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Abstract
Using publically available datasets on gene expression in medulloblastoma (MB) subtypes, we selected genes for ubiquitin
ligases and identified statistically those that best predicted each of the four major MB subgroups as separate disease entities. We
identify a gene coding for an ubiquitin ligase, ZNRF3, whose overexpression alone can predict the WNT subgroup for 100% in
the Pfister dataset. For the SHH subgroup, we identify a gene for a regulatory subunit of the protein phosphatase 2A (PP2A),
PPP2R2C, as the major predictor among the E3 ligases genes. The ubiquitin and ubiquitin-like conjugation database (UUCD)
lists PPP2R2C as coding for a Cullin Ring ubiquitin ligase adaptor. For group 3 MBs, the best ubiquitin ligase predictor was
PPP2R2B, a gene which codes for another regulatory subunit of the PP2A holoenzyme. For group 4, the best E3 gene predictors
were MID2, ZBTB18, and PPP2R2A, which codes for a third PP2A regulatory subunit. Heatmap analysis of the E3 gene data
shows that expression of ten genes for ubiquitin ligases can be used to classify MBs into the four major consensus subgroups.
This was illustrated by analysis of gene expression of ubiquitin ligases of the Pfister dataset and confirmed in the dataset of
Cavalli. We conclude that genes for ubiquitin ligases can be used as genetic markers for MB subtypes and that the proteins coded
for by these genes should be investigated as subtype specific therapeutic targets for MB.
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Introduction

Medulloblastoma is described as a malignant tumor of the
cerebellum, a tumor found most often in children. Four major
molecular subtypes of medulloblastoma (MB) have been
identified based on gene expression. By agreement, these four
groups were termed theWNT group, the SHH group, group 3,

and group 4 [1]. The molecular and clinical variation between
subtypes led to the suggestion by Kool and others that MB
should be considered as more than one disease [2]. This ap-
proach facilitates developing targeted therapy for each sub-
type considered as a unique disease.

Although expression of ubiquitin ligases was not consid-
ered as a factor in defining these subgroups, several publically
available datasets include data on expression of genes coding
for ubiquitin ligases.

Specific ubiquitin ligases, such as APC and SMURF, have
been associated with the WNT signaling pathway [3] and
SHH pathway respectively [4]. Group 3 MBs, which have
the worst prognosis, have been associated with MYC overex-
pression [1, 5]. Several ubiquitin ligases associated withMYC
activation and degradation have recently been reported [6].
Group 3 is also associated with overexpression of GABRA5
[7]. Little is known concerning the role of ubiquitin ligases in
group 3 MBs. Group 4 MBs, the most frequently occurring
subtype, have been associated with a high frequency of iso-
chromosome 17 [1, 8]. Molecular markers as therapeutic tar-
gets for group 4 MBs, however, are lacking.
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In the present study, publically available datasets were used
to determine the expression of ubiquitin ligases regulating
signaling pathways associated with the four major types of
MB. The goal was to document differential expression of
genes for ubiquitin ligases and to determine whether expres-
sion of these genes could be used to predict individual MB
subgroups. Of the E3 ligase genes whose expression could be
used to predict MB subgroups we determined whether their
expression was related to classical WNT and SHH signaling
pathways. Finally, we determined which E3 ligase genes best
predicted groups 3 and 4 MB. The statistical significance of
these predictions raised the question of whether proteins cod-
ed for by these genes could serve as MB subtype-specific
therapeutic targets.

Ubiquitin ligases have the ability to regulate protein stabil-
ity, including those that function as transcription factors. E3
ligases are involved in regulating turnover of proteins in-
volved in cell cycle, cell growth, cell death, and DNA repair
[9]. As such, they could contribute to the abnormal growth
and proliferation of cells in cancer. Thus, the objective of this
researchwas to identify genes for E3 ligases whose expression
could be used to predict subgroups of MBs and to identify
proteins coded for by these genes as potential targets for de-
velopment of therapeutic agents. While this is particularly
important for the MB subgroup with the worst prognosis,
the group 3 MBs, we investigate the expression of genes for
ubiquitin ligases in each of the four Bconsensus^ subgroups.

Methods

Differential gene expression for ubiquitin ligases associated
with the four major subtypes of MBs was examined using
publically available datasets. The R2 genomics analysis and
visualization platform (R2 GAVP) website (http://r2.amc.nl)
has available several datasets on gene expression in
medulloblastoma. These include separate datasets
contributed by Pfister, Northcott, Kool, Thompson,
Gilbertson, and Cavalli. The ubiquitin and ubiquitin-like con-
jugation database (UUCD) (http://uucd.biocuckoo.org) was
used to confirm the identity of various proteins as ubiquitin
ligases. Gene expression data (Affymetrix gene expression)
was downloaded and analyzed for differential gene
expression across the four MB subgroups. A high level of
statistical probability (p < 0.00001) by one way ANOVA
(analysis of variance) was chosen for inclusion of candidate
ubiquitin ligase genes. The FDR (false discovery rate)
correction of p values was used when listing significance of
differentially expressed genes. The uncorrected p values are
slightly higher (see Supplementary Tables). Unless otherwise
mentioned, expression data referred to is from the Pfister
dataset, a training dataset to build a prediction model. The
datasets of Northcott (Magic), Kool, Gilbertson, and Cavalli

were used as test datasets to determine whether the major
findings from the Pfister datasets were confirmed. Table S1
shows F values and p values for the top 100 differentially
expressed genes for ubiquitin ligases. Table S2 shows F
values and p values for other differentially expressed genes
functionally related to pathways associated with ubiquitin
ligases in MD subgroups.

In the Pfister dataset, using a cutoff point of p < 0.0001 in
the ANOVA,we identified genes for 458 E3 ligases (including
E3 ligase adapters) that were differentially expressed. The
Pfister dataset included 223 tissue samples, of which 56 sam-
ples were classified as group 3MBs, 91 as group 4MBs, 17 as
WNTMBs, and 59 as SHHMBs. Stepwise logistic regression
analysis of the top 100 differentially expressed ubiquitin li-
gase genes of the Pfister dataset was used to determine which
were most statistically significant in predicting the MB sub-
type tissues.

Since the range of gene expression values was substantially
different for the various genes, the data were standardized by
Z-score (x-mean/standard deviation). Logistic regression anal-
ysis was used to quantify separation of each MB subgroup
from the other. Because of high correlation of some of the
ubiquitin ligases associated with the WNT pathway, stepwise
logistic regression of all four groups was followed by stepwise
logistic regression of the three non-WNT groups to identify
genes for ubiquitin ligases associated with the SHH subgroups
and subgroups 3 and 4. Scatter plots were used to illustrate
that the SHH group could be predicted from two genes.
Further logistic regression analysis was used to identify genes
for ubiquitin ligases that distinguished Pfister MB subgroups
3 and 4. Heatmap analysis of the ubiquitin ligases was used to
illustrate gene expression of the top 100 differentially
expressed ubiquitin ligases in the Pfister dataset. Heatmap
analysis of the Cavalli dataset was used to confirm genes
identified as highly significant predictors in the Pfister data.

The Gilbertson dataset included 73 samples in the 4 con-
sensus groups of which 16 were in group 3, 39 in group 4, 10
in the SHH group, and 8 in the WNT group. The Kool dataset
included 62 samples, of which 11 were classified as the equiv-
alent of group 3 (Kool group E), 27 as the equivalent of group
4 (Kool groups C and D), 9 as WNT MBs, and 15 as SHH
MBs. The large Cavalli dataset, recently made available
through the R2 website, included 763 samples, of which 144
were in group 3, 326 in group 4, 223 in the SHH group, and 70
in the WNT group.

While the Kool and Gilbertson datasets illustrate the limi-
tations of a small sample size, they did provide confirmation
of differential expression at a high level of statistical signifi-
cance for many E3 ligases. The Northcott (Magic) dataset,
which contained no WNT data, was used to compare differ-
ential expression of ubiquitin ligases of non-WNT MBs. This
dataset included 51 SHH samples, 46 group 3 samples, and
188 group 4 samples.
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Results

The expression of the top 100 E3 ligase genes in the Pfister
dataset is shown in the heatmap of Fig. 1 and in Table S1. The

p values (corrected for multiple comparisons by FDR) of the
ANOVA for the top 100 differently expressed genes for E3
ligases varied from p = 2.68e-90 (ZNRF3) to p = 4.46e-17
(HERC3) in the Pfister dataset (Table S1). Chromosome 17
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Fig. 1 Heatmap of 100 most significant ubiquitin ligases in the Pfister dataset. The clustering method used is the average linkage method



as a location for these genes was over-represented (12/100)
compared to the other chromosomes (average of 4.26/100).

WNT Subgroup

The expression of two genes for ubiquitin ligases associated
with regulation of WNT receptors, ZNRF3, and RNF43 was
significantly elevated in the WNT MBs. Differential expres-
sion of ZNRF3 was highly significant (F = 454.36, p = 2.68e-
90) (Fig. 2). This F value was the greatest of all the 458 genes
for E3 ligases identified as differentially expressed in the
Pfister data. A ZNRF3 value of greater than 1.1 standard de-
viations above its mean identified all 17 WNT subgroup sam-
ples (100% accuracy, 100% sensitivity). This relationship also
holds in the Kool dataset and in the Gilbertson dataset and in
the Cavalli dataset (96% accuracy, 99.9% sensitivity). RNF43
(a paralog of ZNRF3 on chromosome 17) was also differen-
tially expressed at a high level of significance (F = 164.70,
p = 1.97e-53) (Fig. 2). In addition, the following were corre-
lated with ZNRF3 and could also be used as predictors for the
WNT group: FBXL7 (R = 0.82),MID1 (R = 0.68), and ASB13
(R = 0.69), all significantly overexpressed in the WNT sub-
group. The interaction of ZNRF3 and RNF43 with the WNT
receptor complex is shown in Fig. 3.

Based on the data of Koo et al. [3], increased RNF43 would
be expected to be associated with decreased WNT membrane
receptors, including FZD1, FZD3, and FZD5. In the Pfister
dataset, expression of FZD1 and FZD3 was reduced in the
WNT subgroup compared to the others, but not at a high level
of significance. However, expression of two other FZD genes
(FZD6 and FZD10) was elevated compared to the others.
According to the Pfister dataset, the expression of the FZD10
gene was selectively increased more than 100-fold in theWNT
subgroup of tumors compared to that of the other 3 subgroups
(F = 283.31, p = 4.42e-72). Compared to normal cerebellar tis-
sue (Roth dataset) expression of this gene was increased ap-
proximately 60-fold. Based on this evidence the FZD10 gene
could be considered to be overexpressed in WNT MBs.
Statistically, the expression of FZD10 was correlated with ex-
pression of ZNRF3 (R = 0.86, p = 1.8e-62) and with expression
of RNF43 (R = 0.90, p = 2.2e-78) in the Pfister dataset. The
selective increase in FZD10 expression in the WNT subgroup
was confirmed in the datasets of Gilbertson (F = 56.56, 1.4e-
18), Kool (F = 98.77, p = 6.1e-25), and Cavalli (F = 430.22,
p = 3.2e-163). The very strong statistical association of the
two ubiquitin ligases with FZD10 expression is consistent with
a significant functional relationship (see BDiscussion^).

The expression of RNF146, an E3 ligase gene located on
chromosome 6, was substantially decreased in the WNT
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Fig. 2 Ubiquitin ligase gene expression as predictors ofWNTMB.Bar charts showsmeanswith standard error bars. ByANOVA for ZNRF3 F = 454.36,
p = 2.27 e-90; for RNF43 F = 164.70, p = 1.97e-53; for RNF146 F = 54.54, p = 5.86e-25; for FBXL7 F = 259.25, p = 6.38e-69



subgroup (F = 54.55, p = 5.86e-25) (Fig. 2), consistent with
the high percentage of monosomy of chromosome 6 in the
WNT subgroup [10]. A substrate for the ligase RNF146 is
AXIN2, an inhibitor of WNT signaling (see BDiscussion^).
The expression of AXIN2 was increased approximately eight-
fold in the WNTsubgroup (F = 934.59, p = 3.16e-120). These
findings were confirmed in the Cavalli dataset. The interaction
of RNF146 with AXIN2 as part of the WNT pathway is
shown in the model illustrated in Fig. 3.

SHH Subgroup

The 17 samples of WNT MBs were excluded from the ubiq-
uitin ligase dataset for further analysis. With the remaining
206 (non-WNT) samples of MB, stepwise logistic regression
modeling was used to identify the best E3 ligase predictors of
the SHH subtype relative to the group 3 and group 4 subtypes.
The best E3 ligase predictor of the 59 samples of SHH subtype
was expression of the gene PPP2R2C (Fig. 4). Expression of
the genes RCBTB2 and ABTB2, genes for E3 ligase adaptors,
was also found to distinguish the SHH subtype from groups 3
and 4 very well (Fig. 4). A scatterplot of the expression values
of PPP2R2C and RCBTB2, separated the SHH subtype for
100% from the group 3 and group 4 subtypes (Fig. 5). The
expression of both these genes was significantly increased
(F = 291.57, p = 4.24 e-57; F = 196.81, p = 2.50e-45) in the

SHH group. This was confirmed in the datasets of Northcott
(Magic), Cavalli, Gilbertson, and Kool, supporting the find-
ings in the Pfister dataset. In the Northcott (Magic) dataset, as
well as in the Cavalli dataset, the top two differentially
expressed E3 ligase genes in non-WNT MBs (according to
ANOVA) were PPP2R2C and RCBTB2. Identification of all
the 59 SHH samples of the Pfister dataset was also possible
from expression of the three genes for PPP2R2C, POC1B,
and MAP3K1 by stepwise logistic regression (sensitivity of
100%, specificity of 97%).

Differential expressions of the ubiquitin ligase gene,
SMURF2, which regulates degradation of the SHH receptor
PTCH1, were also highly significant (F = 53.03, p = 6.34e-18)
among the non-WNT subgroups. However, statistically, its
expression was not as good as predictor of the SHH subtype
as the expression of PPP2R2C and RCBTB2.

The ubiquitin ligase gene FBXL21 appeared to be silenced
(near zero expression) in SHH MBs compared to expression
in groups 3 and 4 (F = 66.15, p = 2.49e-21). This was con-
firmed in the datasets of Northcott (Magic) and Cavalli (F =
77.53, p = 1.5e-27; F = 360.21, p = 7.5e-108).

Althoughwe noted that expression of the geneBOC, which
codes for a co-receptor for the SHH pathway was listed by
UUCD as an ubiquitin ligase in one species, Pteropus
vampiris, we did not include it in the logistic regression anal-
ysis since it has not been confirmed, in other species, that

Fig. 3 Ubiquitin ligases and theWNTsignaling pathway. ZNRF3, RNF43, RNF146, and APC are regulators ofWNT receptors, AXIN2, and β-catenin
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BOC is a ubiquitin ligase. However, expression of BOCwas a
very good predictor of the SHH subgroup among the non-
WNT MBs in the Pfister dataset (Fig. 4). In the Northcott
Magic and Cavalli datasets, its increased expression in the
SHH group was confirmed (F = 225.36, p = 3.4e-59; F =
965.57, p = 1.1e-200) among the non-WNT groups. A model
illustrating the interaction of ubiquitin ligases with the SHH
receptor complex is illustrated in Fig. 6.

Group 3

Logistic regression showed that the best non-WNT E3 ligase
predictor for the 56 samples of group 3 in the Pfister data was
expression of PPP2R2B. The heatmap (Fig. 1) and Fig. 7
illustrate that this gene is among the few E3 ligase genes
selectively increased or decreased in group 3 MBs.
PPP2R2B, like PPP2R2C, codes for a regulatory subunit of

Fig. 5 Scatterplot of PPP2R2C
and RCBTB2. The two genes
together predict the SHH group
for 100% in all MBs in the Pfister
dataset (including WNT MBs).
All SHH (blue) values are above
the line separating SHH Z-score
values from those of group 3 and
group 4
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Fig. 4 Ubiquitin ligase gene expression predictors of SHHMB. Bar charts showsmeans with standard error bars. ByANOVA for PPP2R2CF = 291.57,
p = 4.24e-57; for RCBTB2 F = 196.82, p = 2.50e-45; for ABTB2 F = 210.01, p = 3.41e-47; for BOC F = 434.09, p = 8.79e-70



Fig. 6 Ubiquitin ligases and the
SHH signaling pathway
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Fig. 7 Gene expression of ubiquitin ligases andMYC in group 3 MB. Bar charts shows means with standard error bars. By ANOVA for PPP2R2B F =
82.329, p = 3.72e-25; for TRIM58 F = 56.794, p = 6.44e-19; for ZBTB20 F = 59.885, p = 9.80e-20; for MYC F = 15.277, p = 2.32e-08



protein phosphatase 2. Its expression was increased in group 3
MBs compared to that of the other 2 groups at a high level of
significance (F = 82.33, p = 3.72e-25). Thus, for both the
SHH group and group 3 MBs, the best E3 ligase gene predic-
tor, according to the results of stepwise logistic regression, is
expression of a regulatory subunit of the phosphatase enzyme
PP2A.

The expression of TRIM58 was also increased in group 3
samples compared to that of the other MB subgroups (F =
56.79, p = 6.33e-19) (Fig. 7). TRIM58 is a ubiquitin ligase
that controls degradation of two key proteins of the cytoplas-
mic dynein motor [11] (see BDiscussion^). The expression of
TRIM58 was significantly correlated to the expression of
NPR3 a gene which codes for a protein marker of group 3
MBs. The comparative increases of TRIM58 and PPP2R2B
expression in group 3 were also found in the datasets of
Northcott (Magic), Kool, Gilbertson, and Cavalli. The expres-
sion of ZBTB20 (Fig. 7) in group 3 samples was significantly
lower than that of the SHH and group 4 tissues. Figure 7 also
illustrates the increased expression of theMYC gene associat-
ed with group 3 in the Pfister dataset.

Group 4

The best non-WNT predictors according to logistic regression
analysis for group 4 MBs were MID2 (an E3 ligase is associ-
ated with microtubules), ZBTB18 (a transcriptional repressor),
and PPP2R2A (which codes for another regulatory subunit of
PP2A) (Fig. 8). Expression of MID2 and ZBTB18 was com-
paratively elevated in group 4 (F = 89.69, p < 8.38e-27; F =
75.56, p < 1.33e-23) in the Pfister dataset while expression of
PPP2R2A was selectively depressed in group 4 MBs (F =
62.82, p = 1.73e-20). This was confirmed in the Magic dataset
of Northcott (F = 116.06, p < 7.05e-36; F = 189.53, p < 1.29e-
50; F = 51.11, p = 9.74e-19) and in the Cavalli dataset (F =
362.29, p = 1.54e-106; F = 578.65, p = 6.9e-146; F = 155.55,
p = 1.73e-55) at a very high level of statistical significance.

The best separation of group 3 (N = 56) and group 4 (N =
91) by E3 gene expression (after excluding theWNTand SHH
subgroups) was achieved by the expression of ZBTB20,
PPP2R2B, MID2, and PPP2R2A. Expression of ZBTB20
and MID2 was comparatively elevated in group 4 (F =
100.24, p = 8.76e-15; F = 65.95, p = 2.80e-11) while expres-
sion of PPP2R2A was comparatively depressed in group 4
MBs (F = 68.86, p = 1.21e-11; F = 54.46, p = 7.28e-10).
Expression of PPP2R2D was significantly increased in group
4 (Fig. 8) compared to that of the other groups, but was not
included by ANOVA in the top 100 differentially expressed
E3 ligases which we used as our training dataset.

A heatmap of E3 ligase gene expression data from the large
Cavalli dataset (Fig. 9) illustrates that this dataset confirms the
major findings noted in the Pfister dataset. PPP2R2C,
RCBTB, and ABTB2 gene expressions are elevated at a very

high level of significance in the SHH subgroup. PPP2R2B
and TRIM58 expressions are elevated in group 3, while
MID2 and ZBTB18 expressions are elevated in group 4 MBs.

In summary, in this project, we identified ubiquitin genes
whose expression predicted at a high level of statistical prob-
ability, the fourMB subgroups, as recognized in the consensus
classification of Taylor et al. [1]. The data showing differential
expression of genes for ubiquitin ligases suggest the possibil-
ity of developing ubiquitin ligase subtype-specific therapies
designed to regulate stability of proteins important in diagno-
sis, prognosis, and treatment of MB.

Discussion

The present study illustrates that ubiquitin ligase expression
can be used to classifyMB subgroups (Fig. 1).Many ubiquitin
ligases are associated with signaling pathways of the four
consensus group MBs. The use of statistical methods identi-
fied the expression of 10 important ubiquitin ligases which
could predict the MB subgroups. Furthermore, we showed
the association of this gene expression with classical signaling
pathways (e.g., WNT and SHH pathways). Our results using
the Pfister dataset were validated with four other publically
available datasets. Finally, our results enable us to make sug-
gestions on several ubiquitin ligases that should be studied as
potential prognostic markers and therapeutic targets for group-
specific MBs. It has been suggested that the ubiquitin protea-
some system will eventually provide many drug targets [12,
13].

For the WNT subgroup of MBs, we identify a gene for an
ubiquitin ligase associated with the WNT receptor complex,
ZNRF3. The expression alone of this one gene alone can pre-
dict the WNT subgroup. For the SHH subgroup, we identify a
gene for a regulatory subunit of protein phosphatase 2A
(PP2A), PPP2R2C, (which codes for B55γ), as the major
statistical predictor among the ubiquitin E3 ligases genes in
the Pfister dataset. For group 3 MBs the best E3 ligase predic-
tor was PPP2R2B, a gene for another regulatory subunit of
PP2A. For group 4 in the Pfister dataset, the best E3 gene
predictors were MID2, a prognostic marker in breast cancer
[14], ZBTB18, a transcription factor, and PPP2R2A, yet an-
other PP2A regulatory subunit [15]. Thus, the genes for PP2A
regulatory subunits, PPP2R2A, PPP2R2B, and PPP2R2C,
which the UUCD database lists as coding for ubiquitin ligase
adaptors, are very good predictors of MB subtypes. These
proteins belong to a single subfamily of PP2A regulators.
The high statistical significance of these data suggest investi-
gating their role in the origin andmaintenance ofMB subtypes
and their possible role as therapeutic targets. We discuss these
findings in more detail as follows and indicate the extent to
which the main findings are confirmed in other datasets.
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Ubiquitin Ligases and the WNT Subgroup of MB

Our analysis of the ubiquitin ligases in the Pfister dataset
shows that expression of ubiquitin ligases can be used to pre-
dict subgroups of MBs. The WNT and SHH MBs were pre-
dicted for 100% from expression of ubiquitin ligases in the
Pfister dataset. These results were confirmed in other publi-
cally available datasets.

Ubiquitin Ligases and WNT Receptors

The WNT receptor is described and illustrated as the Frizzled
(FZD) membrane receptor. However, there are at least 10 dif-
ferent genes of the human Frizzled family (FZD1-FZD10)
[16]. Koo et al. [3] reported two ubiquitin ligases, RNF43
(ring finger protein 43, on chromosome 17) and ZNRF3 (zinc
and ring finger 3, gene on chromosome 22), as selectively
ubiquitinating Frizzled receptors. They concluded from their
studies that RNF43 and its paralog ZNRF3 act as inhibitors of
WNTsignaling by stimulating the degradation ofWNT recep-
tors by ubiquitination of members of the Frizzled (FZD) fam-
ily. Koo et al. [3] have described RNF43 as a tumor suppres-
sor. However, prior to the current report, overexpression of
genes for the two ubiquitin ligases ZNRF3 and RNR43 has

not been previously discussed as being associated with the
WNT subgroup of MBs. The data showing that WNT MBs
can be predicted in the Pfister dataset for 100% by overex-
pression of the gene for the ZNRF3 ligase alone suggests that
it may be a key protein in the development ofWNT-typeMBs.

Examination of the Pfister dataset revealed that gene ex-
pression for both of these ubiquitin ligases was increased in
the WNT subgroup of MBs (Fig. 2) compared to that of the
other MB subgroups, as well as compared to normal cerebel-
lum (Roth dataset in the R2 site). ZNRF3 expression was
increased by more than sixfold (F = 454.36, p = 2.68e-90)
whereas RNF43 expression was increased by 14-fold (F =
164.70, p = 1.97e-53). In both the Pfister and Kool datasets,
the F values for both these genes were among the top 6 of
differentially expressed genes for E3 ligases, but not discussed
as E3 ligases related to MB in the literature. Compared to
normal cerebellum tissue (Roth dataset in the R2 site), the
expression of ZNRF3 in the WNT subgroup of the Pfister
dataset was approximately fivefold. The selective increase in
these two E3 ligases furthermore was confirmed in the smaller
dataset of Gilbertson and in the larger dataset of Cavalli.
Granted that comparing gene expression of MBs to that of
normal cerebellar tissue is of limited value, this comparison
does fit with the conclusion that these two genes are

Fig. 8 Ubiquitin ligase gene expression as predictors of group 4 MB. Bar charts shows means with standard error bars. By ANOVA for MID2 F =
89.694, p = 8.38e-27; for ZBTB18 F = 75.562, p = 1.33e-23; for PPP2R2A F = 62.817, p = 1.73e-20; for PPP2R2D F = 32.294, p = 5.85e-12
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overexpressed in WNT-type MBs. These remarkable data in-
dicate that these two E3 ligases, particularly ZNRF3, may
have a key role in dysregulation of signaling in WNT MBs.

RNF43 exists as a complex together with two other pro-
teins, LGR5 (leucine-rich repeat containing G protein-coupled
receptor 5) and RSPO1 (R-Spondin 1) [17]. In a review on
targeting the WNT pathway, Kahn has illustrated how the
action of ZNFR3 and RNF43 depends on the presence or
absence of R-Spondin [18]. Expression of the LGR5 gene
was selectively increased 20-fold in the Pfister dataset (F =
83.48, p = 2.98e-34) while the expression of RSPO1 was ele-
vated 11-fold (F = 180.43, p = 2.03e-56). Thus, expression of
all three genes of this complex was selectively increased in the
WNT subgroup of tumors. Regulation of WNT receptor turn-
over by the complex of R-Spondin, ZNFR3, and RNF43 has
been recently reported by Hao et al. [19]. This complex re-
portedly regulates WNT receptors by facilitating endocytosis
of WNT receptors, removal from the cell surface, and degra-
dation by lysosomes [20, 21]. However, it is not clear which of
the ten known FRZ receptors are regulated by this complex.
The large (100-fold) increase in FZD10 gene expression in the
WNT subgroup suggests dysregulation of this protein. The

selective increase in FZD10 expression in the WNT subgroup
was confirmed in the datasets of Gilbertson, Kool, and
Cavalli. The strong statistical association of the two ubiquitin
ligases with FZD10 expression is consistent with a significant
functional relationship.

The ubiquitin ligase regulating FZD10 is unknown. One
explanation for the differential expression of FZD receptors in
MBs is selective dysregulation by one of the ubiquitin ligases
regulating FZD receptors. In the model of Hao et al. [19],
WNT signaling, through B-catenin, induces expression (at
the level of transcription) of ZNFR3/RNF43 thereby contrib-
uting to a feedback loop. The FZD data in the Pfister dataset
suggest that this feedback loop does not inhibit expression of
genes for all FZD receptors in WNT MBs particularly not for
FZD10, which was overexpressed (see above). A closer ex-
amination of the functional relationship of ZNRF3/RNF43
complex to the individual FZD proteins is warranted. Jin and
Yoon (2012) have reviewed and illustrated the ZNRF3/
RNF43/RSPO complex in activation and inhibition of WNT
signaling [22].

The expression of genes for the Dickkopt (DKK) WNT
signaling inhibitors was also increased in the WNT subgroup
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of MBs in the Pfister dataset (greater than 25-fold for DKK2
and DKK4). Furthermore, expression of the DKK receptor,
KREMEN1, was also significantly increased (more than ten-
fold) in the WNT subgroup (F = 452.93, p = 3.15e-90).
KREMEN1 is a gene for a receptor for DKK1 [23]. Little or
no information is available on the role of ubiquitin ligases in
regulation of KREMEN1.

The expression ofWIF1 (WNT inhibitory factor 1), which
codes for a well-establishedWNT inhibitor that binds toWNT
ligands [24, 25], was dramatically increased in the WNT
group in the Pfister dataset. WIF1 was selectively increased
316-fold in the WNTsubgroup compared to that of the data of
the other combined groups. Differential expression by groups
was significant at a very high level (F = 277.85, p = 2.05e-71).
This large increase in WIF1 expression is rather paradoxical.
A decrease in WIF1 expression would be expected with acti-
vation of the WNT signaling pathway [26]. One explanation
for this is that in WNT MBs, some epigenetic factor (such as
methylation) is interfering with normal silencing of WIF1
gene expression. No information is available on regulation
of WIF1 by ubiquitin ligases. Statistically, the ubiquitin ligase
that is most highly correlated with WIF1 expression in the
Pfister data is ZNRF3. The correlation (R value) of WIF1
and ZNRF3 is 0.86 (p value = 2.9e-62). This strong statistical
association suggests studies designed to determine the func-
tional interaction of WIF1 and ZNRF3 in WNT signaling
should be conducted.

The data thus document and illustrate dysregulation of
WNT receptors in theWNTsubgroup ofMBs, a dysregulation
associated with increased expression of the genes for the E3
ligases RNF43 and ZNRF3 (Fig. 2). The two E3 ubiquitin
ligases, RNF43 and ZNRF3, appear to play a key role in
regulating the expression of WNT receptor proteins in
WNT-subtype MBs. The current study appears to be the first
to note that expression of genes for these two ubiquitin ligases
are selectively increased in WNT subtype of medulloblasto-
mas and to relate this finding to current models of regulation
of WNT signaling in medulloblastoma. Targeting these E3
ligases, or their transcription, could be an interesting experi-
mental approach to therapy of WNT pathway-related tumors.
A model illustrating the role of RNF43 and ZNRF3 in WNT
MBs is shown in Fig. 3.

The Role of RNF146 and Chromosome 6 in WNT MBs

Another ubiquitin ligase shown in this model (Fig. 3) is
RNF146, an ubiquitin ligase that regulates the degradation
of AXIN2 [27] and is described as a negative regulator of
the WNT pathway [28]. In the WNT group, RNF146 expres-
sion was reduced by at least 50% (F = 54.54, p = 5.85e-25)
(Fig. 2). The reduced expression of RNF146 in WNT MBs
could be predicted and explained by the fact that monosomy
of chromosome 6 is associated with WNT MBs in more than

80% of cases [29]. Expression of AXIN2, which codes for a
protein that binds to the APC complex, was increased approx-
imately eightfold (F = 934.59, p = 3.16e-120). (It should be
noted that according to the R2 genome analysis, this is the
highest F value of all differentially expressed genes in the
Pfister dataset). Decreased activity of RNF146 could account
for the increase in AXIN2 due to decreased proteasomal deg-
radation. Because of its role in degradation of AXIN2, the role
of RNF146 as a key E3 ligase of the WNT pathway should be
further investigated inWNTMBs. The interaction of the APC
complex, RNF146, ZNRF3, and RNF43 in theWNT pathway
is illustrated in Fig. 3.

The APC complex and the Groucho transcription factor in
regulating WNT signaling have been described and illustrated
by Yu & Virshup [30]. The ubiquitin ligase TLE2 (of the
Groucho/TLE family) is a transcription repressor (and E3 li-
gase adaptor) in the WNT pathway [31]. In the Pfister dataset,
expression of TLE2 was selectively decreased (greater than
fivefold) in the WNT subgroup of MBs (F = 13.70, p =
1.06e-07).

FBXL7: another Ubiquitin Ligase Overexpressed in WNT MBs

Statistically, another E3 ligase gene overexpressed in the
WNT group MBs is FBXL7. In the Pfister data, differential
expression of FBXL7 statistically was second only to ZNRF3
expression among the differentially expressed E3 ligases.
Compared to normal cerebellum (Roth dataset), FBXL7 ex-
pression was approximately ninefold higher in the Pfister
WNT subgroup.

FBXL7 codes for an ubiquitin ligase that regulates the deg-
radation of AURKA and induces mitotic arrest [32, 33]. The
FBXL7 E3 ligase also ubiquitinates the protein survivin prior
to degradation by the proteasome [33, 34]. As such, it has a
regulatory role in mitosis and in apoptosis [34, 35]. FBXL7
has been reported to be proapoptotic [33]. Through its regu-
lation of survivin, FBXL7 has been associated with various
types of cancer [36, 37]. FBXL7 has been reported to associ-
ate with the centrosome during spindle formation [32].

The SHH Subgroup and Ubiquitin Ligases

Evidence for stimulation of SHH signaling in the SHH sub-
group of MBs includes upregulation of the PTCH1 and
PTCH2 receptors, upregulation of the co-receptors BOC
(Brother of CDON; aka, cell adhesion associated, oncogene
regulated 2) and GAS1, and, upregulation of GLI1 and GLI2
[38]. Their role in the SHH signaling pathway is illustrated in
Fig. 6. In the Pfister dataset, expression of these genes are all
significantly (p < 0.00001) increased in the SHH subgroup of
MBs: PTCH1 (5.62-fold compared to other groups), PTCH2
(3.22-fold), BOC (13.09-fold), GAS1 (5.76-fold), GLI1
(16.99-fold), GLI2 (8.17-fold). The most significant of these
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differentially expressed genes was BOC (F = 275.90, p = 4.3e-
74). Also, selectively upregulated (3.02-fold) (F = 43.06, p =
1.07e-20) in the SHH MBs is the gene for a proapoptotic
protein DRAL (FHL2) that binds to the PTCH receptor [39,
40]. Frappart et al. [41] emphasized a tumor suppressor role
for PTCH1 in cerebellar granule cells. BOC is reported to
promote progression of MBs to advanced tumors [42].
Figure 6 illustrates a model including SHH receptors, co-re-
ceptors, and ubiquitin ligases.

A 2015 report by Hsia et al. [4] outlined regulation of
Hedgehog signaling by ubiquitin ligases. They list E3 ligases
for a number of SHH pathway components including PTCH,
SMO, GLI1, and GLI2. The E3 ligases reported in this report
are SMURF, ITCH, NEDD4, βTRCP, KAT2B, and SPOP. In
the Pfister dataset, genes for several of these E3 ligases were
also differentially expressed (see below). Statistically, howev-
er, we identified in the Pfister dataset genes for three ubiquitin
ligases that were better predictors of the SHH subtype than
those reviewed in the Hsia report.

Logistic Regression and the SHH Subgroup

Logistic regression analysis showed that the best E3 ligase
predictor of SHH-type MBs was PPP2R2C (Fig. 4). In the
Pfister dataset, this gene was differentially expressed at a
higher level of significance than any of those in the Hsia report
[4]. As noted above, the combined expression of PPP2R2C
and RCBTB2 can predict the SHH group for 100% in the
Pfister dataset (Fig. 5).

PPP2R2C (protein phosphatase 2 regulatory subunit Bγ)
(Fig. 3) codes for the regulatory subunit of a serine/threonine
phosphatase, protein phosphatase 2, a target of anticancer
therapy [43, 44], but has not previously been directly associ-
ated with medulloblastoma. PPP2R2C has been reported as a
regulator of cell growth and division [45]. The enzyme coded
for by the PPP2R2C gene regulates PP2Awhich dephosphor-
ylates proteins involved in mitotic entry and exit [46, 47].
PP2A in cancer signaling has been described as a broken Boff^
switch [48]. Sablina and Hahn [49] concluded that impaired
function of PP2A complexes regulate specific phosphoryla-
tion events necessary for cancer initiation.

The Pfister data show overexpression of the PPP2R2C
gene (Fig. 4) in the SHH subgroup and under expression of
PPP2R2B expression (Fig. 7). PPP2R2C belongs to a group
of 4 genes (PPP2R2A, PPP2R2B, PPP2R2C, PPP2R2D)
which code for PP2A regulatory subunits of the β55 subfam-
ily, β55α, β55β, β55γ, and β55δ [50]. The gene expression
data suggest the hypothesis of dysfunction of PP2A due to the
abnormal amounts of the β55γ and B55β isoforms available
as regulatory subunits for the holoenzyme in the SHH
subgroup.

Although the β55 subfamily is not usually discussed in the
MB literature in the context of E3 ligases, they are

documented as Cullin Ring ubiquitin ligase adaptors in many
species in the UUCD database. The expression of PPP2R2C
definitely deserves further experimental attention for its po-
tential role in the development of SHHMB. The data showing
that another member of this subfamily of genes, PPP2R2B, is
statistically the best E3 gene predictor of the group 3 subtype
(see below), and that PPP2R2A is one of the top predictors of
group 4 suggest that this subfamily of PP2A regulator genes is
of considerable significance in more than one subgroup of
MBs. As noted in the report of Wlodarchak et al. [50].
PP2A dephosphorylates over 300 substrates involved in the
cell cycle. It has been estimated that up to 100 different PP2A
holoenzyme complexes can be formed by combining combi-
nations of the catalytic core with various regulatory subunits
[51]. The extent to which each of the β55 E3 adaptor proteins
confers specificity to the PP2A holoenzyme is, as far as we
can determine, not known. A prediction that can bemade from
the overexpression of PPP2R2C in SHH MBs in the Pfister
dataset (and confirmed in others) is that the B55γ protein may
serve as a marker for SHH MBs.

Expression of RCBTB2 and ABTB2 in the SHH Subgroup

The expression of the gene for the E3 ligase RCBTB2 was
elevated several fold in the SHH group compared to the group
3 and 4 groups in the Pfister dataset (F = 196.18, p = 2.5e-45).
This was confirmed in the Northcott (Magic) dataset (F =
217.13, p = 8.3e-58) and in the Cavalli dataset (F = 785.18,
p = 1.68e-178). Expression of RCBTB2 in the SHH group
of MBs in the Pfister dataset was greater than 12-fold that of
normal cerebellum (Roth dataset in the R2 genomics site).

The RCBTB2 protein (aka CHC1-L) is a regulator of chro-
mosome condensation and a guanine nucleotide exchange
factor [52]. The RCBTB2 gene has been reported as a candi-
date gene for prostate carcinogenesis [53–55]. RCBTB2 gene
expression is positively correlated with BOC (a co-receptor of
SHH) expression (R = 0.73) at a high level of significance
(p < 1.0e-20). In the Pfister dataset, ABTB2 expression is also
strongly correlated with expression of the SHH co-receptor
BOC (R = 0.78, p = 1.3e-42). These statistical associations
suggest that it would be useful to examine further the roles
of the RCBTB2 and ABTB2 proteins in the SHH pathway and
as markers for SHH MBs. A recent study reports that a sub-
strate of ABTB2 is a deoxynucleotidyl transferase [56] that
may contribute to regulation of the cell cycle.

Expression of POC1B and MAP3K1 in the SHH Subgroup

As noted together, the three genes PPP2R2C, POC1B, and
MAP3K1 could also predict the SHH for 100%. While
PPP2R2C codes for a subunit of PP2A, a threonine serine
phosphatase [57], MAP3K1 codes for a serine/threonine ki-
nase [58]. Regulation of MAPK signaling pathways by
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PP2A has been reviewed by Junttila et al. [59]. POC1B codes
for a protein involved in centriole assembly [60]. Since
MAP3K1 and POC1B expressions were significantly elevated
in SHH MBs, it would be useful to determine whether the
proteins coded for by these genes are markers for SHH MB.

Other E3 Ligases in the SHH Pathway

Evidence that the E3 ligases SMURF1 and SMURF2 regulate
SHH signaling by tagging PTCH1 for degradation has been
well demonstrated [4, 61]. The SMURF-related ubiquitination
of SHH has been reported to be stimulated by SMO [4, 61]. In
the Pfister dataset, differential expression of SMURF1 and
SMURF2 between the four MB subtypes was highly signifi-
cant (F = 26.10, p = 1.28e-13; F = 41.37, p = 4.92e-20), but
the difference (decrease) was not specific to the SHH group.
Comparatively, low levels were found in both the SHH and
WNTsubgroups. SMURF reportedly contributes toWNTsig-
naling by regulating GSK3 through ubiquitination and degra-
dation [62]. SMURF1 itself is regulated by an E3 ligase,
FBXL15 [62, 63]. In the Pfister dataset, expression of
FBXL15 was selectively reduced in the SHH subgroup (F =
12.50, p = 4.33e-07). Also, reduced in the SHH subgroup was
expression of KAT2B (K lysine acetyltransferase) (aka PCAF)
(F = 60.53, p = 4.85e-27), a gene for an E3 ligase which func-
tions as a circadian transcriptional co-repressor. According to
Malatesta et al. [64] KAT2B is required for SHH MB cancer
cell proliferation.

Expression of the E3 ligase gene SPOP was selectively
depressed in the SHH subgroup of MBs in the Pfister dataset
(F = 39.12, p = 3.85e-19). The SPOP gene is one of the E3
ligase genes located on chromosome 17 [65]. SPOP contrib-
utes to SHH signaling by targeting GLI2 and GLI3 for
ubiquitination and degradation [66–68]. In prostate cancer
SPOP can function as a tumor suppressor [69].

The E3 ubiquitin ligases KCTD21, KCTD6 [70], and
KCTD11 (akaKcash1, Kcash2, Kcash3) [71, 72] are ubiquitin
ligases that act on post-receptor components of the SHH path-
way. They act through ubiquitination and degradation of his-
tone deacetylase (HDAC1) [70, 71]. HDAC1 inhibits
deacetylation of GLI1 and GL2. Deacetylation of GLI1 and
GLI2 promotes their action as transcriptional factors. GLI is
regulated by ubiquitination-induced degradation, but its acti-
vation as a transcription factor also depends on HDAC1
deacetylation [72]. In the Pfister dataset KCTD6, KCTD11,
and KCTD21 were differential expressed (F = 20.54, F =
12.67, F = 38.86, p < 0.00001), all lower in the SHH MBs
than in the other subgroups. Canettierei et al. have suggested
that downregulation of KCTD11 contributes to proliferation
and cell transformation in SHH MBs [73].

MYCN is overexpressed in someMBs including a subset of
SHHMBs [74]. In the Pfister dataset,MYCN is overexpressed
approximately twofold compared to the other MB subgroups

(F = 30.83, p = 1.08e-15). The MYCN protein is degraded by
the ubiquitin proteasome system [75].MYCN is reported to be
a substrate for the ligase FBXW7 [76] but also a substrate for
the E3 ligase HUWE1 in embryonic stem cells [77, 78]. The
ubiquitin ligase Aurora A (AURKA) has been reported to
contribute to MYCN stabilization in neuroblastomas [76,
79]. The deubiquitinase USP7 has also been reported to con-
tribute to MYCN stabilization [80].

Expression of MID1 and the SHH Subgroup

MID1 is a gene that codes for an ubiquitin ligase (MIDLINE-
1) of the TRIM family. The differential expression of MID1
(F = 154.42 p = 2.21e-51) was highly significant in the Pfister
dataset. This gene is overexpressed in the WNT subgroup
(about 7.6-fold compared to the normal cerebellum of the
Roth dataset). In the SHH group, expression of this gene
was less than 50% of normal (Roth dataset). It has been re-
cently suggested that the cells that develop into SHHMBs are
themselves WNT dependent [81]. There is data reporting that
WNT signaling activity attenuates the growth of SHH tumors
[82].

MID1, while overexpressed in the WNT MBs, is reported
as a regulator of SHH-dependent cerebellar development [83].
One of its substrates is FU, a protein involved in regulation of
the SHH pathway [84]. In the model of Schweiger et al. [84], a
protein complex of MID1 and PP2A regulates nuclear locali-
zation of GLI3 and thus regulates its target genes [83, 85].
MID1 has been reported to regulate the activity of GLI3
through the ubiquitination and cleavage of Fu kinase (aka
STK36) [84].

TLE1, a transcriptional corepressor of the Groucho family,
binds to GLI1 [86]. As such, it might be expected to influence
GLI1-induced gene transcription. GLI1 gene expression is
also highly correlated with BOC expression in the Pfister
dataset (r = 0.89, p = 4.0e-73). Indeed, the correlation of
GLI1 and BOC was the most significant of any other genes
correlated with GLI1 expression. BOC is a co-receptor for
SHH [87]; it is selectively elevated in the SSH subgroup of
MBs (F = 275.90, p = 3.6e-71). Based on the statistics, BOC
may be of more significance than PTCH receptors in SHH
signaling in MBs. Indeed, among the non-WNT MBs in the
Pfister dataset, differential expression of BOC was the most
significant of all differentially expressed genes. Expression of
HHIP (Hedgehog interacting protein) was also selectively el-
evated in the SHH subgroup (F = 128.36, p = 9.51e-46). The
HHIP gene has been reported to be unexpressed (or low) in
MB cell lines and primary tumors [88]. According to the
Pfister dataset, this appears to be true only for non-SHH tu-
mors. In SHH tumors, HHIP expression was elevated approx-
imately 85-fold compared to the other 3 groups. Further stud-
ies on the role of ubiquitin ligases in regulation of BOC and
HHIP expression are warranted. Based on our analysis of the
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Pfister data (and confirmation in datasets of Gilbertson,
Northcott, Kool, and Cavalli), we speculate that PPP2R2C
and RCBTB2 function as regulators of cell cycle entry and
exit in the SHH subgroup ofMBs. Their role in SHH signaling
and in development of the SHH subtype of medulloblastoma
remains to be determined.

Group 3 MB, PPP2R2B, and E3 Ligase Predictors

Logistic Regression and Group 3 E3 Ligases

Logistic regression showed that the best non-WNT E3 ligase
gene predictors for group 3 in the Pfister data was PPP2R2B
(Fig. 7). This gene codes for the PP2A regulatory subunit
B55β [50]. The PP2A-B55β holoenzyme has been associated
with MYC phosphorylation [89] and has been reported to
regulate phosphorylation of cyclin E1 [90]. Expression of
PPP2R2B has not been previously associated with a subgroup
of MB. While the UUCD database documents B55β as a
Cullin Ring E3 adaptor in many species, this information
has not been integrated with functional studies of PP2A in
the literature. Oberg et al. [91], in 2012, however, suggested
the possibility that each of the PP2A regulatory subunits is
paired with a dedicated E3 ubiquitin ligase. Their hypothesis
would contribute towards an explanation for the specificity
that PP2A regulatory units provide for the holoenzyme. As
far as we can determine, B55β has not been tested as a marker
for group 3 MBs.

TRIM58 expression and ZBTB20 (a transcription factor)
expression were also significant predictors of group 3 MBs
(Fig. 7). TRIM58 is an E3 ligase that regulates the degradation
of the light-intermediate chain proteins of the dynein motor
complex [11]. The dynein motor provides the forces required
for centrosome separation prior tomitosis [92] and plays a role
in spindle assembly [93]. Aberrant methylation of TRIM58
has been reported in hepatocellular carcinoma [94] and in lung
adenocarcinoma [95]; we found no previous reports of aber-
rant TRIM58 expression (other than the Pfister data) nor re-
ports of aberrant TRIM58 gene methylation associated with
medulloblastoma.

In the Pfister dataset, TRIM58 was differentially expressed
(Fig. 7). Group 3 gene expression values were 73.75-fold
greater than SHH values, 110.8-fold greater thanWNT values,
7.46-fold greater than group 4 values, and 35.91-fold greater
than normal cerebellum (Roth dataset). This was confirmed in
the smaller datasets of Gilbertson and Kool, in the large
dataset of Cavalli, and in the Northcott (MAGIC) dataset
which did not include the WNT MBs. One interpretation of
these data is that TRIM58 expression is silenced in most MB
tissue samples other than in group 3 MB tissue samples.

ZBTB20 (aka DPZF) is an E3 ligase and transcription re-
pressor [96, 97]. To the best of our knowledge, it has not been
previously associated with MBs in the literature. Expression

of this gene was decreased in group 3 MBs compared to those
of the other groups. ERCC8 expression was also increased in
group 3 MBs (F = 30.809, p = 1.1e-15). This E3 ligase gene
codes for a protein involved in a transcription-dependent
DNA excision repair [98].

MYC is often overexpressed in MBs with the worst prog-
nosis, including those of group 3 [5]. In the Pfister dataset,
expression of the gene for MYC is elevated in group 3 MBs
(Fig. 7). Felsher [99] and Hammond-Martel et al. [6] have
described and illustrated the role of ubiquitin ligases in the
regulation of MYC. They discuss five E3 ligases that target
MYC and contribute to its regulation FBW7 (aka FBXW7),
TRUSS (TRPC4AP), SKP2, HUWE1, and βTRCP. These
ligases differ in the extent to which they use different lysine
attachment sites on ubiquitin and hence the role of the
ubiquitinated protein MYC. In the Hammond-Martel model
[6], FBW7 tags MYC for proteasomal degradation. In the
Pfister dataset, expression of FBW7 was not significantly dif-
ferent between groups; neither was it significant in the Kool,
Gilbertson, Thompson, nor Northcott datasets. However, a
role for FBW7 in the progression of group 3 MBs has been
postulated based on its ubiquitination of SOX9 in MB cell
lines [100].

SKP2 was differentially expressed in the Pfister dataset
with lower expression levels in groups 3 and 4 (F = 47.05,
p = 3.18e-22). In the Hammond-Martel model, SKP2 report-
edly activates MYC as a transcription factor, but following
polyubiquitination of MYC it then induces proteasomal deg-
radation [101, 102]. This is consistent with the black widow
spider model in which ubiquitinated transcription factors are
f i r s t ac t iva ted by monoubiqui t ina t ion and then
polyubiquitinated and destroyed by the proteasome when no
longer needed [103]. HUWE1 and βTRCP genes were also
differentially expressed (F = 8.62, p = 4.53e-05; F = 40.18,
p = 1.48e-19) in the Pfister dataset. In the Hammond-Martel
model, HUWE1 is also associated with MYC activation while
variations in βTRCP are necessary for the progression of the
cell cycle.

According to the ANOVA results, the most significant E3
ligases in the Hammond-Martel model in the Pfister dataset
are SKP2 and βTRCP (Table S2). However, our model shows
that PPP2R2B is a better genetic marker than any in the
Hammond-Martel model and suggests testing differential
levels of the PP2A subunit protein, B55β, coded for by
PPP2R2B.

Although group 3 is frequently associated with increased
MYC expression, the overexpression of GABRA5 in group 3
MBs [7] suggest GABRA5 overexpression may characterize
group 3 better than MYC expression. In the Pfister dataset,
GABRA5 expression was increased approximately 28-fold in
the group 3 samples compared to expression in the other sub-
groups. The ubiquitin ligase that was most significantly cor-
related with GABRA5 expression in the Pfister dataset was
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PPP2R2B (r = 0.63, p = 1.7e-22). This was confirmed in the
large Cavalli dataset (r = 0.60, p = 1.4e-71). Overall, these da-
ta show a high statistical association of PPP2R2B with group
3 MBs and led to the prediction that B55β may be a marker
for group 3 MBs. The data raise the question of dysregulation
of PP2A by B55 subunits (B55β and B55γ) and dysregula-
tion of PP2A modulation of mitotic kinases in the SHH and
group 3 MB subgroups.

Differential Expression of E3 Ligases and MB Group 4

Logistic Regression and Group 4

The best non-WNT predictors among the E3 ligase genes
according to logistic regression analysis for group 4MBswere
MID2 (an E3 ligase is associated with microtubules), ZBTB18
(a transcription factor), and PPP2R2A (which codes for an-
other regulatory subunit of PP2A). Expression of MID2 and
ZBTB18was comparatively elevated in group 4, while expres-
sion of PPP2R2Awas decreased in group 4 (Fig. 8). The best
separation of groups 3 and 4 (after excluding the WNT and
SHH subgroups) was achieved by ZBTB20, PPP2R2B,MID2,
and PPP2R2A expression. The expression of PPP2R2D, al-
though not among the top 100 differentially expressed E3
ligase genes in the Pfister dataset, was significantly increased
in group 4 compared to group 3. Thus, these data again point
to genes for the B55 family of regulatory factors of PP2A as
statistical predictors of MB subgroups and suggest the possi-
bility that one or more of the B55 family of regulatory proteins
may play a significant role in initiation and/or maintenance of
one or more subgroups of MB.

Although expression of the above E3 ligase genes signifi-
cantly predict group 4 MBs, there is little information relating
them functionally to medulloblastoma. There is no specific
literature relating PPP2R2A or PPP2R2D to group 4 MB.
Loss of PPP2R2A is reported to inhibit homologous recom-
bination DNA repair [104]. ZBTB20 is a transcription factor
[105] as well as an E3 ligase adaptor. ZBTB18 has been in-
vestigated as a tumor suppressor in glioblastoma and as a
transcriptional repressor with a role in neuronal differentiation
in the developing brain [106]. We could find no previous
reports linking ZBTB18 or ZBTB20 expression to MB. Thus,
the statistical predictions of gene expression of these three
ligases suggest that testing of the corresponding proteins is
necessary to determine their significance in prognosis and
treatment of the MB groups 3 and 4.

Group 4 Ligases on Chromosome 17

Since MB subgroups 3 and 4 are associated with a high inci-
dence of isochromosome 17 [1], the ubiquitin ligases that
were differentially expressed were screened for their chromo-
some location. Of the ubiquitin ligases that were differentially

expressed in the 4 MB subgroups (at p < 0.00001), 30 were
located on chromosome 17; the expression of genes on chro-
mosome 17 would be expected to be influenced by isochro-
mosome 17.

Expression of the E3 ligase gene CDC27, also located on
chromosome 17, was increased in groups 3 and 4 relative to
the other two groups (F = 15.35, p = 1.57e-08). CDC27 is a
protein component of the anaphase-promoting complex
(APC/C), which functions as an E3 ligase [107]. This complex
regulates the mitotic spindle assembly checkpoint [108–111]
and chromosomal stability [107, 111]. Targeting CDC27 in
group 4 MBs is a way of modulating the APC/C complex
and could be a tool in decreasing resistance to therapy [111].

RHOT1 (ras homolog gene family member T1) (aka
MIRO1) another E3 gene located on chromosome 17 was also
expressed at elevated level in groups 3 and 4 (F = 31.48, p =
5.67e-16), and its expression was also increased compared to
normal cerebellum. RHOT1 is a mitochondrial Rho GTPase.
It is necessary for mitochondrial movement [112].

Group 4 and the APC/c Complex

The APC/C complex is activated by two ubiquitin ligases,
CDC20 and CDH1, at different phases of the cell cycle.
CDC20 activates APC/C during the early phases of mitosis,
while CDH1 activates APC/C during the later phases of mi-
tosis [113, 114]. The Pfister dataset provides evidence that
both of these E3 coactivators are differentially expressed in
MB subtypes at a high statistical level. There is at least one
report relating PP2A-B55 to CDC20 and CDH1 dephosphor-
ylation during the mitotic cycle [115]. Manchado et al. illus-
trated a role for PP2A-B55α and PP2A-B55δ in mitotic exit
and suggested these isoforms were a factor in regulating mi-
totic exit in tumor cells [116]. Their conclusion is consistent
with PPP2R2A and PPP2R2D expression in the Pfister me-
dulloblastoma dataset (Fig. 8).

Gene expression of CDC20 was reduced in group 4 com-
pared to the other groups (F = 16.90, p = 2.72e-09).
Furthermore, gene expression for two other proteins
ubiquitinated by the APC/C complex, BARD1 and HMMR,
was substantially reduced in group 4 MBs (F = 29.48, p =
4.14e-15; F = 23.61, p = 1.74e-12). The HMMR protein is
one of the proteins required for mitotic spindle assembly
[109]. BARD1 is itself an E3 ligase. It is associated, together
with BRCA1, with the cell response to DNA damage [117].
Expression of ubiquitin conjugaseUBE2D3, which associates
with the BRCA1/BARD1 E3 ubiquitin ligase complex during
DNA damage, was also downregulated in group 4 MBs (F =
23.52, p = 1.9e-12). These data suggest that in group 4 MBs,
there may be a reduced response to DNA damage.

Gene expression of CDH1 in group 4 was elevated com-
pared to that of the other 3 groups (F = 16.63, p = 9.0e-10). It
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is not known whether targeting the CDH1 protein would be
useful in group 4 MBs.

Expression of the gene, UBE2C, which codes for a ubiqui-
tin conjugase that is a component of the APC/C complex [114]
was significantly depressed in group 4 (F = 14.53, p = 4.03e-
08). Although the role for UBE2C in other tumors has been
documented [118], its role inMB is mostly unknown.UBE2C
expression, however, has been associated with metastatic can-
cers [119].

The Pfister data showing differential expression of compo-
nents of the APC/C complex, including UBE2C, suggest a
physiological role for this complex in group 4MB tumorigen-
esis. Because the APC/C complex has many substrates includ-
ing the ubiquitin ligases SMURF1 and SKP2 [120, 121], dys-
regulation of the complex would have widespread physiolog-
ical effects.

Group 4 and Potassium Channel Components

KCNA1 has recently been predicted as an E3 ligase [122,
123]. It has been previously reported as an immunocytochem-
ical marker for group 4 MBs [1, 124–126]. In the Pfister
dataset, expression of this gene was increased at least fivefold
in group 4 MBs compared to the other groups. Expression of
KCNA5, also classified as an E3 ligase, was increased in tissue
of both groups 3 and 4. Both of these genes are located on the
same cytogenetic region of chromosome 12, at 12p13.32.
Huang and Jan [127] have suggested targeting potassium
channels in cancer. The role of these two proteins should be
further investigated for their role in group 4 tumorigenesis.

Summary and Perspectives

Our analysis of the Pfister dataset shows that gene expression
of ten ubiquitin ligases can be used to predict MB subgroups
(Figs. 1 and 10). The E3 ligase gene (ZNRF3) that can predict

the WNT subtype has been documented as contributing to the
regulation of WNT receptors. This report, however, is the first
to note that expression of this gene is a molecular marker for
the WNT subgroup of MBs. The protein coded for by this
gene, and its paralog RNF43, should be examined as a
markers for WNT MBs (Fig. 3) and as potential therapeutic
targets. The large increase (approximately 100-fold) in expres-
sion of the gene for the WNT receptor protein, FZD10, in
WNT MBs, is consistent with dysregulation of WNT recep-
tors in the WNT subgroup of MBs.

The present study provides strong evidence that a subfam-
ily of four genes coding for the B55 subfamily of regulatory
factors for the serine/threonine phosphatase PP2A holoen-
zyme contains genes that are very strong predictors of SHH
(PPP2R2C) and group 3 (PPP2R2B) MBs (Figs. 4 and 7).
Another member of this subfamily, PPP2R2A, was a strong
predictor of group 4 MBs (Fig. 8). In addition, significantly
elevated expression of the fourth member of this subfamily,
PPP2R2D, was noted in group 4 MBs. According to the
UUCD database, these four genes code for Cullin Ring ubiq-
uitin ligase adaptors. As such, the proteins coded for by these
genes (the four B55 proteins) would regulate PP2A and pro-
vide some specificity for the PP2A holoenzyme. The B55
subfamily of regulatory proteins has been documented to be
essential for normal mitotic progression [128]. Hein et al.
[115] have documented the role of the PP2A-B55 holoenzyme
in regulation of mitotic exit.

The role of the E3 ligase gene (PPP2R2C) that we identify
as a major predictor of the SHH MB subtype has not been
documented as a regulator of SHH receptor proteins. The cur-
rent report is the first to identify this gene as a molecular
marker for SHH MBs. A role for abnormal expression of
PP2A subunits in lung, breast, and skin cancer has been
reviewed by Seshacharyulu et al. [129]. As coding for one
of the B55 regulatory proteins (B55γ), the overexpression of
PPP2R2C could contribute to dysregulation of mitotic pro-
gression in SHH MBs.

Fig. 10 Prediction of MB
subgroups using logistic
regression
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For the SHH MBs, the E3 ligases SMURF1 and SMURF2
contribute to regulation of the SHH receptor PTCH. Logistic
regression analysis, however, shows that expression of
PPP2R2C and RCBTB2 are better predictors of the SHH sub-
type than the genes for SMURF1 and SMURF2. As shown in
the results, three genes coding for the E3 ligases: PPP2R2C,
POC1B, and MAP3K1 could predict the SHH subtype for
100% in the Pfister dataset. These results are consistent with a
defect in mitotic progression in SHH MBs, a defect associated
with serine/threonine kinases and serine/threonine phosphatases.

Since PPP2R2B expression was the best E3 predictor of
group 3 MBs, the prediction can be made that B55β is a
protein marker for group 3 MBs. Since group 3 MBs have
the worst prognosis of the MBs, it is important to test this
hypothesis and to determine whether B55β can be used as a
therapeutic target. For group 4MBs, PPP2R2Awas one of the
three major predictors of this subtype.

Based on the gene expression of PPP2R2A and PPP2R2D, a
prediction could be made for increased B55α and decreased
B55δ in group 4 MB tissue samples. MID2, the best E3 gene
predictor of group 4, in the Pfister dataset, has been shown to
interact with PP2Avia a protein called alpha 4 (aka IGBp1). The
MID2-alpha 4 complex has been described as an essential regu-
lator of PP2A [130, 131]. Two additional genes (ZBTB18 and
ZBTB20) that are significant predictors of groups 3 and 4 MBs
code for E3 ligases that serve as transcription factors. However,
the model that emerges for group 4 MBs is one that includes
dysregulation of PP2A by its regulatory subunits, dysfunction of
the APC/C complex and abnormal progression of the cell cycle.

Targeting E3 ligases in MB subgroups may be a useful
approach to future therapy for medulloblastomas. Our study
is the first to document that gene expression for specific E3
ligases can serve as markers for MB subtypes. Further, our
contribution comes from novel analysis of publicly accessible
data, with predictive models developed using the largest avail-
able file at the time (Pfister). Our description of the relation-
ship between E3 ligases and medulloblastoma was fully sup-
ported through testing of our models with more data files that
became available during the time of our study (Cavalli). Our
results shed new light on the pathways for potential interven-
tion towards this cancer, specifically we suggest targeting spe-
cific E3 ligases as a therapeutic approach to MB subtypes.
Prime candidates for this approach would be the E3 regulatory
factors for PP2A that control dephosphorylation of mitotic
proteins during progression of the cell cycle (Fig. 10).
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