294002 and its vehicle control (dimethylsulfoxide
(DMSO)). The percentage of apoptosis was measured by flow
cytometry. Data are the mean +s.d. of triplicate. Asterisks indicate
the significance of the difference between CD133-KD cells and Mock
cells (P < 0.01, t-test). (b) Phosphorylation of AKT in CD133-KD cells.
Knockdown of CD133 with HT-29 and LoVo cells was performed as
described in the Materials and methods section. Total cell lysates
(30 pg) of Mock and CD133-KD cells were subjected to immunoblot
analysis for CD133, phosphorylated AKT (p-AKT) at threonine-308
(Thr-308) and serine-473 (Ser-473), AKT, PTEN and ACTIN.
(c) Phosphorylation of p-catenin in CD133-KD cells. Total cell lysates
(20 1g) of Mock and CD133-KD HT-29 cells were subjected to
immunoblot analysis for p-catenin and phosphorylated-p-catenin
(p-p-catenin) at serine-552 (Ser-552). Relative intensity of phosphor-
ylation is indicated under the image. (d) Nuclear accumulation of
f-catenin in CD133-KD cells. Nuclear lysates (20 pg) derived from
Mock and CD133-KD (KD) HT-29 cells were subjected to immunoblot
analysis for p-catenin and lamin B as a loading control. Relative
intensity of phosphorylation is indicated under the image.
(e) Transactivation by p-catenin/TCF complex. Mock and CD133-KD
HT-29 cells were transfected with reporter vectors bearing the
TCF-driving promoter (TOP) or mutated promoter (FOP). Luciferase
activity was measured 48h after transfection. Data are the
mean +s.d. of triplicate. Asterisk indicates the significance of the
difference between CD133-KD cells and Mock cells (P < 0.05, t-test).
(f) Expression of CD44 in CD133-KD cells. CD44 expression in Mock
and CD133-KD cells of HT-29 and LoVo cells was analyzed by
semiquantitative RT-PCR.
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As shown in Figure 3¢, forced expression of CD133-WT rendered
the cells resistant to LY294002-induced cell death. CD133-EE-
expressing cells were much more resistant to LY294002-induced
cell death than CD133-WT-expressing cells, whereas CD133-FF-
expressing cells were much more sensitive to LY294002-
dependent cell death than mock-transduced cells. In good
agreement with these results, forced expression of CD133-WT
augmented the phosphorylation level of AKT, whereas the
expression level of PTEN remained unchanged (Figure 3d
and Supplementary Figure S3). Of note, AKT was highly
phosphorylated in CD133-EE-expressing cells as compared with
CD133-WT-expressing cells, whereas CD133-FF had a negligible
effect on AKT phosphorylation (Figure 3d).

We next examined whether the tyrosine phosphorylation status
of CD133 could affect xenograft tumor formation and in vitro

sphere growth. SW480 cells expressing CD133-WT, CD133-EE or
CD133-FF were subcutaneously inoculated into nude mice,
and tumors were measured at the indicated time after
inoculation. Forced expression of CD133-WT resulted in marked
tumor development, whereas CD133-FF-expressing and mock-
transduced cells did not form tumors (Figure 3e). In contrast,
CD133-EE-expressing cells displayed much more aggressive tumor
growth than CD133-WT-expressing cells (Figure 3e). Consistent
with these observations, spheroids derived from CD133-WT-
expressing cells were significantly larger than those derived from
mock-transduced cells and CD133-FF-expressing cells (Figure 3f;
P=0.0001, ANOVA), whereas CD133-EE-expressing cells formed
the largest spheroid (Figure 3f; P=0.001, ANOVA). These data
collectively suggested that tyrosine phosphorylation of CD133 is
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Figure 3. Tyrosine phosphorylation of CD133 triggers PI3K/AKT pathway activation and elevates xenograft tumor formation of colorectal
cancer cells. (@) Tyrosine phosphorylation of endogenous CD133. HT-29 cells were treated with EGF (20 ng/ml). Total cell lysates were
incubated with anti-CD133 monoclonal antibody or control mouse 1gG and then precipitated with protein G-Sepharose. Immunoprecipitants
were subjected to immunoblot analysis for CD133 and phosphorylated-tyrosine (p-Tyr) residues. (b) Tyrosine phosphorylation of mutant
CD133. SW480 cells were transfected with CD133-WT, CD133-FF or CD133-EE gene. Total cell lysates were subjected to immunoprecipitation
and immunoblot analysis for CD133 and phosphorylated-tyrosine (p-Tyr) residues as described above. (c) Cell death induced by LY294002.
SW480 cells transduced with mock, CD133-WT, CD133-FF or CD133-EE gene were treated for 24 h with LY294002 and its vehicle control
(dimethylsulfoxide (DMSQ)). The percentage of apoptosis was measured by flow cytometry. Data are the mean +s.d. of triplicate. Asterisks
indicate the significance of the difference between mock-transduced (Mock) cells and either CD133-WT-, CD133-FF- or CD133-EE-expressing
cells (P < 0.01, ANOVA). (d) Phosphorylation of AKT in mutant CD133-expressing cells. SW480 cells were transduced with CD133-WT, CD133-
FF or CD133-EE gene. Total cell lysates (30 ug) of Mock, CD133-WT-, CD133-FF- and CD133-EE-expressing cells were subjected to immunoblot
analysis for CD133, Ehosphorylated AKT (p-AKT) at threonine-308 (Thr-308) and serine-473 (Ser-473), AKT and ACTIN. (e) Xenograft tumor
growth. Cells (5 x 10° cells) were subcutaneously inoculated into the flanks of BALB/c nude mice (n=3). Tumor volumes of Mock (open circles),
CD133-WT-expressing (closed circles), CD133-EE-expressing (closed squares) and CD133-FF-expressing (closed triangles) cells on the indicated
days show the mean + s.d. (f) Spheroid growth. Cells (10 cells in each well) were cultured for 7 days with serum-free conditioned medium and
images of spheroids were obtained. Representative images are shown, and the volume of spheroids calculated by orthogonal diameters is the
mean+s.d. (n=>5). Asterisks indicate the significance of the difference between Mock cells and CD133-WT-, CD133-FF- or CD133-EE-
expressing cells (P < 0.001, ANOVA).
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Figure 4. PTPRK binds to CD133. (a) A yeast two-hybrid screen. Expression plasmids for bait and prey genes were co-transfected into Y2HGold
yeast, and the transfected yeast grew on the selected media without leucine and tryptophan (DDO). Expressions of the four reporter genes,
which were driven by the GAL4 transcription factor when the bait protein interacted with the prey protein, were confirmed by blue colony
formation on selected media containing aureobasidin A and X-a-gal, but without leucine, tryptophan, histidine and adenine (QDO/X/A). Yeast
expressing p53 and large T antigen and that expressing p53 and lamin B were used as positive and negative controls for the interaction
between bait and prey, respectively. (b) Subcellular localization of CD133 and PTPRK. Caco-2 cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) and antibodies against PTPRK and CD133. Fluorescent image was taken by confocal fluorescence microscopy
(magnification: x400). White arrowheads indicate merged area. Scale bars =20 pm. (c) Interaction between CD133 and PTPRK in cells. CD133
and PTPRK-myc genes were transfected into 293T cells. Cell lysates were subjected to immunoprecipitation (IP) and immunoblotting with anti-
CD133 (CD133) and anti-myc-tag (Myc) antibodies. Precursor PTPRK-myc protein was cleaved in 293T cells and the resultant myc-tagged
C-terminal intracellular subunit (P-subunit) was also detected by anti-myc antibody. (d) Domain structure of WT PTPRK-myc and schematic
representation of the deletion mutants. FN, fibronectin lli-like domain; lg, immunoglobulin-like domain; MAM, meprin/A5/m domain; PTP,
active protein tyrosine phosphatase domain; PTPi, inactive protein tyrosine phosphatase domain. Numbers indicate amino-acid positions.
(e) In vitro pull-down assay. GST-CD133-C or GST was incubated with either WT or truncated mutant PTPRK-myc protein. After incubation, GST

or GST-CD133-C fusion protein was recovered by glutathione-Sepharose beads, and bound materials were subjected to immunoblotting with
anti-myc-tag antibody (Myc).
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Figure 5. PTPRK dephosphorylates and negatively regulates CD133 signaling. (a) /n vitro phosphatase assay. The 293T cells were transiently
transfected with the CD733-WT, CD7133-828F or CD133-852F gene and were treated for 15 min with pervanadate 24 h after transfection.
Immunoprecipitated CD133 was incubated with PTPRK catalytic domain (PTPRK-P) in the presence or absence of pervanadate in vitro. Samples
were subjected to immunoblot analysis for CD133 and phosphorylated-tyrosine residues (p-Tyr). (b) Phosphorylation of CD133 in PTPRK-
expressing cells. Expression plasmids for CD133 and PTPRK-myc were co-transfected into 293T cells. Cell lysates were immunoprecipitated by
anti-CD133 antibody. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
immunoblotting for CD133 and anti-phospho-tyrosine (p-Tyr). (¢ and d) Phosphorylation of CD133 in PTPRK-KD cells. A small interfering
RNA against PTPRK (siPTPRK) or control small interfering RNA (siControl) was transfected into CD133-expressing 293T cells. Cell lysates were
immunoprecipitated by anti-CD133 antibody and were immunoblotted by anti-CD133 (CD133) and anti-phosphorylated-tyrosine (p-Tyr)
antibodies. Knockdown of PTPRK was determined by semiquantitative RT-PCR in (d). (e) Phosphorylation of AKT in CD133- and
PTPRK-expressing cells. SW480 cells were transduced with CD133-WT, PTPRK-myc or CD133-WT plus PTPRK genes. Total cell lysates (30 pg) of
mock-transduced (Mock), CD133-WT-, CD133-FF- and CD133-EE-expressing cells were subjected to immunoblot analysis for CD133, PTPRK,
phosphorylated AKT (p-AKT) at threonine-308 (Thr-308) and serine-473 (Ser-473), AKT and actin. (f) Cell death induced by LY294002 in
CD133-expressing SW480 cells. Expression plasmid for PTPRK-myc was transfected into CD133-expressing (CD133) or mock-transducing
SW480 (Mock) cells and then treated for 24 h with 150 um LY294002 or its vehicle control (dimethylsulfoxide (DMSO)). The percentage of
apoptosis was measured by flow cytometry. Data are the mean + s.d. of triplicate. Asterisks indicate the significance of the difference between
PTPRK-expressing SW480/CD133 cells and mock-transduced SW480/CD133 cells (P < 0.01, t-test).

required for the CD133-dependent tumorigenesis of colon cancer bait plasmid and 0S-6 plasmid into yeast cells generated blue

cells via activation of the PI3K/AKT/B-catenin signaling pathway. colonies.

As described previously,>’*® PTPRK encodes a 210kDa pre-
PTPRK binds to the carboxyl-terminal intracellular domain of cursor protein belonging to the receptor-type protein tyrosine
CD133 through its phosphatase domain phosphatase family, which is converted by furin to a mature

heterodimeric protein composed of a non-covalently attached
amino-terminal extracellular subunit (E-subunit, 120kDa) and
carboxyl-terminal transmembrane subunit (P-subunit, ~ 95 kDa).

To identify cellular proteins with the ability to modulate tyrosine
phosphorylation of CD133, we used a yeast two-hybrid screening
system. For this purpose, we used the carboxyl-terminal intra-  consistent with the previous observation,® our indirect immuno-
cellular domain of CD133 (CD133-C) as bait to screen the cONA  staining experiments demonstrated that endogenous PTPRK was
library derived from the human brain. After extensive screening,  expressed predominantly at the sites of cell-cell contact and also
we finally obtained six positive candidate clones (data not shown). colocalized with endogenous CD133 in human colon cancer-
Sequence analysis revealed that one clone, termed 0S-6, encodes derived Caco-2 cells (Figure 4b, arrowheads), indicating that
PTPRK. As shown in Figure 4a, simultaneous introduction of the PTPRK might interact with CD133 in mammalian cells. To further
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address this issue, cell lysates prepared from 293T cells expressing
exogenous CD133 and myc-tagged PTPRK (PTPRK-myc) were
immunoprecipitated with control immunoglobulin G (IgG), anti-
CD133 or with anti-myc antibody, followed by immunoblotting
with the indicated antibodies. Previous studies demonstrated that
protein tyrosine phosphatases dissociate immediately from their
substrates after catalyzing their dephosphorylation;"'"** however,
both the precursor protein and P-subunit of PTPRK-myc were
detected in anti-CD133 immunoprecipitates, and CD133 was co-
immunoprecipitated with PTPRK-myc (Figure 4c). Our additional
co-immunoprecipitation experiments demonstrated that PTPRK
binds to CD133, regardless of its tyrosine phosphorylation status
(Supplementary Figure S4). We then sought to determine the
regions of the P-subunit of PTPRK (PTPRK-P) required for the
interaction with CD133 using an in vitro pull-down assay. To this
end, we generated a series of PTPRK-myc deletion mutants,
including PTPRK-myc (1-1439), PTPRK-myc (783-1439), PTPRK-
myc (783-1181) and PTPRK-myc (1182-1439) (Figure 4d). Con-
sistent with the results obtained from our co-immunoprecipitation
experiments, the precursor PTPRK-myc (1-1439), PTPRK-myc
(783-1439), PTPRK-myc (783-1181) and PTPRK-myc (1182-1439)
were efficiently pulled down with glutathione S-transferase (GST)-
fused C-terminal portion of CD133 (GST-CD133-C) (Figure 4e),
implying that both the intracellular phosphatase domains are
important for interaction with the intracellular domain of CD133
(Figure 4e).

PTPRK negatively regulates CD133 function via tyrosine
dephosphorylation

Our present results, showing the interaction of PTPRK with CD133
through its phosphatase domain, prompted us to examine
whether PTPRK could directly dephosphorylate CD133. For this
purpose, we used an in vitro phosphatase assay using PTPRK-P*°
and mutant forms of CD133, of which tyrosine residue at 828
(CD133-828F) or 852 (CD133-852F) was substituted by phenyla-
lanine. Notably, CD133-FF was not phosphorylated in 293T cells,
implying that only these tyrosine residues are phosphorylated
(Supplementary Figure S5). The 293T cells were transiently
transfected with the expression plasmid for CD133-WT, CD133-
828F or CD133-852F and then these proteins were purified by
immunoprecipitation. Purified CD133 proteins were incubated
with PTPRK-P in the presence or absence of a protein tyrosine
phosphatase-specific inhibitor, pervanadate. As seen in Figure 5a,
incubation with PTPRK-P led to a marked reduction of the
phosphorylation level of purified CD133 at tyrosine-828 and
tyrosine-852 in vitro, whereas pervanadate treatment blocked
PTPRK-P-mediated tyrosine dephosphorylation of purified CD133.
For further confirmation, 293T cells were transfected with the
indicated combinations of the expression plasmids, and cell
lysates were immunoprecipitated with control IgG or anti-CD133
antibody, followed by immunoblotting with the indicated
antibodies. As shown in Figure 5b, the anti-CD133 immunopre-
cipitates derived from 293T cells transfected with CD133 alone
contained a large amount of CD133 phosphorylated at tyrosine
residues, whereas coexpression of CD133 and PTPRK resulted in
marked reduction in the amounts of tyrosine-phosphorylated
CD133 (Figure 5b), indicating that PTPRK has the ability to
dephosphorylate CD133. In support of these observations, small
interfering RNA-mediated knockdown of endogenous PTPRK led
to significant enhancement of the tyrosine phosphorylation of
CD133 (Figures 5c and d). We then examined the biological
consequences of CD133/PTPRK interaction. For this purpose,
SW480 cells were transfected with the expression plasmid for
PTPRK, CD133, or with the expression plasmids encoding PTPRK
plus CD133, and their AKT phosphorylation status was examined.
As seen in Figure 5e, PTPRK diminished the increase in AKT
phosphorylation of CD133-expressing cells. In addition, forced
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expression of CD133 inhibited LY294002-induced cell death,
whereas SW480 cells expressing CD133 plus PTPRK underwent
cell death in response to LY294002 (Figure 5f; P=7.8x1077,
t-test), suggesting that PTPRK attenuates the functions of CD133.

Expression levels of CD133 and PTPRK are related to the prognosis
of colon cancer patients with tumor recurrence

We next examined the possible clinical significance of CD133 and
PTPRK in colon cancer patients. Expression levels of putative CSC
markers such as epithelial cell adhesion molecule (EpCAM), CD44,
CD133™ and phosphorylated AKT in primary colon cancer-derived
cells were examined by flow cytometry. EpCAM and CD44 double-
positive (EpCAM*CD44") cells were a major subset in colon cancer
tissues but not in their adjacent normal mucosal tissues
(Supplementary Figure S6a). Some EpCAM"CD44™" cells expressed
CD133, whereas CD133 was hardly detectable in normal mucosal
cells (Supplementary Figure S6b). The percentage of phosphory-
lated AKT-positive cells was significantly higher in EpCAM*CD44™"
CD133" cells than in EpCAM"CD44"CD133 ~ cells (P=0.0288, n=6,
paired t-test; Figures 6a and b). CD44 expression was also
significantly higher in EpCAM and CD133 double-positive cells
than in EpCAM single-positive cells (P=0.0297, n=6, paired t-test;
Figures 6¢ and d). To confirm these observations, we transduced
the CD133 gene into primary cells derived from colon cancer
patients using a lentiviral vector. Ectopic expression of CD133
in primary cultured cancer cells showed an increase in AKT
phosphorylation (Figure 6e).

We finally assessed whether PTPRK could be used as a
prognostic factor in colon cancer. Kaplan-Meier analysis using
two independent public microarray data sets revealed significant
correlation between short relapse-free survival (RFS) and the low
expression of PTPRK in all patients (Figure 6f). To investigate the
potential impact of CD133/PTPRK interaction in colon cancer, the
correlation between RFS and the expression level of PTPRK was
analyzed using patients classified by the expression level of
CD133. Low expression of PTPRK might indicate a poor prognosis
of patients with higher expression of CD133 than its average,
whereas RFS was not correlated with the expression level of PTPRK
of patients with low expression of CD133 (Figure 6g). To further
investigate the potential impact of CD133/PTPRK interaction in
advanced colon cancer, RFS of patients with recurrent tumor was
analyzed, classified by expression levels of CD133 and PTPRK. We
found that short RFS is closely associated with high expression of
CD133 or with low expression of PTPRK in patients with recurrent
tumor (Figure 6h).

DISCUSSION

Several lines of evidence suggest that CD133 might be a strong
candidate for a CSC marker."®'? Unfortunately, large amounts of
these previous studies used a certain population of tumor cells
purified from primary tumors based on the expression level of
CD133; therefore, it appears to be difficult to exclude completely
the possibility of the intrinsic tumor-initiating ability of CD133™
tumor cells.***® To understand precisely the tumorigenic property
of CD133 in detail, extensive experiments such as knockdown
and/or forced expression of CD133 in tumor-derived cell lines with
a homogenous cellular background are required. Intriguingly, Wei
et al.¥’ recently described that the phosphorylation level of CD133
is strongly associated with the progression of human glioma. Con-
sistent with these observations, we found for the first time that the
tyrosine phosphorylation of CD133 directly promotes tumorigen-
esis and the sphere growth of human colon cancer-derived cell
lines through activation of the AKT/B-catenin oncogenic pathway
(Figure 7). Previous reports demonstrated that colorectal CSCs
express an extremely low level of PTEN; therefore, the PI3K/AKT
pathway might be constitutively activated in colorectal CSCs.*®4
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Our present results show that the ectopic expression of CD133
enhances AKT phosphorylation in established colon cancer cell
lines as well asin freshly prepared primary colon cancer-derived
cells, which expressed modest amounts of PTEN. In this regard, it
appears that a critical issue was adequately addressed as to
whether overexpression of CD133 could regulate the PI3K/AKT
pathway in PTEN-depleted primary colon cancer cells.

We have also found that EGF stimulates the phosphorylation of
CD133. It is well known that EGF/EGFR signaling activates
numerous pro-oncogenic pathways to promote tumor growth,
including PI3K/AKT, Ras/MAPK and Src kinase. Among them, Src
kinase activity was enhanced during the progression of colorectal
cancer;>® thus, it is likely that Src kinase activity is an indicator of

a EpCAM*CD44*

the poor prognosis of colorectal cancer patients®' In good
agreement with these findings, Chen et al.>? described that the
expression level of CD133 is concordant with the activation of Src
in human head and neck cancer cells, implying that CD133 might
augment the activity of Src. Based on our present results, CD133
was detected in a small population of primary colon cancer cells,
which might contain putative colon CSCs. Thus, precise under-
standing of the aberrant activation of the EGF/CD133/Src axis
might provide a clue to develop a novel strategy for CSC-targeted
therapy.

Another novel finding of the present study was that PTPRK
directly dephosphorylates CD133. Several lines of evidence
suggested that PTPRK acts as a putative tumor suppressor gene
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for colorectal cancer. For example, an association has been shown
between loss of heterogeneity at PTPRK, including the locus and
the early onset of hereditary intestinal carcinomas,®® and
transgenic mice harboring transposon-mediated deletion of Ptprk
in gastrointestinal epithelium, which exhibit an increase in
susceptibility to intestinal tumorigenesis.”® Our present results
have demonstrated that loss of tyrosine phosphorylation sup-
presses the pro-oncogenic function of CD133. From the clinical
point of view, low expression of PTPRK was correlated with the
poor prognosis of colon cancer patients with high expression of
(D133, suggesting that PTPRK might abrogate the ability of CD133
to accelerate the tumor progression of colon cancer (Figure 7).
PTPRK also catalyzed tyrosine dephosphorylation of p-catenin,
which regulates its transactivating activity."**® Mak et al*®
recently described that CD133 physically associates with
~catenin, thereby activating B-catenin through its deacetylation
by HDAC6. Taken together, it is likely that PTPRK has a pivotal role
in the regulation of CD133-mediated pro-oncogenic pathways
through the suppression of PI3K/AKT and/or -catenin.

CD133 inactivation by PTPRK in cancer
O Shimozato et al

Furthermore, we identified PTPRK as a novel negative regulator of
CD133 in colon cancer cells. Thus, our present findings strongly
suggest that PTPRK-mediated attenuation of CD133 might provide
a clue to develop a novel strategy for CSC-targeted therapy.

MATERIALS AND METHODS

Cell culture and transfection

Human colon carcinoma-derived HT-29, LoVo and SW480 cells were
obtained from ATCC (Manassas, VA, USA) and Caco-2 cells were received
from the RIKEN Bioresource Center (Ibaraki, Japan). All cell lines were
verified by short tandem repeat analysis. Cells were cultured with
Dulbecco’'s modified Eagle’s medium (Wako Pure Chemical Industries,
Osaka, Japan) supplemented with 10% heat-inactivated fetal bovine serum
(Invitrogen, Carlsbad, CA, USA) and 50ug/ml penicillin/streptomycin
(Sigma-Aldrich, St Louis, MO, USA) in a humidified atmosphere with 5%
CO, at 37°C. Transfections were performed using FUGENE HD reagent
{Promega, Madison, WI, USA).

Construction of mutant CD133-expressing vector

In conclusion, we have found that CD133 has a crucial role in
colon carcinogenesis via its tyrosine phosphorylation followed by
subsequent activation of the AKT-B-catenin oncogenic pathway.

Mutant CD133, whose tyrosine-828, tyrosine-852" and tyrosine-828/852
residues were substituted by phenylalanine (CD133-828F, CD133-852F
and CD133-FF) or glutamate (CD133-£E), and were generated using the

“Active” CD133

“Inactive” CD133

Tumor formation
Tumor recurrence

“B-catenin activation” | pna

Cell nucleus

Figure 7. Summary of the present study.

Figure 6. CD133 and PTPRK expression is related to the prognosis of colon cancer patients with tumor recurrence. (a) Representative pattern
of AKT phosphorylation in CD133" primary colon cancer cells. Colon cancer tissues were enzymatically digested as described in the Materials
and Methods section. Cells were stained with anti-EpCAM, anti-CD44, anti-CD133 and anti-phosphorylated-AKT (p-AKT) at serine-473 (Ser-473)
antibodies. CD133 expression in EpCAM and CD44 double-positive (EpCAM*™CD44") cells are shown in left panels (bold line) and the
percentage of CD133" (CD133™) cells in EpCAM*CD44" cells is shown in right upper corners of each panel. Representative patterns of p-AKT in
EpCAM*CD44*-gated CD133"* or CD133~ cells are shown in middle and right panels, respectively. The percentage of p-AKT-positive (p-AKT")
cells is shown in the right upper corner of each panel. (b) Percentage of p-AKT" cells. Data from six colon cancer patients are shown. Asterisk
indicates the significance of the difference between CD133* and CD133 - cells (P < 0.05, n =6, paired t-test). (c) CD44 and CD133 expressions
in primary colon cancer cells. CD44 and CD133 expressions in EpCAM* cells are shown. (d) Mean fluorescence intensity (MFI) of CD44
expression. Data from six colon cancer patients are shown. Asterisk indicates the significance of the difference between CD133* and CD133~
cells (P < 0.05, n=6, paired t-test). (e) Phosphoryiation of AKT in CD133-expressing primary colon cancer cells. Primary colon cancer-derived
cells were transduced with the CD1733 gene. Total cell lysates (15 pg) of mock-transduced and CD133-WT-expressing cells were subjected to
immunoblotting for CD133, phosphorylated AKT (p-AKT) at threonine-308 (Thr-308) and serine-473 (Ser-473), AKT and ACTIN. (f) RFS of colon
cancer patients. Kaplan-Meier survival analysis was performed using two independent public microarray data sets (gse14333 plus gse17538
and gse39582) as described in the Materials and methods section. RFS probabilities of colon cancer patients with high and low expressions of
PTPRK are shown. The cutoff value was determined automatically by an online tool (http://r2.amc.nl). (g) RFS probabilities of the patients with
high and low expressions of CD133 and PTPRK. Kaplan—-Meier survival analysis was performed as described above. The patients enrolled in the
data set (gse14333 plus gse17538) were categorized by their expression level of CD733: The cutoff value is the average CD133 in this data set.
RFS probabilities of each group with high and low expressions of PTPRK are shown: the cutoff value is the median value of PTPRK expression.
(h) RFS of colon cancer patients with recurrent tumor. Patients with recurrent tumor were extracted from the public microarray data set
(gse14333 plus gse17538) and then Kaplan-Meier survival analysis was performed as described in (e). The cutoff value was determined
automatically by an online tool (http://r2.amc.nl).
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QuikChange |l Site-Directed Mutagenesis Kit (Agilent Technology, Santa
Clara, CA, USA), with the primers listed in Supplementary Table S1. Each
sequence-confirmed mutant gene or CD133-WT gene was subcloned
into an expression vector (pcDNA3; Invitrogen) and also into a lentivirus-
transducing vector (pCDH-CMV-MCS-EF1-puro; System  Bioscience,
Mountain View, CA, USA).

Lentivirus-mediated transduction of short hairpin RNA and mutant
D133

Lentiviral particles bearing short hairpin RNA against CD733 or mutant
CD133 were produced by transducing and packaging vectors (MISSION
Lentiviral Packaging Mix; Sigma-Aldrich) as described previously.?”>”

Analysis of RNA expression

Total RNA extraction, first-strand DNA synthesis and semiquantitative
reverse transcription-polymerase chain reaction (RT-PCR) were performed
as described previously.®® Primer sequences and conditions of PCR
amplification are shown in Supplementary Table S1.

Xenograft tumor experiments

Cells were inoculated subcutaneously into BALB/c nude mice (CREA Japan,
Shizuoka, Japan) as described previously.27 The handling of animals was in
accordance with the guidelines of Chiba Cancer Center Research Institute,
Chiba, Japan.

Soft agar colony formation

Soft agar colony formation assay was carried out as
previously.?”

described

Sphere growth assay

Ten cells were cultured for 7 days in a low-adherent round-bottomed
96-well plate (Sumitomo Bakelite, Tokyo, Japan) with sphere-forming
medium, consisting of Dulbecco’s modified Eagle’s medium/F-12 supple-
mented with 2% B27 plus (Miltenyi Biotech, Auburn, CA, USA), 20 ng/ml
EGF (R&D Systems, Minneapolis, MN, USA) and 20 ng/ml fibroblast growth
factor-2 (Miltenyi Biotech). Images were captured using a microscope and
analyzed with ImageJ digital imaging software (Rasband, W.S., ImageJ, US.
National Institute of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij/,
1997-2014). The volume (V) was calculated with the following formula:
V=4/3rx (long diameter) x (short diameten)?.

Immunoblot analysis

Cells were lysed with a lysis buffer containing 50 mm Tris-HCl (pH 7.5), 150 mm
Nadl, 05% Triton X-100 and 1mm EDTA, protease inhibitor cocktail
(Calbiochem, San Diego, CA, USA) and phosphatase inhibitor cocktail (Roche
Applied Science, Indianapolis, IN, USA). Nuclei of cells were isolated using the
ProteoExtract subcellular proteome extraction kit (Calbiochem). The resultant
cell lysates were subjected to immunoblotting as described previously.?”
Membranes were probed with antibodies: myc-tag, B-catenin, phospho-f-
catenin at serine-552, AKT, phospho-AKT at serine-473 and threonine-308,
GSK-3B, phospho-GSK-33 at serine-9, phosphotyrosine, horseradish
peroxidase-conjugated anti-mouse IgG and horseradish peroxidase-
conjugated anti-rabbit IgG (all Cell Signaling Technology, Beverly, MA, USA),
actin  (Sigma-Aldrich), CD133 (Miltenyi Biotech) and PTEN (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and were visualized by an imageQuant
LAS4000mini imager (GE Healthcare Bioscience, Pittsburgh, PA, USA).

Immunoprecipitation and immunoblot analysis

Immunoprecipitation and immunoblotting were performed as described
previously.>® For the analysis of protein tyrosine phosphorylation, CD133*
HT-29 cells were incubated for 30 min with 20 ng/ml EGF (R&D Systems)
and CD1337 cells (SW480 and 293T) were transiently transfected with
expression plasmids for CD133-WT, CD133-EE and CD133-FF. Cells were
treated with pervanadate (0.3% (w/w) H,O, and 0.1 mM sodium orthova-
nadate) and then were solubilized with lysis buffer as described above.
Cleared lysates were mixed with an anti-CD133 antibody (Miltenyi Biotech)
and protein G-Sepharose beads. Anti-CD133 immunoprecipitates were
subjected to immunoblotting with the indicated antibodies. For co-
immunoprecipitation analysis, expression plasmids for CD133 and

Oncogene (2014), 1-12

PTPRK-myc were transiently co-transfected into 293T cells. Protein
extraction, immunoprecipitation and immunoblotting were carried out as
described above.

GST pull-down assay

The GST pull-down assay was performed as described previously.>® cDNA
encoding the CD133-C (816-865 amino acids (aa)) was generated by PCR
using the primers listed in Supplementary Table S1 and subcloned into
pGEX-4T-1 vector (GE Healthcare Bioscience) and was transformed into
Escherichia coli. GST-CD133-C and GST were purified using glutathione-
Sepharose beads (50% slurry; GE Healthcare Bioscience). cDNAs encoding
full-length PTPRK and a truncated form of PTPRK, the carboxyl-terminal
domain (783-1439aa), active phosphatase domain (783-1181aa) and
inactive phosphatase domain (1182-1439 aa), were generated by a PCR-
based method with the primers listed in Supplementary Table S1 and were
subcloned into pcDNA3-myc-His-A vector (Invitrogen). The 293T cells were
transfected with plasmid DNA bearing WT PTPRK or each mutant PTPRK
cDNA and then were solubilized with lysis buffer as described above. The
protein extracts bound to GST-CD133-C or GST were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and detected by
immunoblotting.

Luciferase reporter gene assay

pRL-TK vector (Promega) and either pTOP-FLASH (Millipore, Billerica, MA,
USA) or pFOP-FLASH vector (Millipore) were transiently co-transfected into

_HT-29 cells. Forty-eight hours after transfection, luciferase activities of cell

'extracts were measured with a Dual Luciferase Kit (Promega).

Yeast two-hybrid screening

Yeast two-hybrid screening was performed as described previously.®
CD133-C <DNA was generated by PCR using the primers listed in
Supplementary Table S1 and cloned into pGBKT7 vector, creating a
GAL4-fused ‘bait’ protein. Bait protein-expressing yeast (Y2HGold;
Clontech, Mountain View, CA, USA) was subjected to mating with human
fetal brain cDNA library-expressing yeast (Y187; Clontech).

Immunofluorescence staining

Caco-2 cells were grown on glass coverslips and stained with anti-PTPRK
antibody (Santa Cruz Biotechnology) for 30 min at 4°C. After extensive
washing in PBS, cells were stained with Alexa Fluor 488-conjugated anti-
mouse IgG antibody (Invitrogen) for 10 min, followed by phycoerythrin-
conjugated anti-CD133 antibody (Miltenyi Biotech) for 30 min. Cells were
then fixed with 100% methanol for 10 min at —20°C. Coverslips were
mounted with Prolong Gold Antifade reagent with 4/,6-diamidino-2-
phenylindole (Invitrogen). Fluorescence images were observed with a
microscope (DMI 4000B; Leica, Wetzlar, Germany).

In vitro dephosphorylation assay

Tyrosine-phosphorylated CD133 was prepared from CD133-expressing
293T cells treated with pervanadate by immunoprecipitation as described
above, and then incubated with 50 ng purified hPTPRK (MBL, Nagoya,
Japan) as described previously.*®

Tissue collection and isolation of primary colon cancer cells

Human colon tissues were obtained from patients undergoing colon
resection in the Department of Gastrointestinal Surgery, Chiba Cancer
Center Hospital (see Supplementary Table S2) in accordance with the
ethics standards of the institutional committee. Tissue specimens were
enzymatically digested and then cancer tissue-originating spheroids
were prepared as described previously.®' For the analysis of AKT
phosphorylation, cancer tissue-originating spheroids were cultured with
sphere-forming medium for 3 days and the CD133 gene was transduced by
the lentiviral vector as described above.

Flow cytometry

Cells were stained for 30 min at 4°C with antibodies: allophycocyanin-
conjugated EpCAM (Miltenyi Biotech), phycoerythrin-conjugated CD133
(Miltenyi Biotech), phycoerythrin-Cy5-conjugated CD44 (BiolLegend, San
Diego, CA, USA) and appropriate isotype control antibodies (e-Bioscience,
San Diego, CA, USA). For AKT phosphorylation analysis, cells were stained
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with Alexa Fluor 488-conjugated anti-phospho-AKT at serine-473 antibody
(Cell Signaling Technology) and antibodies against EpCAM, CD133 and
CD44 as described above in accordance with the instructions of the
Cytofix/Cytoperm intracellular staining kit (BD Biosciences, Franklin Lakes,
NJ, USA). Expression profiles were determined by a FACSCalibur flow
cytometer (BD Biosciences) and Flowlo software (Tree Star, Ashland,
OR, USA).

Cell death induced by LY294002

Cells were treated with a PI3K inhibitor, LY294002 (Wako Pure Chemical
Industries), at the indicated concentrations and hours in each experiment.
The cells were harvested and fixed in 100 % ethanol for 24 h at 4°C and
then stained with propidium iodide (50 pg/ml; Sigma-Aldrich) followed by
RNaseH treatment (50 pg/ml; Sigma-Aldrich). The percentage of cell death
was determined by flow cytometry as described above,

Survival curve generation

Survival data and expression levels of PTPRK (probe: 203038) and CD133
(probe: 204304) of colon cancer patients were obtained from two
independent microarray data sets (gse39582 and gsel4333 plus
gse17538). Relapse-free survival is represented as a Kaplan-Meier plot
and was statistically investigated with the log-rank test using the R2:
Microarray Analysis and Visualization Platform (http://r2.amc.nl).
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Purpose
Neuroblastoma (NB) is a heterogeneous tumor arising from sympathetic tissues. The impact of

primary tumor site in influencing the heterogeneity of NB remains unclear.

Patients and Methods

Children younger than age 21 years diagnosed with NB or ganglioneuroblastoma between 1990
and 2002 and with known primary site were identified from the International Neuroblastoma Risk
Group database. Data were compared between sites with respect to clinical and biologic features,
as well as event-free survival (EFS) and overall survival (OS).

Results
Among 8,369 children, 47% had adrenal tumors. All evaluated clinical and biologic variables

differed statistically between primary sites. The features that were > 10% discrepant between
sites were stage 4 disease, MYCN amplification, elevated ferritin, elevated lactate dehydrogenase,
and segmental chromosomal aberrations, all of which were more frequent in adrenal versus
nonadrenal tumors (P < .001). Adrenal tumors were more likely than nonadrenal tumors (adjusted
odds ratio, 2.09; 95% CI, 1.67 to 2.63; P < .001) and thoracic tumors were less likely than
nonthoracic tumors (adjusted odds ratio, 0.20; 95% CI, 0.11 to 0.39; P < .001) to have MYCN
amplification after controlling for age, stage, and histologic grade. EFS and OS differed significantly
according to the primary site (P < .001 for both comparisons). After controlling for age, MYCN
status, and stage, patients with adrenal tumors had higher risk for events (hazard. ratio, 1.13
compared with nonadrenal tumors; 95% CI, 1.03 to 1.23; P = .008), and patients with thoracic
tumors had lower risk for events (HR, 0.79 compared with nonthoracic; 95% Cl, 0.67 to 0.92; P = .003).

Conclusion

Clinical and biologic features show important differences by NB primary site, with adrenal and
thoracic sites associated with inferior and superior survival, respectively. Future studies will need
to investigate the biologic origin of these differences.

J Clin Oncol 32:3169-3176. © 2014 by American Society of Clinical Oncology

- with NB, the frequency of stage 4 disease, tumor
_ MYCN gene amplification, elevated lactate dehy-
s it drogenase (LDH), and elevated ferritin were all sig-
nificantly lower in the extra-abdominal group than
in the abdominal group. Not surprisingly, the prob-

L i .% Selaa s
One of the hallmarks of neuroblastoma (NB) i
clinical and biologic heterogeneity. The likeli-
hood of cure is dependent on widely varying fac-

- =

tors, including age, disease stage, tumor site, and
biologic features."> The impact of the primary
site of disease in influencing the heterogeneity of
NB remains unclear.

Previous work has suggested that extra-
abdominal NB tumors (cervical, thoracic, pelvic)
may be associated with more favorable clinical and
biologic characteristics and therefore a better out-
come compared with NBs that originate from the
abdomen.* In a retrospective analysis of 143 patients

ability of 5-year event-free survival (EFS) was higher
in the extra-abdominal group (94%) than in the
abdominal group (69%); however, a multivariable
analysis was not performed in this study.* Studies
focused on pelvic NB have shown conflicting results.
One study observed that pelvic primary tumor sites
were mainly associated with advanced disease.’
Other studies reported that pelvic tumors represent
a more favorable prognostic subgroup, particularly
among patients with higher-stage disease.®’
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