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Abstract

Sonic hedgehog (SHH) signaling is crucial for the maintenance of the physiological self-renewal of granule neuron
progenitor cells (GNPs) during cerebellar development, and its dysregulation leads to oncogenesis. However, how SHH
signaling is controlled during cerebellar development is poorly understood. Here, we show that Trim32, a cell fate
determinant, is distributed asymmetrically in the cytoplasm of mitotic GNPs, and that genetic knockout of Trim32 keeps
GNPs at a proliferating and undifferentiated state. In addition, Trim32 knockout enhances the incidence of medulloblastoma
(MB) formation in the Ptchl mutant mice. Mechanistically, Trim32 binds to Glil, an effector of SHH signaling, via its NHL
domain and degrades the latter through its RING domain to antagonize the SHH pathway. These findings provide a novel
mechanism that Trim32 may be a vital cell fate regulator by antagonizing the SHH signaling to promote GNPs

differentiation and a tumor suppressor in MB formation.

Introduction

Dysregulation occurring in developmental processes is often a
key contribution to the pathogenesis of cancer [1, 2]. The
postnatal cerebellum is one of the supreme models to study
these events happening from neurogenesis to tumorigenesis.
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At early stages of postnatal neurogenesis, cerebellar granule
neuron progenitor cells (GNPs) undergo massive pro-
liferative, symmetric cell divisions to expand the pool of
GNPs at the surface of the developmental cerebellum to form
the external granular layer (EGL) [3-5]. Mathl, also called
Atohl, is a basic helix—loop-helix transcription factor
required for GNP production, and can serve as a marker for
the GNPs [6, 7]. After expansion, GNPs then switch to
undergo asymmetric cell divisions from symmetric cell divi-
sions to exit out of cell cycle and differentiate into postmitotic
granule neurons that will migrate inwards through the Pur-
kinje cell layer to become mature granule neurons in the
internal granule layer (IGL) at 3 weeks after birth [2, 8]. By
the end of this period, the EGL will be disappeared [2, 8].
During this early postnatal period, sonic hedgehog
(SHH), secreted by Purkinje cells, binds to its receptor
Ptchl expressed on the GNP surface [9]. This binding leads
to activation of the SHH target genes, such as MycN,
cyclin-D1, and Glil, driving GNP proliferation while
maintaining them at an undifferentiated state [10—12]. Our
previous work has demonstrated that SHH enhances pro-
liferation by regulating the balance between asymmetric
and symmetric cell divisions of GNPs [4]. Aberrant acti-
vation of the SHH signaling can lead to an increase in
progenitor SCDs that delay GNP differentiation, resulting in
an overproduction of GNPs susceptible to malignant
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Fig. 1 Trim32 is selectively expressed in inner EGL and displays
an uneven cytoplasmic distribution during GNP differentiation. a RT-
gqPCR analysis of Trim32 in PO, P7, P14, and adult mouse cerebella.
Data are expressed as means + SD (n = 3). An asterisk indicates P <
0.05 and triple asterisks indicate P < 0.001. b Immunoblotting analysis
of Trim32, Glil, and MycN in PO, P7, P14, and adult mouse cere-
bellums. ¢ Immunofluorescence staining of Trim32 (red) in the EGL of
P7 Math1-GFP transgenic mouse cerebellum. Nuclei were counter-
stained with DAPI (blue). EGL external granule layer, ML molecular
layer, PCL Purkinje cells layer, and IGL internal granule layer. The
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scale bars represent 100 um in the first panel and 25 pm in the second
panel. d Confocal analysis (left) and quantification of immuno-
fluorescence intensities (right) of distribution of Trim32 (green) in the
dividing GNPs in different phases of the cell cycle. The dashed line
highlights the cells that are in the indicated phase of cell cycle.
The cell-cycle phases were identified by PH3 staining (red) for DNA.
Nuclei were counterstained with DAPI (blue). The scale bars repre-
sent 10 um. Data are expressed as means +SD (n = 3). ns indicates
P>0.05 and triple asterisks indicate P < 0.001
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Fig. 2 Trim32 knockout enhances GNP proliferation in the postnatal
developing cerebellum. a Expression of the Math1-GFP protein (GFP,
green) in P7 mouse cerebellar sections from the Math1-GFP/Trim32"
mice and Mathl-GFP/Trim32%° mice. Nuclei were counterstained
with DAPI (blue). Graph in a representing Math1 positive cells nor-
malized to the length of the EGL edge. The scale bar represents 25 um.
Immunofluorescence staining of NeuN (red, b) and Ki67 (red, ¢) in P7
mouse cerebellar sections from the Math1-GFP/Trim32"" mice and
Math1-GFP/Trim32%° mice. Nuclei were counterstained with DAPI

transformation, and inducing a distinct subgroup of
medulloblastoma (MB), in which Mathl is found to be
upregulated [1, 11, 13-16]. However, how the SHH
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P7

P18

(blue). Graph in b and c respectively representing NeuN or Ki67-
positive cells normalized to the length of the EGL edge. The scale bar
in b represents 50 um. The scale bar in ¢ represents 25 um. oEGL outer
external granule layer, iEGL inner external granule layer, ML mole-
cular layer, and IGL internal granule layer. d P7 and P18 cerebellar
midsagittal sections were stained for DAPI to show the overall mor-
phology of cerebellum in Trim32* mice and Trim32*° mice. The scale
bar represents 500 um

signaling is controlled at the early stages of cerebellar
development and during MB formation is still poorly
understood.
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Trim32 is a protein of the tripartite motif (TRIM) protein
family, which is defined as a subfamily of the RING type E3
ubiquitin ligase family [17-19]. Trim32 mutations or knock-
out are reported to be involved in the pathogenesis of
LGMD2H, a disease with a myopathic phenotype accom-
panied by neurogenic features [20]. Trim32 has been shown
to play an important role in regulation of muscle stem cell
regeneration and induction of muscle autophagy [21, 22]. In
addition, its function has also been studied in neural differ-
entiation and cancer [19]. For example, Brat, the ortholog of
Trim32 in the Drosophila, controls the neuroblast stem cell
fate by degrading dMyc and that Brat mutant can lead to the
formation of larval brain tumors [23-25]. Consistent with
these findings, with highest expression in the brain [26, 27],
Trim32 has been reported to act as a cell fate determinant to
control the cell fate in mouse neural stem cell lineages by
regulating the transcription factor c-Myc degradation and
microRNA activities [28-31]. Furthermore, a recent study
showed that Trim32 is a positive regulator of asymmetric cell
division and exerts an effect against MycN and should be
considered as a tumor suppressor candidate [30]. However,
the role of Trim32 in cerebellar development and tumor-
igenesis is poorly defined.

In this study, we discovered that Trim32 knockout dis-
rupts the balance between differentiation and proliferation
of cerebellar GNPs and increased the incidence of MB in
Ptch1 ™~ mice. Importantly, Trim32 negatively regulated
the SHH pathway activity by interacting with the tran-
scription factor Glil, and degrading it. These results
demonstrate a novel function of Trim32 as a determinant of
cerebellar GNP differentiation and a tumor suppressor for
MB, by regulating Glil and Glil-dependent SHH signaling
activity.

Results

Trim32 is expressed in GNPs of inner EGL, and
displays an asymmetrical distribution in GNPs in the
postnatal cerebellum

To investigate the expression and distribution patterns of
Trim32 protein in the developing postnatal cerebellum, we
first assessed the expression pattern of Trim32 at different
stages of cerebellar development. Cerebella from postnatal
day PO, P7, P14, and P60 (adult) were harvested. Expres-
sion of Trim32 became progressively stronger in the first
postnatal 2 weeks (P7-P14) and reached the peak at post-
natal 60 days, compared with the low expression levels at
PO (Fig. 1a, b). To further determine the cellar distribution
of Trim32 in EGL, we utilized the Math1-GFP transgenic
mouse model, in which Mathl is used as the promoter
driving expression of the GFP reporter gene [6, 7]. In this

way, GFP can be used as a marker of GNPs. As shown in
Fig. 1c (left panel), at P7, Trim32-positive cells were found
increased gradually from the EGL to IGL. In the IGL,
postmitotic and differentiated granule neurons were almost
all Trim32-positive. As shown in Fig. lc (right panel),
expression of Trim32 and Math1-GFP seemed to be
mutually exclusive in the EGL. Trim32 was found pre-
dominantly in the inner EGL, where those GNPs expressing
lower levels of Mathl1-GFP appeared to stop proliferation
and to begin differentiation. In contrast, Mathl-GFP-
positive GNPs were mainly restricted in the outer EGL,
where GNPs were kept in a proliferating and undiffer-
entiated state. Thus, Trim32 is highly expressed in differ-
entiated granule neurons at a lower level in GNPs of inner
EGL, implying that expression of Trim32 increases gradu-
ally with cerebellar development and GNPs differentiation.

Since Trim32 has been shown to disperse asymmetrically
in neocortex development as a cell fate determinant [28], we
followed the subcellular distribution of Trim32 in dividing
GNPs. Quantification of immunofluorescence intensities in
the two emerging daughter cells revealed that Trim32
fluorescence is two times stronger in one daughter cell than
the other, so Trim32 was distributed asymmetrically
(Fig. 1d). By performing co-staining of Trim32 and PH3 (a
uniformly mitotic nuclear protein), we found that at P7-P9,
Trim32 was preferentially inherited by one of the two
daughter cells in ~7.8% of the dividing GNPs (n = 8/103)
(Fig. 1d). Thus, Trim32 segregated asymmetrically in
dividing GNPs in the postnatal cerebellum, which is con-
sistent with the findings in neural stem/progenitor cells in
the mouse neocortex [28].

Trim32 knockout enhances cerebellar GNP
proliferation

To examine the biological function of Trim32 in postnatal
cerebellar neurogenesis, we constructed the Trim32
knockout mice. We sought to define whether knockout of
Trim32 affected the proliferation and differentiation of
GNPs of the EGL at an early postnatal stage. We observed
that GNPs from Trim32%?/Math1-GFP mice cerebella
expressed higher level of Mathl, compared with those in
Trim32%1/Math1-GFP mice (Fig. 2a). Immunostaining of
NeuN that was used as a marker of the postmitotic differ-
entiated granule neurons revealed that Trim32 knockout
induced a decrease in the number of the differentiated
NeuN-positive cells at P7, in Trim32X0 mouse, compared
with those in the control group (Fig. 2b). Quantitative
analysis of Ki67" cells, representing proliferative cells,
revealed that in the Trim32%° mouse cerebellum, more
Ki67-positive cells were found in the EGL. In addition,
unlike what was observed in the control mice in which
Ki67-positive cells were restricted to the outer EGL, these
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Fig. 3 Trim32 antagonizes the SHH signaling activity. a RT-qPCR
analysis of Trim32, the granule neuronal progenitor marker Mahtl,
and SHH target genes in P7 cerebellar granule neuronal progenitors
(cGNPs) from Trim32* mice and Trim32X° mice. Data are expressed
as means + SD (n = 3). Double asterisks indicate P <0.01 and triple
asterisks indicate P <0.001. b Immunoblotting analysis of Trim32,
Glil, Ccndl, Ccnd2, and MycN in P7 mouse cerebellum from
Trim32™ mice and Trim32%° mice. ¢, d RT-PCR mRNA expression
of the SHH target genes Glil and MycN in HEK293T cells

Ki67-positive cells were seen to be located beyond the outer
EGL in the Trim32X° mouse cerebellum (Fig. 2c). Con-
sistent with these results, Trim32 knockout led to an over-
growth of cerebellar GNPs and enlargement of the IGL in a
subset of cerebellar lobes during late development (Fig. 2d).
These findings indicate that the ablation of Trim32 can lead
to an overproliferation and an interference with the differ-
entiation of GNPs.

Trim32 overexpression antagonizes SHH signaling

Considering that SHH signaling is the driver for GNP
proliferation and that Trim32 appears to inhibit GNP
proliferation, we wondered if Trim32 might be a sup-
pressor of the SHH pathway. To test this hypothesis, we
first collected the P7 cerebellar GNPs from Trim32%VT
mice and Trim32%° mice, and then examined their
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overexpressing Trim32-GFP or GFP control vector. The cells were
cultured with or without SHH for 24 and 48 h. Data are expressed as
means + SD (n=3). Double asterisks indicate P <0.01 and triple
asterisks indicate P <0.001. Gli-RE-luciferase activity in human
medulloblastoma cell line D283 (e) and HEK293T cells (f), following
transfected the indicated vectors. The luciferase activity was evaluated
relative to Renilla activity. The means = SD from three experiments
are shown

expression levels of SHH target genes involved in the
proliferation of GNPs, including Cendl, Ccnd2, McyN,
and Glil. As shown in Fig. 3a, b, these target genes were
significantly upregulated at both mRNA and protein levels
due to Trim32 knockout, indicating that loss of endo-
genous Trim32 enhances the SHH pathway activation. We
next investigated whether Trim32 overexpression could
inhibit the SHH pathway activity. We thus transduced
HEK293T cells with lentiviruses encoding either Trim32-
GFP or GFP (as a control). HEK293T cells have been
previously shown to be responsive to SHH [32]. As
expected, in HEK293T cells, SHH treatment tran-
scriptionally activated expression of the target genes such
as Glil and MycN (Fig. 3c, d), while Trim32 over-
expression significantly inhibited the stimulatory effect
induced by SHH (Fig. 3c, d). Furthermore, Trim32
overexpression significantly decreased Gli-RE-luciferase
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Fig. 4 Trim32 interacts with Glil though the NHL domain. a In vivo
assay for binding between Trim32 and Glil. Expression vectors
encoding TRIM32-GFP and Flag-tagged Glil were transfected into
HEK293T cells. Whole cell lysates were immunoprecipitated with
anti-Trim32 or anti-FLAG antibody and immunoblotted with anti-
Trim32 and anti-Glil antibodies. b Co-immunoprecipitation of exo-
genously expressed Trim32-HA with the endogenous Glil in

reporter activity induced by Glil in both GNP-derived
D283 human MB cells and HEK293T cells (Fig. 3e, f).
Hence, these findings suggest that functionally Trim32
may antagonize SHH signaling via inhibiting Glil.

Trim32 interacts with Gli1 through the NHL domain

The transcription factor Glil is a popular biomarker for
activated SHH pathway [33]. To investigate whether Trim32
directly targets this component of the SHH pathway to inhibit
its activation, we first examined whether Trim32 could bind to
Glil. We exogenously expressed Flag-tagged Glil and
Trim32-GFP in HEK293T cells, and found that Trim32 and
Glil could be reciprocally co-immunoprecipitated (Fig. 4a).
Moreover, we also found that the endogenous Glil protein
could be co-immunoprecipitated by exogenous Trim32 in
HEK?293T cells (Fig. 4b).

To further determine whether the precise binding region
(s) of Glil is responsible for the interaction between Glil
and Trim32, we constructed multiple truncated mutants, and
found that all of them could be bound by Trim32 (Fig. 4c).

kDa

HEK?293T cells. ¢ Co-immunoprecipitation of exogenously expressed
Trim32-GFP with the Glil truncated mutants. d Schematic drawing of
full-length Trim32 (Trim32-wt) and deletion mutants. Trim32 contains
a RING finger (R), two B-boxes (B), a coiled-coil region (Coil), and an
NHL domain (NHL). e Co-immunoprecipitation of exogenously
expressed Flag-tagged Glil with the Trim32 truncated mutants shown
asind

Reciprocally, we also examined which domain(s) of Trim32
facilitated the interaction with Glil. Co-immunoprecipitation
experiments revealed that among four truncated mutants,
including Trim32/ARING lacking the RING domain,
Trim32/AB-box lacking the B-box domain, Trim32/ACC
lacking the coil-coil domain, and Trim32/ANHL lacking the
NHL domain, only Trim32/ANHL lost the ability to
associate with Glil, while all others did not (Fig. 4d, e).
These results demonstrate that Trim32 binds to Glil through
its NHL domain.

Trim32 promotes Gli1 ubiquitination and
degradation

As Trim32 functions as an E3 ubiquitin ligase through its
Ring domain [29, 34], we first determined whether
Glil stability could be regulated by Trim32. We found
that Trim32 could reduce Glil expression at the protein
level in a dosage-dependent manner (Fig. 5a, b and Sup-
plementary Fig. 1A, B). In contrast, Trim32 knockdown
resulted in an accumulation of Glil protein, not Glil

SPRINGER NATURE
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Fig. 5 Trim32 promotes Glil ubiquitination and degradation.
a HEK293T cells transfected with Glil and increasing doses of
Trim32 were collected for immunoblotting with the indicated anti-
bodies. b Quantification of Glil and Trim32 protein levels (normalized
to actin) from a. The means + SEM from three experiments are shown.
¢ Cells stably expressing scramble RNA or shRNA targeting Trim32
(#1, #2) were harvested for immunoblotting with the indicated anti-
bodies. d HEK293T cells were transfected with plasmids encoding
Flag-tagged Glil and control GFP vector or Trim32 or Trim32-AR,
treated with 20 pug/ml cycloheximide (CHX) and harvested at the
indicated times points. The levels of Glil and Trim32 in the lysates
were investigated by immunoblotting. e Quantification of Glil
remaining protein levels (normalized to actin) from d. The means +
SEM from three experiments are shown. f Cells were transfected with
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scramble RNA or shRNA targeting Trim32 (#1), treated with 20 pg/ml
cycloheximide (CHX), collected at the indicated time points, and then
immunoblotted with the indicated antibodies. g Quantification of Glil
protein levels (normalized to actin) from f. The means + SEM from
three experiments are shown. h Cells transfected with Glil or Trim32
were treated with or without 10 uM MG132 for 8 h, collected, and then
immunoblotted with the indicated antibodies. Graph representing
quantification of Glil protein levels (normalized to actin). i Anti-
ubiquitin immunoblotting of immunoprecipitated exogenous Glil in
HEK293T cells transfected with the indicated plasmids. j The effect
of Trim32-wt or Trim32 deletion mutant (Trim32-AR) to the activa-
tion of Gli-RE-luciferase induced by Glil in HEK293T cells. The
means = SD from three experiments are shown. Double asterisks
indicate P < 0.01



Trim32 suppresses cerebellar development and tumorigenesis by degrading Gli1/sonic hedgehog signaling 1293
A 3 P =0.036
c 201 *kk ° =03
2 1 2
» ® o
& o 151 . #107 #126 #143 » @ ¥l
P} 14
SE wr mB wr me wr me kDa = )‘\,\,‘\
‘= 104 = . o,
SEv % Trimz [T W ] 70 O |  Se T~
£5 ., - Actin [ ——— 7 e 3
9 . 14 ° ® °
[ %—
x 0 T T Trim32
wild type  Ptch1*"MB 27
Northcott Brain 3 SHH-MB (n=51)
D . E s e
8 - pteh1*/Trim32"© Ptch1*/Trim32" Ptch1*//Trim32%°
g | = Pten1Trim32VT MB
g %’.6"' Y Trim32%© E
K] - WT o
S S 404 *kk =
o3 &
S 0 o
T £ 201 =
= s
0 =
-—I—I—l’—’_|
10 20 30 40 50
Latency (Weeks)
F Gli1 Ccnd1 Ccnd2
s 57 kxk kkk c 4 = 157 = 401 c 6
S e .g - o Jkk Fkdk ] L
"o 44 [ N L W e | [ [
»n 0 S 34 » 7] 304 7]
o3 . 2 g @ 3 104 3 © 3 41
S Y < S S S
32 52 2 32 52 207 52
o X 21 ok o X o0& o &
> E 2 E .. > E 59 2 E 2 E 21
8% 1 = ® &% S %10 %
[}] Q Q [}
4 ol o o 14 o x od e
s& &@0‘9\&° @‘ \,i*é@*o@q’ @‘ @QQ*OQQ
sV SV v a5 AV a5k Vv
& & & & & & & & & &
,\'6 x\'6 x\‘é ,\‘6 ,\'é ,\‘6 x\é X\‘é x\é ,\‘6
N N N N N N N N N
Q@}\ q\é“ Q.@}‘ Q\é‘ Q.@,“ Q@}‘ Q.@}‘ Q\é“ Q.@“ Q\é“
G Trim32 H Math1 I NeuN
1.29  %kkdkkk 8+ 2.01 2.0+
S oo S = S A S
® D » T k] ® D
n 7] 6 7] 1.54 0 1.54
“E’_E’o.s- g 3 gE EE
X3 22 4 %3 1.0 XZ 1.0
[ x [} ox (] o () o
= E0.49 = E 2 E = E
E = E ] 24 E ® 0.5 E = 0.5+
[T] Q Q [}
© 0.0-—v—L— ol o o.o-—.—.-- oo
{é @\‘0‘9@@ S& ,,\\&‘_oéq’ \Xé g@e ‘9&0
v o g v o
& & & & & (\(‘\ Q
RS NS NS &8
N N N N N N N
Q\&“ Q.@}‘ Q@“ Q.@}‘ Q@F Q.@F Q.@}‘ &

mRNA (Fig. 5c and Supplementary Fig. 1C-F), implying
that Trim32 negatively regulates expression of Glil at
protein level. Furthermore, we performed a cycloheximide
(CHX) chase assay, and observed a shortened half-life of
exogenous Glil in the presence of Trim32, but not that of
Trim32/ARING (Fig. 5d, e), suggesting that the RING
domain is required for the regulation of Trim32 on the
degradation of Glil protein. Consistently, Trim32
knockdown prolonged the half-life of Glil protein

(Fig. 5f, g), indicating that Trim32 negatively affected
Glil stability. In addition, we found that the presence of
MGI132, a proteasome inhibitor, significantly reversed
Glil reduction induced by Trim32 (Fig. 5h), suggesting
that Trim32 triggers Glil degradation through the pro-
teasome pathway.

Next, we investigated whether degradation of Glil was
mediated via ubiquitination. We treated cells expressing
Glil and HA-Ubiquitin with Trim32 or Trim32/ARING
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Fig. 6 Trim32 knockout increases the incidence of MB in Ptch1™/~
mice. Quantitative PCR mRNA (a; mean+SD; n=9) and protein
levels (b; n=3) of Trim32 in mouse medulloblastomas (MB) from
Ptch1*~ mice and normal cerebella. ¢ RNA expression level of Trim32
negatively correlated with Glil (n =51) in human SHH MB samples.
Data are analyzed from Oncomine database. d Kaplan—Meier analysis
of MB incidence in 63 Ptch1™~/Trim32"" mice (gray line) versus 17
Ptch1*~/Trim32%° mice (black line). Ptch1*~/Trim32" mice and
Ptch1t/~/Trim32%° mice, obtained by interbreeding for at least three
generations the progeny of Ptchl heterozygous and Trim32 knock-out
mice, were then monitored for the onset of medulloblastoma; (triple
asterisks indicate P < 0.001, Logrank test). e Expression of the Math1-
GFP protein (GFP, green) in the Math1-GFP mouse medulloblastomas
and adjacent cerebellar cortices sections from Ptch1*~/Trim32™ mice
and Ptch1™~/Trim32%° mice. Nuclei were counterstained with DAPI
(blue). The scale bar represents 200 um. MB medulloblastoma, IGL
internal granule layer. RT-qPCR analysis of SHH target genes
(f), Trim32 (g), the granule neuronal progenitor marker Mahtl
(h), and the differentiated granule cell markers including Tujl and
NeuN (i) in adult mouse cerebellums and medulloblastomas
from Ptch1™~/Trim32" mice and Ptchl™/Trim32%° mice. Data
are expressed as means +SD (n =3). An asterisk indicates P <0.05,
double asterisks indicate P <0.01, and triple asterisks indicate
P<0.001. j Immunoblotting analysis of Trim32, Glil, Ccnd2,
MycN, and NeuN in MB from Ptch1*~/Trim32"™ mice and
Ptch1*~/Trim32%° mice

losing its E3 ubiquitin ligase activity in the presence or
absence of MG132. The ubiquitination of Glil was aug-
mented by Trim32, but not by Trim32/ARING, regardless
of whether or not MG132 treatment was applied (Fig. 5i and
Supplementary Fig. 2A). We also found that the levels of
degradative ubiquitination of Glil were decreased clearly in
Trim32 knockdown cells (Supplementary Fig. 2B). More-
over, Trim32 mutant lacking the RING domain weakened
evidently the suppression of Trim32 on Gli-RE-luciferase
reporter activity (Fig. 5j). Together, these results indicate
that Trim32 promotes Glil degradation following its RING
domain-mediated ubiquitination.

Trim32 knockout increases the incidence of MB in
Ptch1™/~ mice

MB is believed to arise from cerebellar GNPs containing
highly proliferating ability in the EGL due to an aberrant
activation of the SHH pathway at the early developing stage
[1]. Given that we had demonstrated above that Trim32
antagonizes SHH signaling activity in development, we then
examined whether it was involved in cerebellar tumorigen-
esis. As shown in Fig. 6a, b, we found that compared with
adjacent normal cerebellar tissues, mouse SHH MB tissues
presented reduced Trim32 expression at both mRNA and
protein levels. These data demonstrated that expression level
of Trim32 was significantly downregulated in SHH MBs. We
next interrogated whether low Trim32 levels and high Glil
levels were correlated negatively in human SHH MBs. By
analyzing clinical SHH MB samples from Northcott brain
samples 3 [35], we found a strong inverse correlation between
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Trim32 and Glil levels (P=0.036, r=—0.3) (Fig. 6c).
These findings together highlight the importance of Trim32 to
antagonize SHH signaling in MB.

To further study the role of Trim32 in MB oncogenesis,
we analyzed the incidence of MB developed at 40 weeks
in Ptch1™~ mice that were reported to give low incidence
of MB and that in the offsprings that were derived from
the crossing between Ptch1™~ and Trim32 knockout
mice. We observed that 25.4% of the Ptch1™~/Trim32%7"
mice (16/63) and 52.9% of the Ptch1™~/Trim32%° mice
(9/17) developed cerebellar MBs, and that none of the 50
wild-type mice or the 30 Ptchl™/Trim325° mice
developed MB, showing that Trim32 knockout resulted in
a much higher incidence of MB in Ptchl ™~ mice (p <
0.001, Fig. 6d). For further assessment of the molecular
characteristics of these MBs, we first crossed the Mathl-
GFP mice with the Ptchl™~/Trim32"T mice or with the
Ptch1™~/Trim32%° mice. As shown in Fig. 6e, MBs of
the two genotypes all contained lots of Mathl-GFP
positive cells, indicating these MBs from the two geno-
types are both originated from the malignant transforma-
tion of GNPs. Then we measured expression levels of the
SHH pathway components in normal cerebellar tissues
and MBs from two genotypes. At mRNA level, a sig-
nificant upregulation of the SHH pathway target genes
including Glil, Gli2, Ccndl, Ccnd2, and MycN were
observed in the MB tissues than normal cerebellar tissues
(Fig. 6f). Interestingly, higher expression of these genes
was generally observed in Ptchl™~/Trim32X° MBs than
in  Ptchl1™/Trim32%"T MBs. Furthermore, Trim32
knockout resulted in lower expression of the granule
neuron cell differentiation markers including NeuN and
Tujl in Ptch1™/Trim32%° MB compared with that in
Ptch1™~/Trim32%T MB, though no significant difference
was seen for expression of the GNP marker Mathl
(Fig. 6g—1). These data were further confirmed by immu-
noblotting experiments (Fig. 6j). Thus, Trim32 knockout
increases the malignance of MB in the Ptchl™~ mice
model by enhancing the SHH pathway activity and sup-
pressing GNP differentiation.

Discussion

In the current study, we demonstrated histopathologically and
genetically that cell fate determinant Trim32 is distributed
asymmetrically in the cytoplasm of mitotic GNPs and that
genetic deletion of Trim32 in the mouse cerebellum results in
an imbalance between proliferation and differentiation of
GNPs. Importantly, Trim32 knockout holds the GNPs in a
proliferating state, prevents them from differentiation, and
leads to an increased incidence of MB in Ptch1*~ mice.
Mechanistically, at a biochemical level, Trim32 suppresses
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the activity of the SHH signaling so to promote GNP dif-
ferentiation. These findings add Trim32 as a new molecule
critical for the regulation of proliferation and differentiation of
GNPs and implicate that Trim32 gene mutation or loss might
be another cause for the formation of MBs.

It is interesting to point out that mounting evidence
show that asymmetric distribution of Trim32 during cell
divisions induces differentiation of neural stem/progenitor
cells in mouse neocortex [28, 29, 36]. Consistent with this
fact, we first show an asymmetric distribution of Trim32
in mitotic GNPs and then demonstrate a biologic function
of Trim32 in cerebellar development and tumorigenesis.
As we have reported previously, SHH signaling deter-
mines GNP fate by maintaining the balance between
symmetric and asymmetric cell division in cerebellar
neurogenesis [4]. In the current experiments, we further
revealed that Trim32 negatively regulates the SHH sig-
naling to act as a vital cell fate determinant to regulate the
balance between differentiation and proliferation of GNPs
in the cerebellum.

An important finding of the present study is to identify a
posttranslational mechanism by which Trim32 suppresses
the SHH signaling pathway, a major regulator of cerebellar
development and MB formation. We demonstrated that
Trim32 binds to Glil, the sensitive readout of SHH output,
and degrades it, to suppress SHH signaling pathway activity.
Consistent with the fact that Trim32 possess the E3 ubiquitin
ligase activity [29, 37], our present study provides clear
evidence for protein degradation of Glil by Trim32. First,
Trim32 and Glil, not Gli2, can be co-immunoprecipitated
through the NHL domain, indicating that two proteins are
present in a complex. Second, Glil level is significantly
reduced upon Trim32 co-expression, but is increased upon
Trim32 knockdown in 293T cells, which is in accordance
with the findings in the Trim32 knockout mice. Third, using
a protein synthesis inhibitor cycloheximide, we further
demonstrate that Trim32 decreases the Glil protein half-life,
and that the degradation of Glil by Trim32 is prevented in
the presence of MG132, a proteasome inhibitor. In addition,
deletion of the RING domain rescues the ubiquitination and
degradation of Glil by Trim32, weakening the suppression
of Trim32 on the SHH pathway activity. Therefore, our
current biochemical study provides a new insight into the
mechanism as to how the SHH activity is controlled, that is,
Trim32 interacts with Glil, by promoting ubiquitination and
degradation of Glil to suppress the SHH pathway activity.
In this regard, it is noteworthy that Trim32 knockout or
mutations are shown to be causative in muscular dystrophy,
such as LGMD2H [20], via regulation of muscle stem cell
regeneration and induction of muscle autophagy [21, 22]. As
the SHH pathway is also functionally important for skeletal
muscle regeneration [38], our findings may provide a new
potential direction for exploring the pathogenesis of

LGMD2H myopathy, which needs further investigation in
the future.

In addition, our present experiments shed a new light
on the causes for the formation of MB besides reinforcing
the notion that SHH signaling is the main driving force for
the formation of MB. In particular, Ptchl has been iden-
tified as a frequently mutated gene or a genomically lost
gene in sporadic MBs that belong to the molecular sub-
type hallmarked by an aberrant activity of hedgehog sig-
naling [13, 39-42]. The monoallelic inactivation of
the Ptchl gene in mice and thus downstream activation of
the SHH pathway leads to MB development at a fre-
quency of about 15-25% [43-46]. In this study, we
showed that Trim32 knockout increases the incidence of
MB from 25.4 to 52.9% in the background of Ptchl™*/~
mice. These data support the notion that Trim32 might be
a tumor suppressor. Gene expression analysis reveals
that higher expression of SHH target genes are found
in Ptch1?/Trim32%° MB tissues, compared with
Ptch1™~/Trim32%" MB tissues, as well as in Trim32K°
GNPs than in Trim32"T GNPs. Hence, we propose that
deletion of Trim32, in coordination with Ptchl mutation,
probably further enhances the aberrant activation of the
SHH pathway, leading to MB formation. Meanwhile, in
clinical SHH MB samples, we find a negative correlation
between Trim32 and Glil levels (P =0.036, r=—0.3).
All of these data emphasize the significance of Trim32 in
mouse or human SHH MB formation.

In conclusion, we identified a novel molecular mechan-
ism by which Trim32 interacts with Glil and degrades it to
suppress the SHH pathway in cerebellar development and
tumorigenesis. A better understanding of formation of this
SHH signaling-mediated MBs will facilitate the identifica-
tion of new potential targets for therapeutic interventions
of MBs.

Materials and methods
Mouse husbandry

Trim32 knock-out (Trim32%®) mice have been generated
previously as described previously [47]. Ptchl1™~ mice
were obtained from the Jackson Laboratory (#003081).
Ptch1 "~ males crossed with Trim32X° females to generate
Ptch1/Trim32 double heterozygous mice that were back-
crossed with Trim32* mice to obtain Ptch1™~/Trim32X°
mice; Math1-GFP transgenic mice were a gift from Dr Jane
Johnson at the University of Texas Southwestern Medical
Center at Dallas, Dallas, TX, USA. Math1-GFP mice were
crossed with Ptchl/Trim32 double mutant mice to obtain
the different genotypes under study, which were interbred at
least three times before further analysis. All animal
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experiments were approved by the Animal Research Ethics
Committee of Renji Hospital.

Cell culture

HEK?293T cells were cultured in DMEM (Gibco) with 10%
fetal bovine serum (Gibco) and 1% L-glutamine (Sigma).
D283 cells were obtained from the American Type Culture
Collection and maintained in MEM medium (Gibco) sup-
plemented with 20% fetal bovine serum (Gibco) and 1%
L-glutamine (Sigma). GNPs were isolated from postnatal
day 7 mouse cerebellum according to the procedures
described before and maintained in Neurobasal medium
(Gibco) with B27 supplement (Gibco), 1% L-glutamine
(Sigma), and 100 U/ml penicillin/streptomycin.

Plasmids construction

The human Trim32 cDNA and GLil cDNA plasmid were
ordered from OriGene (#RC201289L2, #RC201110). The
full-length or truncated Trim32 cDNA were amplified by
PCR from the Trim32 cDNA plasmid, and then cloned to an
expression vector pCMV6-AC-GFP (#PS100010, OriGene)
respectively. The full-length or truncated Glil cDNA were
amplified by PCR from the Glil ¢cDNA plasmid, and then
cloned to an expression vector pPCMV-Flag, respectively. The
primers for Trim32 mutations cloning and Glil mutations
cloning were provide in the following table. The shRNA of
Trim32 was ordered from OriGene (#TL308646), and the
sequences of shRNA were as followed: #1: 5'-GTCCA
ATAGTCAAGTGGTAGAGGAGCAGA-3;

#2: 5-AGGCAGATGTAGCACTACTGGAGGAGAC
A-3.

Prim. Sequence Prim. Sequence

TF1 CGGGATCCCGC TRS CCGCTCGAGTG
CACCATGGCTG GGGTGGAATATCT
CAGCAGCAGCT

TF2 CGGGATCCCGC TR6 CGACGCGTGGT
CACCATGAAGA TATGCGGGTAA
TTACCCGCATAA TCTTGCT
CCA

TF3 CGACGCGTCTG TR7 CGACGCGTTGC
CAGCGGCGGAA CTTCCGCCGCTG
GGCA CAGCTC

TF4 CGACGCGTGTC TR8 CGACGCGTCAT
GCTGACCGTGG GGCCCAGGAAT
TAACT CTTC

GF1 GR4
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Table (continued)

Prim. Sequence Prim. Sequence
CGGATATCCGC CCAAGCTTGGC
CACCATGTTCAA TCCACTGTAGA
CTCGATGACC AATGGA

GF2 CGGATATCCGC GRS CCAAGCTTGGA
CACCATGAGGG GGCCCAAGAGG
AGGAAAGCAGA CAGAGA
CTGA

GR3 CCAAGCTTGGTIT GR6 CCAAGCTTGGG
CATACACAGAT GCACTAGAGTTG
TCAGGC AGGAAT

mRNA expression analysis

Total RNA was extracted from GNPs, or from cultured cells
with Trizol reagent (Invitrogen) according to the manu-
facturer’s instructions. cDNA was generated with the Pri-
meScript RT reagent kit (TakaRa) and subjected to real time
gPCR using 2 x SYBR Premix Ex Taq (TakaRa). Relative
abundance of mRNA was calculated by normalization to
ACTB expression. The following primer pairs were used:

Gene Species Forward Reverse
ACTB M.mus GGCTGTATTCC CCAGTTGGTA
CCTCCATCG ACAATGCCATGT
Trim32 M.mus CCTCCGGGAA CACTGGCGGC
GTGCTAGAATG AGATGGTATG
Mathl M.mus GAGTGGGCTG GGTCGGTGCT
AGGTAAAAGA  ATCCAGGAG
GT
Glil M.mus CCAAGCCAAC AGCCCGCTTCT
TTTATGTCAGGG TTGTTAATTTGA
Gli2 M.mus CAACGCCTAC GAGCCTTGAT
TCTCCCAGAC GTACTGTACCAC
Ccndl M.mus GCGTACCCTG CTCCTCTTCGC
ACACCAATCTC ACTTCTGCTC
Ccend2 M.mus GAGTGGGAAC  CGCACAGAGC
TGGTAGTGTTG GATGAAGGT
MycN M.mus ACCATGCCGG ATCTCCGTAGC
GGATGATCT CCAATTCGAG
Tujl M.mus TAGACCCCAG GTTCCAGGTTC
CGGCAACTAT CAAGTCCACC
NeuN M.mus GTTCCCAGGCT

TCTTATTGGTC
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Table (continued)

Gene Species Forward Reverse
ATCGTAGAGG
GACGGAAAAT
TGA
ACTB Homo CATGTACGTTG CTCCTTAATGT
CTATCCAGGC CACGCACGAT
Trim32 Homo CCGGGAAGTG  CAGCGGACAC
CTAGAATGCC CATTGATGCT
Glil Homo AGCGTGAGCC  CAGCATGTAC
TGAATCTGTG TGGGCTTTGAA
MycN Homo ACCCGGACGA  CAGCTCGTTCT
AGATGACTTCT CAAGCAGCAT
Immunostaining

The postnatal cerebella or mouse MB tissues were fixed with
4% paraformaldehyde for 2 h or overnight at 4 °C, dehydrated
in 30% sucrose for overnight at 4 °C, and then sectioned for 7
um. The slices were fixed with 15 min at room temperature,
and then permeabilized with 0.3% Triton X-100. After
blocking in donkey serum for 1h at room temperature, slices
were incubated with primary antibody for overnight at 44 °C.
Then washed three times with PBS, the slices were incubated
with fluorescence-conjugated secondary antibodies (1:1000,
Invitrogen) for 1 h at room temperature in dark. The following
antibodies were used for immunofluorescence: antibodies
against Trim32 (1:200, Genetex, #GTX113936), NeuN
(1:200, CST, #12,943), and Ki67 (1:500, Abcam, #ab15580).
The slices were then washed three times with PBS and
mounted with Prolong Gold antifade reagent with DAPI
(Invitrogen). Cell images were captured with a confocal
microscope (Nikon). Quantification was performed using
ImageJ software.

Luciferase assays

Gli-RE-Luciferase reporter vector was obtained from
Genomeditech (Shanghai, China). Luciferase assay was
performed using the Dual-Luciferase® Reporter Assay
System (Promega) according to the manufacturer’s pro-
tocol (Promega).

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, cells were lysed 48 h after
transfection with the indicated plasmids in lysis buffer
(50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.25% Triton
X-100 and protease inhibitors, pH 7.4). The lysates were
centrifuged at 12,000 x g for 15 min and the resulting

supernatants were bisected: one incubated with anti-Flag
(Sigma) or anti-Trim32 (Genetex) antibodies, and the
other incubated with IgG as a control for 2 h at 4 °C. After
incubating with protein G-Agarose (Roche) for 1h with
rotation, the immunoprecipitated products were washed
four times with the lysis buffer, and separated by SDS-
polyacrylamide gel electrophoresis. For the CHX chase
assay, cells were treated with 20 pg/ml CHX (Sigma) and
harvested with RIPA at the indicated times. The lysates
were separated by SDS-PAGE. For protein detection, the
following antibodies were used: Trim32 (1:1000, Gene-
Tex, #GTX113,937), Glil (1:1000, CST, #2643), Ccnd2
(1:1000, CST, #3741), Math1(1:1000, GeneTex,
#GTX111,898), NeuN (1:1000, CST, #12,943), Ubiquitin
(1:1000, CST, #3936), and actin (1:10,000, CST, #4970).
The ImagelJ program was used for quantitative analyses of
western blots.

Statistical analysis

All experiments were performed independently and at least
in triplicates. Statistical analysis was carried out using the
GraphPad Prism software (version 5.0). Data are shown as
mean + SD. If the p value was less than 0.05, differences
were considered significant.
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