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Tumor cells generate astrocyte-like cells that
contribute to SHH-driven medulloblastoma relapse
Duancheng Guo1,2, Yuan Wang2, Yan Cheng1, Shengyou Liao5, Jian Hu1, Fang Du1, Gang Xu1, Yongqiang Liu1, Kathy Q. Cai1,
Martin Cheung3, Brandon J. Wainwright4, Q. Richard Lu6, Yi Zhao5, and Zeng-jie Yang1

Astrocytes, a major glial cell type in the brain, play a critical role in supporting the progression of medulloblastoma (MB), the
most common malignant pediatric brain tumor. Through lineage tracing analyses and single-cell RNA sequencing, we
demonstrate that astrocytes are predominantly derived from the transdifferentiation of tumor cells in relapsed MB (but not
in primary MB), although MB cells are generally believed to be neuronal-lineage committed. Such transdifferentiation of
MB cells relies on Sox9, a transcription factor critical for gliogenesis. Our studies further reveal that bone morphogenetic
proteins (BMPs) stimulate the transdifferentiation of MB cells by inducing the phosphorylation of Sox9. Pharmacological
inhibition of BMP signaling represses MB cell transdifferentiation into astrocytes and suppresses tumor relapse. Our studies
establish the distinct cellular sources of astrocytes in primary and relapsed MB and provide an avenue to prevent and treat MB
relapse by targeting tumor cell transdifferentiation.

Introduction
Medulloblastoma (MB) is the most common malignant brain
tumor in children. Aggressive treatment including surgical re-
section, chemotherapy, and radiotherapy has significantly im-
proved MB outcomes; however, patients who survive MB often
suffer severe side effects due to the intensive treatment (Louis
et al., 2007). An estimated 20–30% of human MB cases finally
relapse, and relapsedMB is almost uniformly fatal (Zeltzer et al.,
1999). Molecular analyses have revealed four major MB sub-
groups: Wnt, Sonic Hedgehog (SHH), Group 3, and Group 4 (Taylor
et al., 2012). Various subgroups either recur locally (SHH-MB) or
relapse at distant sites (Groups 3 and 4; Ramaswamy et al., 2013).

SHH-MB, which exhibits an aberrant activation of the SHH
pathway in tumor cells, accounts for∼30% of humanMB. Loss of
function in Patched1 (Ptch1, an antagonizing receptor of SHH
pathway) represents the most common oncogenic mutations in
SHH-MB (Kool et al., 2014; Northcott et al., 2012). Ptch1-deficient
mice are important models for the basic research and preclinical
studies of SHH-MB. Conditional deletion of Ptch1 in cerebellar
granule neuron precursors (GNPs) caused MB formation in
Math1-Cre/Ptch1fl/fl mice with 100% penetrance (Schüller et al.,
2008; Yang et al., 2008), suggesting that cerebellar GNPs can
serve as the cell of origin for SHH-MB. Tumor cells in SHH-MB

are generally believed to be neuronal-lineage committed (Hovestadt
et al., 2019; Selvadurai et al., 2020).

We previously reported that astrocytes, a major component
of tumor microenvironment in SHH-MB, play an important role
in supporting MB progression through secretion of SHH ligand.
Genetic ablation of astrocytes significantly repressed tumor cell
proliferation and promoted the differentiation of MB cells,
thereby inhibiting MB growth (Liu et al., 2017). Additionally, a
recent study reported that astrocytes in SHH-MB promoted tu-
mor growth by stimulating the production of insulin-like
growth factor 1 from microglia (Yao et al., 2020).

Bone morphogenetic proteins (BMPs) are soluble proteins
that belong to the TGF-β superfamily. BMPs initiate signal
transduction by binding to cell-surface receptors that form a
heterotetrameric complex consisting of two type I (BMPRI) and
two type II (BMPRII) receptors. Upon ligand binding, BMPRII
phosphorylates the BMPRI at a glycine-serine–rich motif known
as the GS domain. This consequently activates BMPRI and allows
phosphorylation of the immediate substrate protein known as
Smads. Phosphorylated Smads translocates into cell nuclei to
induce expression of target genes such as Id1/2 and Hey1 (Heldin
et al., 1997; Schmierer and Hill, 2007). The transcription factor
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Sox9 has been found to play a key role in chondrogenesis sup-
ported by BMP signaling (Pan et al., 2008; Zehentner et al.,
1999). BMPs directly up-regulated the transcription of Sox9
along with the differentiation of chondrocytes, as well as in the
semilunar valve cells in hearts (Jo et al., 2014; Zhao et al., 2007).
Forced expression of stabilized mutant N-mycT58A in neural
stem cells resulted in the formation of SHH-MB that highly
expressed Sox9 and Math1. Overexpression of Sox9 with
N-mycT58A in cerebellar neural stem cells caused MB with
shorter latencies and higher penetrance compared with that
driven by N-mycT58A (Swartling et al., 2012). These studies re-
vealed potential cooperative interaction between N-myc and Sox9
in the development of brain tumors. Interestingly, forced ex-
pression of Sox9 confers cisplatin resistance in Daoy cells and
Group 3 MB (Suryo Rahmanto et al., 2016), suggesting that Sox9
plays an important role in MB progression and drug responses.

We investigated the cellular origin of astrocytes in SHH-MB
by lineage tracing analyses and single-cell RNA sequencing (sc-
RNAseq). Our studies revealed that astrocytes were derived
from the transdifferentiation of tumor cells in relapsed MB, al-
though astrocytes were lineage-independent of tumor cells in
primary MB. Expression of BMP2, BMP5, and BMP7 was sig-
nificantly up-regulated in tumor tissues from relapsed MB
compared with primary MB. Treatment with BMPs markedly
induced astrocytogenesis and Sox9 phosphorylation in tumor
cells. Forced expression of phosphorylated Sox9, but not wild-
type Sox9, effectively stimulated tumor cells to transdifferentiate
into astrocytes. These data suggest that the transdifferentiation
of MB cells is mediated by BMP-Sox9 phosphorylation signaling.
Finally, LDN-193189 and LDN-214117, two antagonists of BMPRI,
significantly inhibited the transdifferentiation of tumor cells and
repressed tumor relapse following radiotherapy. Our studies
establish the distinct astrocytogenesis in relapsed MB and dem-
onstrate that blockage of BMP signaling can suppress MB relapse
by inhibting tumor cell transdifferentiation.

Results
Tumor cells and astrocytes are lineage-independent in primary
MB
To examine the lineage relationship between tumor cells and
tumor-derived astrocytes (TAs) in MB tissue, we lineage-traced
tumor cells by using Math1-Cre/Ptch1fl/fl/Rosa-GFP mice (MPG
mice), in which tumor cells permanently express GFP in MB
tissue (Fig. 1 A; Cheng et al., 2020a; Yang et al., 2008). After
tumors were established in MPG mice at ∼8 wk of age, intensi-
fied GFP fluorescence was observed in MB located in the cere-
bellum (Fig. 1 B). As expected, the majority of GFP+ cells were
positive for Zic1, a putativemarker for tumor cells inMB (Fig. 1 C;
Aruga et al., 1994; Yokota et al., 1996), consistent with the notion
that Math1+ GNPs give rise to MB after Ptch1 deletion (Schüller
et al., 2008; Yang et al., 2008). However, most TAs (S100β+ and
BLBP+) were negative for GFP (Fig. 1, D and E), suggesting they
were not derived from MB cells or Math1-expressing GNPs.

We next dissociated cells from MB tissue in MPG mice and
further analyzed GFP expression in TAs by FACS using an an-
tibody against astrocyte cell surface antigen 2 (ACSA-2; Barry

and McDermott, 2005; Liu et al., 2017; Sharma et al., 2015). As
shown in Fig. 1 F, >85% of cells in MB tissue were GFP+ tumor
cells, whereas TAs (ACSA2+) accounted for only 2.7 ± 0.6% of
cells (n = 6) in MB from MPG mice. Most TAs (ACSA2+) were
negative for GFP, although <10% of TAs were GFP+. Most puri-
fied ACSA2+ cells were found to be positive for S100β (Fig. 1 G)
or BLBP (Fig. 1 H). We then plated the cells dissociated from MB
tissue in MPG mice and found that most GFP+ cells expressed
Zic1 (Fig. 1 I), further confirming that GFP+ cells in MB of MPG
mice were predominantly tumor cells. Most TAs (S100β+, BLBP+)
were found to be negative for GFP by immunocytochemistry
(Fig. 1, J and K). These data suggest that TAs and tumor cells were
essentially lineage-independent in primary MB, and TAs in pri-
mary MB likely migrate from the surrounding brain tissue dur-
ing tumor initiation.

TAs are derived from tumor cells in transplanted tumors as
well as relapsed tumors
In previous studies, subcutaneous tumor models have been used
in basic research and preclinical studies of MB (Gordon et al.,
2018; Kim et al., 2010). Having observed that TAs in primaryMB
tissuesmaymigrate from the surrounding brain tissues, we then
examined the source of TAs in subcutaneousMB inmouse flanks
(Fig. 2 A), where there are no resident astrocytes or other neural
cells. For this purpose, we purified tumor cells (GFP+) fromMPG
mice by FACS and transplanted them into the flanks of CB17/
SCID mice as previously described (Gordon et al., 2018). After
tumors were established in the flank, we sectioned the tumor
tissue for immunohistochemistry. As shown in Fig. 2, B and C,
astrocytes (S100β+ and BLBP+) were detected in tissue sections
from flank tumors, suggesting that MB developed in mouse
flanks also contain astrocytes, as do primary MB developed in
the cerebellum. Moreover, most astrocytes were found to be
positive for GFP, suggesting that astrocytes in flank tumors
originated from the transplanted MB cells. We then intracrani-
ally transplanted purified MB cells (GFP+) into mouse cerebella,
where there should be abundant astrocytes (Fig. 2 A). In the
tumors formed in the cerebella after transplantation, TAs were
also found to be positive for GFP (Fig. 2, D and E), indicating that
TAs in the intracranial tumors were also derived from tumor
cells. These data suggest that TAs in the transplanted tumors
originate from MB cells, regardless of the availability of as-
trocytes in the surrounding tissue.

Tumor cells gave rise to astrocytes in regenerated MB after
the transplantation, prompting us to further examine whether
tumor cells produce astrocytes in relapsed MB. For this purpose,
we generated a MB relapse model using MPG mice through ir-
radiation (Fig. 2 F), as previously described (Vanner et al., 2014).
Compared with primary MB before irradiation, tumor size in
MPG mice was significantly reduced right after the 2-Gy irra-
diation (Fig. 2, G and H). Cleaved caspase-3 was readily detected
in tumor tissue after the irradiation (Fig. S1 A), suggesting that
tumor cells and TAs underwent extensive apoptosis following
the irradiation. MBwas reestablished/relapsed at 3 wk following
the irradiation (Fig. 2, I and J). We harvested the relapsed tumor
and examined GFP expression in TAs by immunohistochemis-
try. As shown in Fig. 2, K and L, a majority of TAs in the relapsed
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MB were GFP+, suggesting that, similar to those in the trans-
planted MB, astrocytes in relapsed MB were also derived from
tumor cells. However, the number of astrocytes remained
comparable in primary MB and relapsed MB (Fig. 2 M). As
shown in Fig. 2 N, no significant difference in the percentage of
TAs (ACSA2+) was found in relapsed MB (3.0 ± 0.7%, n = 6) and
primary MB (2.7 ± 0.6%, n = 6, P > 0.05) by FACS, indicating
that the abundance of TAs was not altered during MB relapse.
However, most TAs in the relapsed MB were GFP+, with only
0.5 ± 0.2% of astrocytes (ACSA2+) appearing to be negative for
GFP (Fig. 2 N). After being plated, >90% of purified ACSA2+

cells were found to be positive for GFP (Fig. 2 O). These data
suggest that TAs predominantly originate from tumor cells in
relapsed MB.

sc-RNaseq defines the distinct origin of TAs in primary and
relapsed MB
It is well established that MB cells are neuronal-lineage com-
mitted (Schüller et al., 2008; Yang et al., 2008). Here we have
described that TAs largely originate from tumor cells in relapsed
MB, suggesting that MB cells may undergo transdifferentiation
during tumor relapse. To further investigate the possible
transdifferentiation of tumor cells, we harvested cells from
primary MB tissue and relapsed MB in Math1-Cre/Ptch1fl/fl mice
for sc-RNAseq. In total, 17,016 cells (9,164 cells from primary MB
and 7,852 cells from relapsed MB) were harvested and used for
transcriptomic analysis. We defined subpopulations of cells by
principal component analysis (PCA) and t-stochastic neighbor

embedding (tSNE). Consistent with our recent studies (Cheng
et al., 2020b), a total of six cell clusters were identified based
on their distinct transcriptomes: tumor cells that consist of
quiescent cells (including cells at G0/G1 phase), dividing cells
and differentiated cells; and stromal cells including astrocytes,
microglia, and oligodendrocytes (Fig. 3, A and B). The majority
(>90%) of dissociated cells were tumor cells that expressed Zic1
and Pax6 (Fig. 3 C). Approximately 22% of dissociated cells were
dividing tumor cells with high expression levels of cell cycle–
associated genes such as Ccna2, Cdk1, and Ccnb1 (Fig. 3 D). Ap-
proximately 20% of dissociated cells were differentiated and
expressed NeuroD1, Cntn2, and Tubb3 (Fig. 3 E), as we recently
reported (Cheng et al., 2020b). In addition, 47.6% of cells ap-
peared to be quiescent, with declined expression of cell cycle
genes as well as SHH pathway genes such as Gli1 and Gli2 (Fig. 3
B). TAs accounted for 3.1% of the total number of cells isolated
from tumor tissues (including both primary and relapsed MB),
based on the expression of astrocytic genes including Fabp7,
Slc1a3, and Gfap (Fig. 3 F).

We then separated primaryMB cells and relapsed MB cells in
the PCA and tSNE analyses. As shown in Fig. 3 G, tumor cells
from primary and relapsed MB significantly overlap in the tSNE
plot, suggesting that no major genetic alterations are evident in
MB cells after tumor relapse. The ratio of the number of cells
from primary and relapse MB was ∼1:1 in the populations of
quiescent, dividing, and differentiated cells (Fig. 3 H). These data
suggest that the composition of tumor cells was comparable
between primary and relapsed MB.

Figure 1. Lineage independence of TAs and tumor cells
in primaryMB. (A) The strategy of generating MPGmice for
lineage-tracing experiments. (B) A whole-mount picture of
brain from an MPG mouse bearing a GFP-positive tumor in
the cerebellum. (C–E) Sagittal frozen sections from MB in
MPG mice were immunostained for Zic1/GFP (C), S100β/
GFP (D), and BLBP/GFP (E). Insets in C–E show magnified
views of designated stainings. Arrows point to tumor cells
(C) and astrocytes (D and E). Representative images from
three to five experiments are shown. (F–H) Flow cytometry
analysis of cells dissociated from MB tissue in MPG mice
after immunolabeling with an antibody against ACSA2 (F).
ACSA2+ cells were collected to examine S100β (G) and BLBP
(H) by immunocytochemistry. DAPI was used to counter-
stain cell nuclei. (I–K) Cells dissociated from MB tissue in
MPG mice were immunostained for Zic1/GFP (I), S100β/GFP
(J), and BLBP/GFP (K), right after being plated in vitro. The
arrow in J points to a cell double positive for S100β and GFP.
Representative flow cytometry data and images from three
to five experiments are shown. Scale bars: 4 mm (B); 25 µm
(C–E); 20 µm (G–K).
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To examine the developmental trajectory of TAs in primary
and relapsed MB, we performed unsupervised pseudotime
analysis based on the transcriptomes of cells from primary and
relapsed tumors. In primary MB, dividing tumor cells progres-
sively became quiescent, and a proportion of tumor cells un-
derwent spontaneous differentiation (Fig. 3 I), as we previously
reported (Cheng et al., 2020b). TAs together with microglia and
oligodendrocytes were well separated from tumor cell populations,
consistent with our findings that TAs and tumor cells were lineage
independent in primary MB (Fig. 1). In relapsed MB, dividing tu-
mor cells gradually became differentiated, as observed in primary
MB (Fig. 3 I). However, a subset of tumor cells, predominantly
those quiescent tumor cells, proceeded through a separate route to
give rise to astrocytes (Fig. 3 I). The above trajectory analyses
further confirm our findings that tumor cells transdifferentiate
into astrocytes in relapsed MB, but not in primary MB.

Finally, we focused on TAs from primary and relapsed MB
and classified the cell subpopulations based on their tran-
scriptomes from sc-RNAseq. As shown in Fig. 3 J, two major cell
subsets were defined: subset 0 and subset 1. TAs from primary
MB were mainly present in subset 0, whereas cells in subset
1 were predominantly TAs from relapsed MB (Fig. 3 J). These
data indicate that TAs from primary MB have distinct expres-
sion profiles compared with their counterparts in relapsed MB.

Sox9 expression is up-regulated in TAs from relapsed MB
To further examine the transcriptional difference between TAs
in primary MB and those in relapsed MB, we purified TAs
(ACSA2+) from primary MB (n = 3) and relapsed MB (n = 3) in
Ptch1+/− mice by FACS, as we previously described (Liu et al.,
2017). Purified TAs were then analyzed by RNAseq. Based on the
transcriptome, genes differentially expressed between TAs in
primary MB and those from relapsed MBwere defined (P < 0.05
and log2 fold changes ≥1). In all 1,524 transcripts that were dif-
ferentially expressed, 894 genes were up-regulated, and 630 genes
were down-regulated in TAs from relapsed MB compared with
astrocytes from primary MB (Fig. 3 K). Among them, the expres-
sion levels of SHH pathway target genes including Gli1, Gli2, and
Ptch2 were significantly elevated in TAs from relapsed MB, com-
pared with those from primary MB (Fig. 3 L). These findings
further support that TAs from relapsed MB are derived from tu-
mor cells with Ptch1 deletion. Moreover, the expression of genes
associated with astrocyte activation including mKi67, Nestin, and
GFAP (Liddelow and Barres, 2017; Zamanian et al., 2012) was
overall up-regulated in TAs from relapsed MB, compared with
those in primary MB (Fig. 3 M). These data suggest that TAs from
relapsed MB were more activated than TAs from primary MB.

SoxE transcription factors (Sox8, Sox9, and Sox10) are as-
sociated with gliogenesis in developing brains and spinal cords

Figure 2. TAs are derived from tumor cells in relapsed MB. (A) The strategy of generating MB models by injecting tumor cells into flanks or cerebella of
CB17/SCID mice. (B–E) Frozen sections from MB from mouse flanks (B and C) and mouse brains (D and E) were immunostained for S100β/GFP (B and D) and
BLBP/GFP (C and E). Representative images from six experiments are shown. (F) The strategy to generate a model for relapsed MB. MPG mice were irradiated
at 4 wk of age and collected at 3 wk following the radiation to examine tumor relapse. (G–J) MRI brain images of an MPG mouse bearing MB at 8 wk of age
before the irradiation (G), after the irradiation (H), and 3 wk following the irradiation (I); H&E-stained image of relapsed MB 3 wk after the irradiation (J).
Representative images from three experiments are shown. (K and L) Frozen sections from relapsed MB in MPG mice were immunostained for S100β/GFP (K)
and BLBP/GFP (L). Arrows point to astrocytes. Representative images from four experiments are shown. (M) The numbers of TAs based on immunofluo-
rescence of S100β or BLBP in primary MB (Fig. 1, D and E) and relapsed MB (Fig. 2, K and L) were quantified per section (n = 4). Significance by Student’s t test.
(N and O) Flow cytometry analysis of cells dissociated from relapsed MB tissue in MPGmice after immunostaining with an antibody against ACSA2 (N). ACSA2+

cells purified by FACS were plated and examined for S100β and GFP by immunocytochemistry (O). Representative flow cytometry data and images from four
experiments are shown. Scale bars: 25 µm (B–E, K, L); 1 mm (G–J); 20 µm (O).
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Figure 3. Different cellular source of TAs in primary and relapsed MB revealed by sc-RNAseq. (A) tSNE plot showing cell clusters based on tran-
scriptomes from cells isolated from primary and relapsed mouse MB. Cell clusters are color coded. (B) Heatmap of single-cell data based on the tSNE plot.
Columns represent individual cells, and rows represent genes. (C–F) tSNE plots showing the expression levels of Zic1 and Pax6 (C); Ccna2, Cdk1, and Ccnb1 (D);
NeuroD1, Cntn2, and Tubb3 (E); and Fabp7, Slc1a3, and GFAP (F) in all clusters. (G and H) tSNE plot showing cell clusters from primary MB and relapsed MB
based on their transcriptomes (G). Cells from primary MB and relapsed MB are color coded. Percentages of cells from primary and relapsed MB in each cluster
are shown in H. (I) Pseudotime analysis of cell clusters in primary MB and relapsed MB. Schematic diagrams show the evolutionary route of astrocytes in
primary and relapsedMB. (J) tSNE plot showing cell clusters based on transcriptomes from all astrocytes in primary and relapsed MB. Percentage of astrocytes
from primary MB and relapsed MB in cluster 0 and cluster 1. (K) Volcano plot shows the genes differentially expressed in astrocytes from relapsed MB
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(Scott et al., 2010; Stolt et al., 2003). As shown in Fig. 3 N, ex-
pression levels of Sox9 were significantly elevated, whereas
expression of Sox8 and Sox10 was down-regulated in TAs from
relapsed MB, compared with TAs in primary MB. Differential
expressions of Sox8, Sox9, and Sox10 in TAs from relapsed MB
and primary MB were further confirmed by quantitative PCR
(Q-PCR; Fig. S1 B). Elevated levels of Sox9 protein were detected
in relapsed MB tissue compared with primary MB (Fig. S1 C).
These data imply that up-regulation of Sox9 expression may be
involved in the astrocytogenesis in relapsed MB.

Sox9 is required but not sufficient for MB cell
transdifferentiation into astrocytes
Sox9 has been previously found to regulate astrocyte specifica-
tion and expansion (Kang et al., 2012; Sun et al., 2017). In MB
tissue from ptch1+/− mice, Sox9 protein was detected in both
tumor cells (Zic1+; Fig. 4 A) and TAs (S100β+; Fig. 4 B) in MB
tissues, although the expression level of Sox9 mRNA in TAs was
significantly greater than in tumor cells (Fig. 4 C). Based on our
sc-RNAseq data, Sox9 expression was found only in tumor cells
and astrocytes, but not observed in microglia or oligoden-
drocytes (Fig. 4 D).

To investigate the possible functions of Sox9 in tumor cell
transdifferentiation, we first examined possible alterations in
the growth of primaryMB after Sox9 deletion in tumor cells. For
this purpose, conditional Sox9 mice (Sox9fl/fl mice; Akiyama
et al., 2002) were crossed with Ptch1+/− mice and Math1-CreERT2

mice that carry an inducible Cre recombinase in MB cells (Du
et al., 2019; Machold and Fishell, 2005). AfterMBwas established
in Math1-CreER/Ptch1+/-/Sox9fl/fl (MPS) mice, they were treated
with tamoxifen or corn oil by oral gavage. After treatment, tumor
tissues were harvested to examine Sox9 protein by Western
blotting. As shown in Fig. 4 E, the protein levels of Sox9 were
markedly declined in tumor tissue after tamoxifen treatment,
indicating the effective deletion of Sox9 in MB tissue from MPS
mice. However, no obvious difference in the proliferation (Ki67+)
or differentiation (NeuN+) of tumor cells was observed after ta-
moxifen treatment, compared with corn oil treatment (Fig. S2,
A–F). No alterations were found in the number of TAs in tumor
tissue after tamoxifen treatment (Fig. S2, G–I). More impor-
tantly, no difference was observed in the latency of primary MB
in MPS mice after Sox9 deletion in tumor cells (Fig. S2 J). These
data suggest that Sox9 in tumor cells is dispensable for tumor cell
proliferation as well as astrocytogenesis in primary MB.

We next tested whether Sox9 in MB cells is necessary for
tumor cell transdifferentiation during tumor relapse. After tu-
mors were established in MPS mice, tumor-bearing mice were
irradiated once at 2 Gy and treated with tamoxifen or corn oil as
a control (Fig. 4 F) by oral gavage (once a day for 2 wk). All
control MPS mice succumbed to MB within 2 mo following the
irradiation (n = 8; median survival, 38 d); however, the majority
(8/9) of MPS mice treated with tamoxifen survived (Fig. 4 G).

We harvested cerebella in MPS mice 3 wk after irradiation to
examine the transdifferentiation of tumor cells by immunohis-
tochemistry. Compared with the control treated with corn oil,
tamoxifen treatment significantly reduced tumor size (Fig. 4 H).
The number of Sox9+ cells in MB tissue was decreased after
tamoxifen treatment (78 ± 8% vs. 20 ± 4%; Fig. 4 I), suggesting
that Sox9 gene was effectively deleted in most tumor cells. The
abundance of astrocytes (BLBP+) in MB tissue in MPS mice was
markedly reduced (344 ± 51 vs. 27 ± 8 per section) after ta-
moxifen treatment, compared with corn oil treatment. As a
comparison, the number of astrocytes was not altered in pri-
mary MB after Sox9 deletion in tumor cells (Fig. S2, G–I). These
data suggest that Sox9 deletion in tumor cells suppressed their
transdifferentiation during MB relapse. As expected, tumor cell
proliferation (Ki67+) in relapsed MB in MPS mice was signifi-
cantly inhibited, whereas the differentiation and apoptosis of
tumor cells was increased in relapsed tumors in MPS mice after
tamoxifen treatment (Fig. 4 I), consistent with the critical role of
TAs in supporting the proliferation and survival of MB cells (Liu
et al., 2017). Enhanced differentiation of MB cells in tumor tis-
sues that lack astrocytes was confirmed by an increased number
of NeuN+ cells (Fig. 4 I) and increased levels of NeuN protein
(Fig. S2 K) in tumor tissue after tamoxifen treatment. The above
data suggest that Sox9 is necessary for the transdifferentiation
of MB cells during tumor relapse.

To further examine whether up-regulation of Sox9 in MB
cells is sufficient to induce transdifferentiation of tumor cells,
we purified MB cells from Ptch1+/− mice by FACS and infected
them with a lentivirus carrying Sox9-expressing vector or an
empty vector as a control. 48 h following the infection, MB cells
were harvested to examine the cell lineage of infected cells by
immunocytochemistry. Cells with forced expression of Sox9 or
empty vector were still positive for Zic1 but negative for S100β
or BLBP (not depicted), indicating that overexpression of Sox9
alone failed to induce the transdifferentiation of MB cells. Al-
together, these data suggest that Sox9 is necessary but not suf-
ficient to induce tumor cell transdifferentiation in relapsed MB.

BMPs stimulate MB cells to transdifferentiate into astrocytes
Previous studies have demonstrated that BMP signaling can
induce cerebellar GNPs to transdifferentiate into astrocytes
(Okano-Uchida et al., 2004). This prompted us to investigate
whether BMP signaling drives the transdifferentiation of tumor
cells in relapsed MB. We compared the expression of all brain-
related BMPs, BMP1-7 and BMP8b (Ebendal et al., 1998; Mehler
et al., 1997), in primary mouse MB tissues and relapsed MB by
Q-PCR. Among eight BMP genes that we examined, expression
of BMP2, BMP5, and BMP7 mRNA was significantly up-
regulated in tumor tissues from relapsed MB compared
with primary MB in MPG mice (Fig. 5 A). Consistent with this,
phosphorylation of Smad (pSmad) was markedly increased in
relapsed MB compared with primary MB (Fig. 5 B). In addition,

compared with astrocytes in primary MB, according to the statistical P value (y axis; adjusted P value [padj]) and the relative abundance ratio (x axis; log2 fold
changes). (L–N) Heatmaps show the expression levels of genes associated with SHH pathway (L), astrocyte activation (M), and SoxE family (N) in astrocytes
from primary and relapsed MB.
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Figure 4. Sox9 is required for MB cell trans-
differentiation. (A and B) Sagittal sections of MB
from Ptch1+/− mice were immunostained for Zic1/
Sox9 (A) and S100β/Sox9 (B). Arrows point to tumor
cells expressing Sox9, whereas arrowheads point
to Sox9+ astrocytes. Representative images from
four experiments are shown. (C) Tumor cells and
astrocytes were purified from MB in Ptch1+/− mice
(n = 4) by FACS and examined for expression of Sox9
mRNA by Q-PCR. ***, P < 0.001, Student’s t test.
(D) Violin plot of Sox9 expression in tumor cells,
astrocytes, microglia, and oligodendrocytes (oligo-
dendro), based on sc-RNAseq data of cells in tumor
tissues from Math1-Cre/ptch1fl/fl mice. (E) Sox9 pro-
tein levels in MB tissue from MPS mice after treat-
ment with tamoxifen or corn oil as a control. A
representative image from four Western blotting
experiments is shown. (F) The strategy for deleting
Sox9 in tumor cells in relapsed MB. MPS mice
bearing MB were irradiated once at 2 Gy and treated
with tamoxifen or corn oil by oral gavage, once a day
for 7 d. Mice were monitored for survival or sacri-
ficed 3 wk following the irradiation to examine tumor
cell transdifferentiation by immunohistochemistry
(IHC). (G) Survival curves of MPS mice after irradi-
ation and treatment with tamoxifen or corn oil. All
MPS mice (n = 6) with corn oil treatment developed
MB (median survival, 38 d), whereas only one mouse
(n = 6) with tamoxifen treatment formed tumor. P <
0.0001, log-rank test. (H and I) Sagittal sections of
MB from MPS mice after irradiation and treatment
with tamoxifen or corn oil underwent H&E staining
(H), as well as immunostaining for Sox9, BLBP, Ki67,
NeuN, and CC3 (I). The percentage of cells positive
for Sox9, Ki67, NeuN, or CC3 in MB tissue, or the
number of astrocytes (BLBP+) per tumor section, was
quantified based on the immunostaining results (n = 4),
as shown at the right. ***, P < 0.001, Student’s t test.
DAPI was used to counterstain cell nuclei in tumor
sections. Representative images from four experiments
are shown. Scale bars: 25 µm (A and B); 1 mm (H); 30
µm (I).
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enhanced expression of BMP2, BMP5, and BMP7 mRNA was
also observed in human relapsed SHH-MB tissue compared
with the paired primary MB tissue (n = 2; Fig. 5 C). We also
analyzed a transcriptomic dataset of a human MB cohort (in-
cluding three paired primary and relapsed SHH-MB: #11, #12,
and #31; Morrissy et al., 2016). We found that 493 genes were
differentially expressed between primary and relapsedMB, and
the expression of 478 genes was significantly up-regulated in
relapsed MB (log2 fold-change >1; at least two patients showed
the same regulatory trend; Table S1). Gene ontology analysis of
those 478 genes revealed that the expression of BMP pathway
genes including Id3 and Id4 was overall elevated in relapsedMB
compared with primary MB (Fig. 5 D). Expression levels of
BMP2, BMP5, and BMP7 were overall elevated in relapsed MB

compared with matched primary MB, although expression
patterns of these BMPs were not very consistent in these pairs
of tumor tissues (Fig. 5 D). These data suggest that the BMP
pathway is activated in tumor tissue during MB relapse.

To examine whether BMP signaling stimulates the trans-
differentiation of MB cells into astrocytes, we isolated tumor
cells (GFP+) from MPG mice and treated them in vitro with
80 ng/ml BMP2, BMP5, or BMP7.MB cells were also treatedwith
Dulbecco’s PBS (DPBS) as a control. 72 h following the treatment,
no astrocytes (S100β+) were detected in MB cells (GFP+) after
DPBS treatment; however, a significant proportion of tumor
cells (GFP+) expressed S100β (Fig. 5, E and F) after treatment
with BMPs, suggesting that BMP treatment promoted the
transdifferentiation of tumor cells into astrocytes. In addition,

Figure 5. BMPs induce the transdifferentiation of MB cells into astrocytes. (A and B) Primary tumor tissue (n = 3) and relapsed tumor tissue (n = 3) in
MPG mice were collected to examine expression of BMP mRNAs by Q-PCR (A; ***, P < 0.001, Student’s t test) and phosphorylation of Smad (pSmad) by
Western blotting (B). GAPDH was used as a loading control. (C) Tumor tissues from matched primary and relapsed human SHH-MB were collected to examine
expression of BMP mRNAs by Q-PCR (n = 3). ***, P < 0.001, Student’s t test. (D) Heatmap shows the expression levels of genes associated with BMP signaling
in human primary MB and relapsed MB (including three paired SHH-MB: #11, #12, and #31). P < 0.05 by one-way ANOVA. (E–H) Tumor cells from MPG mice
were treated with DPBS (control) or BMPs (BMP2, BMP5, or BMP7, all at 80 ng/ml) for 72 h, and then collected to examine S100β and GFP by immuno-
cytochemistry (E). Representative images from four independent experiments are shown. The percentage of cells positive for S100β in GFP+ tumor cells was
quantified (F; n = 4). ***, P < 0.001 by Student’s t test. After the treatment, tumor cells were harvested to examine mRNA expression of S100β and BLBP by
Q-PCR (G; ***, P < 0.001, Student’s t test) or levels of pSmad by Western blotting (H). Scale bars: 20 µm (E).
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mRNA expressions of S100β and BLBP in tumor cells were sig-
nificantly up-regulated following BMP treatment compared
with DPBS control (Fig. 5 G). The activation of BMP pathway
was confirmed by increased levels of phosphorylated Smad in
tumor cells after BMP treatment (Fig. 5 H). These data suggest
that BMP signaling can induce the transdifferentiation of MB cells
into astrocytes.

Sox9 phosphorylation mediates BMP-stimulated
transdifferentiation of MB cells
We next examined whether Sox9 is required for BMP-induced
transdifferentiation of MB cells. To this end, we reduced Sox9
expression in tumor cells by viral infection of RFP-tagged
shRNAs. Tumor cells were also virally infected with scrambled
shRNA as a control. 48 h following infection, expression levels of
Sox9 were markedly decreased in MB cells infected with shRNA
specific for Sox9 (Sh-sox9), compared with scrambled shRNA
(Sh-scr; Fig. 6 A). We then treated those infected MB cells with
BMP2 for an additional 72 h. Approximately 50% of MB cells
infected with scrambled shRNA expressed S100β after BMP2
treatment, as expected. However, a significantly reduced num-
ber of astrocytes were detected in Sox9-deficientMB cells (RFP+)
in the presence of BMP2 (Fig. 6, B and C). Sox9 knockdown also
prohibited tumor cells from generating astrocytes following
treatment with BMP5 and BMP7 (Fig. 6 C). These data suggest that
Sox9 deficiency suppressed BMP-induced transdifferentiation of
tumor cells (Fig. 6 C), further confirming that Sox9 is required for
MB cell transdifferentiation into astrocytes.

The transcriptional activities of Sox9 are regulated by its
phosphorylation, especially the phosphorylation of S181 (Liu
et al., 2013; Zuo et al., 2018). Having observed that Sox9 is re-
quired but not sufficient to induce MB cell transdifferentiation,
we next investigated whether Sox9 is phosphorylated in
MB cells after BMP treatment. MB cells isolated fromMath1-Cre/
Ptch1fl/fl mice were treated with 80 ng/ml BMPs or DPBS for 4 h
before being harvested for examination of Sox9 phosphorylation
by Western blotting, using an antibody recognizing phosphor-
ylated Sox9 at the S181 residue. As shown in Fig. 6 D, the levels of
phosphorylated Sox9 were significantly elevated in BMP-treated
cells, compared with those in cells treated with DPBS. The levels
of total Sox9 proteins in tumor cells were not altered in MB cells
within 4 h following the BMP treatment. These data suggest that
BMP treatment induces the phosphorylation of Sox9 inMB cells.

To determine whether phosphorylated Sox9 can direct the
transdifferentiation of tumor cells, we infected MB cells with a
lentiviral vector encoding GFP-tagged phosphomimetic Sox9 by
replacing serine with aspartate at the 181 residue (Sox9S181D) that
mimics phosphorylated Sox9 (Liu et al., 2013). MB cells were
also virally infected with wild type Sox9 (Sox9WT) or an empty
vector (GFP) as controls. 48 h after infection, increased levels of
Sox9 proteins were detected in MB cells infected with Sox9WT,
compared with the GFP control (Fig. 6 E). Sox9 phosphorylation
was readily observed in MB cells infected with Sox9S181D, but not
in tumor cells with forced expression of Sox9WT or GFP alone
(Fig. 6 E). A significant proportion of MB cells with Sox9S181D

infection started to express S100β (52 ± 6.7%; Fig. 6 F), whereas
<5% of tumor cells expressed S100β after infection with Sox9WT

or GFP alone (Fig. 6, F and G). These data demonstrate that
phosphorylated Sox9 can drive the transdifferentiation of MB
cells. We next examined whether MB cell transdifferentiation
can be blocked by a phosphorylation-resistant form of Sox9with
a mutation at the phosphorylation site (Sox9S181A; Kumar and
Lassar, 2009; Liu et al., 2013). To remove the endogenous Sox9
in MB cells, we orally treated tumor-bearing MPS mice with
tamoxifen or corn oil for 1 wk (once a day). Deletion of Sox9 in
tumor cells was confirmed by Western blotting (Fig. 6 H). Sox9-
null MB cells were then virally infected with GFP-tagged
Sox9S181A, Sox9WT, or an empty GFP vector. Infected MB cells
were treated with 80 ng/ml BMP2 or PBS for 72 h. As shown in
Fig. 6 I, high levels of Sox9 protein were detected in MB cells
infected with Sox9WT, in which Sox9 phosphorylation was in-
duced by BMP2 treatment. However, Sox9 or phosphorylated
Sox9 was barely found in Sox9-null MB cells infected with
Sox9S181A or the GFP control, regardless of BMP2 treatment (Fig. 6
I). As expected, a significant number of MB cells infected with
Sox9WT (GFP+) were transdifferentiated into astrocytes (S100β+)
after BMP2 treatment (Fig. 6 J). However, almost no astrocytes
were found in MB cells infected with GFP or Sox9S181A (Fig. 6, J
and K). These data further confirm that Sox9 phosphorylation is
critical for BMP-induced transdifferentiation of MB cells.

Inhibition of BMP signaling suppresses the
transdifferentiation of tumor cells
Having observed that BMP signaling induced the trans-
differentiation of tumor cells into astrocytes during MB relapse,
we then examined whether inhibition of BMP signaling could
repress the astrocytogenesis in relapsed tumors. LDN193189
(LDN193) and LDN214117 (LDN214) are two potent inhibitors of
the BMP pathway by antagonizing BMPRI (Mohedas et al., 2014;
Vogt et al., 2011). To test the efficacies of LDN193 and LDN214 in
repressing BMP signaling in MB cells, we treated tumor cells
with BMPs, together with LDN193, LDN214, or DMSO for 48 h.
As shown in Fig. S3, A–C, LDN193 and LDN214 significantly re-
pressed levels of Id1 and Id2mRNAs (BMP pathway target genes)
and Smad phosphorylation in BMP-treated tumor cells. These
data indicated that LDN193 and LDN214 effectively inhibited
BMP signaling in MB cells. As expected, a significant proportion
of MB cells expressed S100β after treatment with BMP2, BMP5,
or BMP7 (Fig. 7 A). However, the number of S100β+ cells in the
BMP-treated cultures was markedly reduced after treatment
with LDN193 or LDN214, compared with DMSO treatment
(Fig. 7, A and B), suggesting that LDN193 and LDN214 effectively
inhibited BMP-induced transdifferentiation of tumor cells. The
levels of Sox9 phosphorylation in BMP-treated tumor cells were
significantly declined following the treatment with LDN193
or LDN214 (Fig. S3, D–F). In addition, comparable levels of
5-ethynyl-29-deoxyuridine (EdU) incorporation were observed
inMB cells treated with LDN193 or LDN214 (Fig. S4, A and B). No
alterations in the number of astrocytes were found in primary
MB after treatment with LDN193 or LDN24 (Fig. S4, C and D).
The survival of MPG mice was not changed by treatment of
LDN193 or LDN214 (Fig. S4 E). These data suggest that the pro-
gression of primary MB is not affected by inhibition of the BMP
pathway.
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We then examined whether MB relapse is suppressed after
inhibition of BMP signaling with LDN193 or LDN214. For this
purpose, we irradiated MPG mice at 4 wk of age, followed by
treatment with 25 mg/kg LDN193, LDN214, or vehicle (0.5%
methylcellulose plus 0.2% Tween-80 [MCT], n = 8 in each group)
once a day for 3 wk (Fig. 7 C). The effective brain penetration of
these two compounds was recently established (Carvalho et al.,
2019). MB was relapsed in all vehicle-treated mice within 2 mo
after the irradiation (median survival, 35 d), whereas the ma-
jority of mice treated with LDN193 or LDN214 survived >60 d
after irradiation (Fig. 7 D). These data suggest that LDN193 or
LDN214 effectively prevents MB relapse in mice. After the
treatment with LDN193, LDN214, or vehicle control for 3 wk, we
harvested the cerebella to examine tumor relapse. As shown in
Fig. 7 E, tumor cells were readily detected in the cerebella

treated with MCT, indicative of the recurrence of MB following
the irradiation. As a comparison, tumors were not fully estab-
lished in Ptch1-deficientmice after the treatment with LDN193 or
LDN214, except a few ectopic lesions detected in the treated
cerebella (Fig. 7 E). The number of TAs (BLBP+) was significantly
reduced in ectopic lesions in the cerebella after LDN193 or
LDN214 treatment, compared with the control (MCT treatment;
Fig. 7, E and F). The expression levels of Id1 and Id2 mRNA (Fig.
S5 A) as well as phosphorylation of Smad (Fig. S5 B), in mutant
cerebella were significantly repressed after treatment with
LDN193 or LDN214, compared with MCT treatment. These data
confirm that BMP signaling in the mutant cerebella was effec-
tively repressed by the treatment with LDN193 or LDN214. The
levels of both total Sox9 and phosphorylated Sox9 also declined
in the cerebella treated with LDN193 or LDN214 (Fig. S5 C). As a

Figure 6. Sox9 phosphorylation mediates BMP-induced transdifferentiation of MB cells. (A–C) MB cells were virally infected with shRNA specific for
Sox9 (Sh-Sox9) or scrambled shRNA (Sh-scr) for 48 h, before being harvested to examine Sox9 protein byWestern blotting (A; n = 5). In addition, 24 h following
the above infection, tumor cells were treated with 80 ng/ml BMP2 or DPBS for 48 h and collected to examine S100β and RFP expression by immunocyto-
chemistry (B). Representative images from five experiments are shown. The percentage of astrocytes (S100β+, RFP+) in infected cells (RFP+) was quantified (C;
n = 5), ***, P < 0.001 by Student’s t test. (D) MB cells were treated with 80 ng/ml BMP2, BMP5, BMP7, or DPBS in vitro for 4 h before being collected to
examine Sox9 and phosphorylated Sox9 (p-Sox9) by Western blotting. Representative images from three experiments are shown. (E–G)MB cells were virally
infected with GFP-tagged Sox9S181D, wild-type Sox9 (Sox9WT), or an empty vector as a control. 48 h following the infection, tumor cells were harvested to
examine Sox9 and p-Sox9 by Western blotting (E). In addition, tumor cells were collected to examine S100β and GFP by immunocytochemistry (F). Repre-
sentative images from four experiments are shown. The percentage of astrocytes (S100β+) among infected cells (GFP+) was quantified (G; n = 4). ***, P < 0.001;
by Student’s t test. (H) MPS mice were treated with tamoxifen (TM) or corn oil by oral gavage once a day for 7 d. MB cells were harvested to examine Sox9
protein by Western blotting. GAPDH was used a loading control. (I–K) Sox9-null MB cells were virally infected with GFP-tagged Sox9WT, Sox9S181A, or empty
vector and treated with 80 ng/ml BMP2 or PBS for 72 h. Sox9 protein and phosphorylated Sox9 in infected MB cells were examined by Western blotting (I).
Astrocytes (S100β+) among infected cells (GFP+) after BMP2 treatment were examined by immunocytochemistry (J). Representative images from three ex-
periments are shown. The percentage of astrocytes (S100β+) among infected cells (GFP+) was quantified (K; n = 3). ***, P < 0.001 by Student’s t test. Scale
bars: 20 µm (B, F, and J).
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Figure 7. BMP inhibitors repress MB cell transdifferentiation during MB relapse. (A and B) MB cells isolated from MPG mice were treated with BMP
combined with DMSO, LDN193, or LDN214 for 72 h, before being collected to detect S100β and GFP by immunocytochemistry (A). Representative images from
five experiments are shown. The percentage of astrocytes (S100β+) in the culture was quantified (B; n = 5). ***, P < 0.001 by Student’s t test. (C)MPG mice at
4 wk of age were irradiated once at 2 Gy and treated with LDN193 (25 mg/kg), LDN214 (25 mg/kg), or MCT by oral gavage, once a day for 3 wk. Mice were then
monitored for survival or sacrificed to examine tumor formation by immunohistochemistry (IHC). (D) Survival curves of MPG mice after irradiation and
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comparison,Math1-Cre/Ptch1fl/fl mice were treatedwith 25mg/kg
LDN193, LDN214, or MCT by oral gavage for a week. The number
of TAs was not altered in primary tumors after treatment with
LDN193 or LDN214, compared with the control (Fig. S4, C and D).
These data suggest that astrocytogenesis in primary MB is not
affected by BMP pathway inhibition.

We next generated patient-derived xenograft (PDX) MB
models by transplanting human SHH-MB cells (ICb-5610MB)
into the cerebella of CB17/SCID mice. 3 wk following the trans-
plantation, we irradiated the recipient cerebella and treated the
mice with LDN193, LDN214, or vehicle control (MCT) by oral
gavage (once a day for 3 wk). Finally, tumors relapsed in all mice
after control treatment (5/5; median survival, 45 d; Fig. 7 G).
However, tumors were detected in only two of five mice treated
with LDN193 or LDN214 (Fig. 7 G), suggesting that tumor relapse
was repressed after inhibition of the BMP pathway. We then
collected the cerebella at 3 wk following the drug treatment. As
shown in Fig. 7 H, a relapsed tumor was found in the cerebellum
after control treatment. Moreover, astrocytes were readily de-
tected in the tumor. However, only microscopic tumor foci were
observed around the injection sites in the cerebella after treat-
ment with LDN193 or LDN214 (Fig. 7, H and I). Very few as-
trocytes were detected in those ectopic foci in the cerebella.
These data further confirm that BMP pathway inhibitors block
the transdifferentiation from MB cells and suppress tumor re-
lapse (Fig. 7 H).

Discussion
Astrocytes are important for normal brain development as well
as pathological processes in the central nervous system such as
neurodegenerative diseases and brain tumors. Previous studies
established that TAs play a critical role in supporting the pro-
gression of MB (Gronseth et al., 2020; Liu et al., 2017). Our
lineage-tracing analyses in this study suggest that TAs in pri-
mary MB may migrate from the surrounding brain tissues.
However, TAs were found to originate from tumor cells in MB
reestablished subcutaneously or intracranially after the trans-
plantation. More importantly, TAs were also derived from tu-
mor cells in relapsed MB, as further confirmed by sc-RNAseq of
tumor cells from primary and relapsed MB. These studies, for
the first time, reveal the distinct origins of TAs and underlying
mechanisms of astrocytogenesis in relapsed MB (Fig. 8). Our
studies here suggest that the tumor microenvironment, espe-
cially astrocytes with different cellular sources, may also con-
tribute to tumor relapse.

Relapsed MB (including local and metastatic recurrence) is
almost always fatal, despite a multitude of therapies including
re-resection or high-dosage irradiation or chemotherapy (Pizer
et al., 2011). Although MB does not change subgroups at the time
of recurrence, therapeutic responses of relapsed MB are very
different from those of primary MB (Ramaswamy et al., 2013).
Our studies suggest that TAs with different cells of originmay be
involved in the divergent susceptibility to therapy in primary
and relapsed MB. Indeed, in our studies, TAs have Ptch1 defi-
ciency and become reactivated in relapsed MB. Future studies
are needed to further investigate whether this can result in
distinct therapeutic responses of relapsed tumors. In addition,
the Taylor group demonstrated that MB can metastasize re-
motely through circulating tumor cells, in addition to dissemi-
nation through the cerebrospinal fluid (Garzia et al., 2018).
Extracranial metastasis, including bone, lymph nodes, and lung,
of human MB has been previously reported (Rochkind et al.,
1991; Rudin et al., 2009). Due to the lack of enough metastasis
samples and relevant mouse models, little is known about how
the MB microenvironment is built in extracranial locations. It is
intriguing to think that tumor cells may generate those stromal
cells to facilitate tumor establishment outside of brain, as evi-
denced by our findings in the subcutaneous MB model.

Granule neuron–lineage commitment appears to be critical
for the tumorigenesis of SHH-MB (Schüller et al., 2008; Yang
et al., 2008). Tumor cells in SHH-MB are generally believed to
be neuronal-lineage restricted. However, several groups have
identified a population of cancer stem cells responsible for tumor
progression as well as tumor relapse (Arnold et al., 2011; Ward
et al., 2009; Zhang et al., 2019). Those studies indicated the plas-
ticity of tumor cells in SHH-MB and the essential functions of
tumor cell multipotency in MB development. Here, our studies
demonstrated that MB cells can transdifferentiate into astrocytes,
further confirming the multipotency of tumor cells in MB.

BMP signaling has complex functions in cerebellar devel-
opment and MB progression. BMP2 represses the hedgehog
pathway–induced proliferation of cerebellar GNPs, through
regulation of N-Myc or phosphorylation of Smad5 (Alvarez-
Rodrı́guez et al., 2007; Rios et al., 2004). In addition, BMP2
and BMP4 inhibit the proliferation of cerebellar GNPs and
MB cells through rapid degradation of Math1 (Zhao et al., 2008).
Further, BMP2 has also been found to induce apoptosis in
MB cell lines (Hallahan et al., 2003). In our studies, we found
that BMPs including BMP2, BMP5, and BMP7 can induce the
transdifferentiation of MB cells into astrocytes in vitro. Phar-
maceutical inhibition of BMP signaling significantly repressed

treatment with LDN193 (n = 8), LDN214 (n = 8), or MCT (n = 8). P < 0.0001, log-rank test. (E and F) Cerebella in MPGmice were harvested after irradiation and
treatment with LDN193, LDN214, or MCT to examine tumor relapse by H&E staining (upper panels) and to detect astrocytes (BLBP+, lower panels) by im-
munohistochemistry (E). Arrows point to ectopic lesions in mutant cerebella (upper panels). Images in lower panels correspond to boxed regions in H&E stains
of upper panels. DAPI was used to counterstain cell nuclei. Representative images from five experiments are shown. The number of astrocytes per section was
quantified (F; n = 5). ***, P < 0.001 by Student’s t test. (G–I) PDX models of SHH-MB were irradiated and treated with LDN193, LDN214, or MCT as a control.
The survival curves of CB17/SCID mice after the drug treatment (G; P < 0.0001, log-rank test). 3 wk after irradiation, mouse cerebella were harvested for H&E
staining (upper panels) and immunohistochemistry (lower panels) to detect astrocytes (BLBP+; H). Arrows point to the tumor mass (in the control cerebellum)
or injection sites (in the cerebella after treatment with LDN193 or LDN214). The lower panels correspond to boxed regions in upper panels. Representative
images from three experiments are shown. The number of astrocytes per cerebellar section was quantified (I; ***, P < 0.001 by Student’s t test; n = 3). Scale
bars: 30 µm (A); 1 mm (E and H, upper panels) and 25 µm (E and H, lower panels).
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tumor cell transdifferentiation during MB relapse. These find-
ings reveal a novel function of BMP signaling in driving the
transdifferentiation of tumor cells in relapsed MB.

Previous studies found that Sox9 is a master regulator in
triggering the switch from neurogenic to gliogenic program at
the germinal zone of different neural tissues (Deneen et al.,
2006; Kang et al., 2012; Stolt et al., 2003). Forced expression
of NF1 and Sox9 in neural progenitors, or even in cultured
mouse fibroblasts, promoted astrocyte generation (Caiazzo et al.,
2015). Ectopic expression of NF1A and Sox9 repressed neuronal
differentiation and facilitated astrocytogenesis from human
pluripotent stem cells (Li et al., 2018). Sox9 was found to be
predominantly expressed by astrocytes (Sun et al., 2017); how-
ever, we found basal levels of Sox9 expression in MB cells, de-
spite more intense expression of Sox9 in astrocytes. Sox9 mRNA
expression was significantly enhanced in astrocytes from re-
lapsedMB, compared with their counterparts in primaryMB. By
using conditional knockout mice, we demonstrated that Sox9
deletion in MB cells did not affect their proliferation. However,
Sox9 deletion clearly blocked the transdifferentiation ofMB cells
into astrocytes in vivo and in vitro, highlighting the essential
role of Sox9 in the transdifferentiation of tumor cells. In our
studies, BMP treatment markedly increased the phosphorylation
of Sox9 in tumor cells. Forced expression of a phosphomimetic
form of Sox9 (but not a wild-type form of Sox9) effectively
stimulated the transdifferentiation of MB cells into astrocytes.
Moreover, expression of Sox9 with a mutation at the phosphoryl-
ation site abolished BMP-induced transdifferentiation in MB cells.
These results demonstrate the important role of Sox9 phosphory-
lation in BMP-induced transdifferentiation of MB cells, consistent
with recent studies that Sox9 phosphorylation is required for the
transcriptional functions of Sox9 in neural crest delamination (Liu
et al., 2013; Zuo et al., 2018).

The Zong group recently demonstrated the transdifferentiation
of tumor cells in SHH-MB using a mouse genetic system called

mosaic analysis with double markers (Yao et al., 2020). We found
only a small population of TAs in mouse primary MB in our
studies; however, almost all TAs originated from tumor cells in the
primary MB model in the studies of Zong and colleagues. This
could be due to the different MB mouse models used in our lab-
oratory and the Zong group (Yao et al., 2020). We used Ptch1-
deficient mice (including Ptch1+/− and Math1-Cre/Ptch1fl/fl) that
develop MB with no P53 mutations, whereas Ptch1+/−, P53−/− mice
were used in the study of the Zong group. P53 deficiency could
promote the dedifferentiation or transdifferentiation of tumor
cells as previously reported (Piechowski, 2017; Rasmussen et al.,
2014; Tapia and Schöler, 2010). Future studies are needed to in-
vestigate whether P53 mutations affect the cellular origins of TAs
in human MB. Nevertheless, the capacity of MB cell trans-
differentiation into astrocytes is established in both studies. In our
studies, almost all tumor cells were found to transdifferentiate
into astrocytes following BMP treatment in vitro, suggesting that
the transdifferentiation capacity is not limited to particular sub-
sets of tumor cells. However, the number of TAs was not overall
increased in relapsed MB, suggesting that the transdifferentiation
of tumor cells is tightly controlled duringMB recurrence. Based on
our sc-RNAseq data, the expression of BMPs was up-regulated in
microglia from relapsed MB, compared with their counterparts
in primary MB (not depicted). It is possible that microglia secrete
BMPs and induce the transdifferentiation of tumor cells during
tumor relapse.We are currently investigating the role of microglia
in the transdifferentiating and recurrence of MB cells.

In our studies, in vitro treatment with LDN-193 or LDN-214
caused no alterations in the survival and proliferation of tumor
cells and TAs from either primary or relapsed MB (Fig. S4 and
not depicted). However, treatment with LDN-193 or LDN-214
following the irradiation effectively blocked tumor cell trans-
differentiation and suppressed tumor relapse. These findings
further support the essential role of BMP signaling underlying
the transdifferentiation of tumor cells into astrocytes. In

Figure 8. Schematic diagram showing the transdifferentiation of tumor cells during MB relapse. During MB recurrence after irradiation, the BMP
pathway is activated in tumor cells. BMP signaling induces the phosphorylation of Sox9, which drives the transdifferentiation of tumor cells into astrocytes.
Astrocytes promote the proliferation of MB cells, supporting tumor relapse. Inhibitors of BMP receptors (BMPRi) block tumor cell transdifferentiation, thereby
suppressing the recurrence of MB.
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addition, our findings suggest that inhibition of the BMP
pathway may prevent the recurrence of SHH-MB. Future
studies are necessary to test the efficacies of BMP pathway
inhibitors in the treatment of relapsed MB after tumor is re-
established (with preexisting transdifferentiation of tumor
cells). Nevertheless, our studies demonstrate the good potency
of LDN-193 and LDN-214 in repressing BMP signaling as well as
in inhibiting MB recurrence. With attractive physicochemical
properties consistent with their blood–brain barrier penetra-
tion and good pharmacokinetics (Carvalho et al., 2019), LDN-
193 and LDN-214 represent promising lead compounds in
developing agents to prevent MB recurrence.

Materials and methods
Data availability
Transcriptional data generated in this study, including RNAseq
data and sc-RNAseq data, were deposited in NCBI Gene Ex-
pression Omnibus database under accession no. GSE175416.

Mice and relapsed tumor models
Math1-CreERT2, Math1-Cre, Rosa-GFP, Sox9fl/fl, ptch1+/−, ptch1fl/fl,
and Rosa-GFPmicewere purchased from The Jackson Laboratory.
All animals were maintained in the Laboratory Animal Facility at
Fox Chase Cancer Center, and all experiments were performed in
accordance with procedures approved by the Fox Chase Cancer
Center Animal Care and Use Committee. All mice were bred and
genotyped as recommended by The Jackson Laboratory. For all
mouse studies, mice of either sexwere used. Ages of all mice used
in experiments are indicated in the figure legends.

Two types of ptch1-deficient mice were used in this study,
includingMath1-Cre/ptch1fl/fl mice that develop tumors at 6–8 wk
of age with 100% penetrance (Yang et al., 2008) and ptch1+/−

mice that develop MB at 20–27 wk with tumor incidence of
15–20% (Goodrich et al., 1997). There is no significant difference
in the percentage of astrocytes and Sox9+ cells in tumor tissues
from these mice. To generate relapsed MB models, ptch1+/− mice
or mice bearing PDX were irradiated once with 2 Gy γ rays from
a cesium-137 source, when the mice exhibited signs for cere-
bellar tumors including ataxia and domed head (∼18-22 wk of
age). Math1-Cre/ptch1fl/fl mice, 4 wk of age, were irradiated once
with 2 Gy γ rays from a cesium-137 source.

Magnetic resonance imaging (MRI)
Tumor formation in ptch1-deficient mice was examined by MRI
in some experiments. For MRI of mouse brains, anesthesia was
performed using ketamine (100 mg/kg). All mice were kept in a
supine position. ptch1-deficient mice were sagittal scanned in a
GE MRI scanner. MRI analyses were performed using a T2-fast
spin echo sequence. Some parameters were repetition time,
3,450 ms; echo time, 159 ms; and 12 slices at 0.8 mm per slice.
Generated images were analyzed using a media viewer (GE
Healthcare).

Cell culture and drug treatment
For examining in vivo efficacies, stock solutions of LDN193 (in
DPBS, 100 mg/ml) and LDN214 (in DMSO, 100 mg/ml) were

diluted using MCT and administrated to mice by oral gavage.
Tamoxifen (T5648; Sigma-Aldrich) was dissolved at a concen-
tration of 20 mg/ml in corn oil and administrated by oral gavage
at 200 mg/kg. For survival analyses, mice after treatment with
tamoxifen or BMP inhibitors were monitored daily and sacri-
ficed when they exhibited brain tumor symptoms (ataxia and
tilted heads). Log-rank survival analyses were performed in
GraphPad Prism 7.

To isolate tumor cells, tumor tissue from Ptch1-deficient mice
were digested in a papain solution to obtain a single-cell sus-
pension and then centrifuged through a 35 and 65% Percoll
gradient. Cells from the 35–65% interface were suspended in
DPBS plus 0.5% BSA. Cells were then suspended in NB-B27
(neurobasal with 1 mM sodium pyruvate, 2 mM L-glutamine, B27
supplement, and 1% penicillin/streptomycin, all from Invitrogen)
and plated on poly-D-lysine–coated coverslips (BD Biosciences).
Human recombinant BMP2, BMP5, and BMP7 (Peprotech) were
used at 80 ng/ml for in vitro treatment of tumor cells.

Human tumor samples
All human patient samples (including two paired and relapsed
SHH-MB tissues) were obtained from the Children’s Brain Tu-
mor Tissue Consortium at the Children’s Hospital of Philadel-
phia, with consent under approval and oversight by the
institutional review board committees of the Children’s Hos-
pital of Philadelphia. The SHH type of human MB samples was
identified by immunochemistry GAB1 and YAP. Human SHH-
MB cells (ICb-5610MB), kindly provided by Dr. Xiaonan Li from
Northwestern University, Evanston, IL, were used to generate
PDX MB models by intracranial transplantation.

Immunostaining, flow cytometry, and Western blotting
Immunofluorescent staining of sections and cells was performed
according to standard methods. Briefly, sections or cells were
blocked and permeabilized for 1 h with PBS containing 0.1%
Triton X-100 and 10% normal goat serum, stained with primary
antibodies overnight at 4°C, and incubated with secondary an-
tibodies for 2 h at room temperature. Sections or cells were
counterstained with DAPI and mounted with Fluoromount-G
(Southern Biotech) before being visualized using a Nikon
Eclipse Ti microscope. For purifying astrocytes, tumor cell sus-
pension was incubated with the primary antibody against
ACSA2 (1:200; Cell Signaling) on ice for 30 min. After washing
with PBS three times, tumor cells were incubated with Texas
Red–conjugated secondary antibody for 30 min. Astrocytes
(ACSA2+) were then fractionated by FACS. Details of all other
antibodies are available upon request.

For Western blot analysis, cells were lysed in radioimmu-
noprecipitation assay buffer (Thermo Fisher Scientific) sup-
plemented with protease and phosphatase inhibitors (Thermo
Fisher Scientific). Total lysate containing equal amounts of
protein were separated by SDS-PAGE gel and subsequently
transferred onto polyvinylidene fluoride membrane. Mem-
branes were then subjected to probing with antibodies. West-
ern blot signals were detected by using SuperSignal West Pico
Chemiluminescent substrate (Thermo Fisher Scientific) and
exposed on films.
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Q-PCR
RNA was isolated using the RNAqueous kit (Ambion) and trea-
ted with DNA-free DNase (Ambion). cDNA was synthesized
using oligo(dT) and Superscript II reverse transcription (In-
vitrogen). Q-PCR reactions were performed in triplicate using iQ
SYBR Green Supermix (Bio-Rad) and the Bio-Rad iQ5 Multicolor
Real-Time PCR Detection System. Primer sequences are avail-
able upon request.

Three paired primary and relapsed human MB (SHH-group)
tissues were provided by the Children’s Brain Tumor Tissue
Consortium at the Children’s Hospital of Philadelphia. Total
RNAs were extracted from tumor tissues using the RNAqueous
kit to examine the expression of BMPs by Q-PCR.

sc-RNAseq and data analyses
Viable single cells were loaded on to a 10x Genomics Chromium
Controller instrument to generate single-cell barcoded droplets
(gel beads in emulsion [GEMs]) using the 10x Single Cell 39 Gel
Bead Kit and 10x Chromium system at GENEWIZ following the
manufacturer’s protocol. Briefly, single cells were partitioned
into GEMs in the Chromium Controller instrument with cell
lysis and barcoded reverse transcription of RNA, followed by
cDNA amplification, shearing, library construction, and index-
ing by PCR amplification. Subsequently, libraries were se-
quenced by Illumina 2× 150-bp sequencing.

The Cell Ranger Single Cell Software Suite v2.0.1 (https://
support.10xgenomics.com/) by 10x Genomics was used to per-
form sample demultiplexing, barcode processing, and single-cell
39 gene counting. In brief, base call files in FASTQ format were
aligned to the mm10 reference genome that used an aligner
called STAR with default settings, and aligned reads were fil-
tered for valid cell barcodes and a unique molecular identifier
(UMI) to generate filtered gene–barcode matrices. The pre-
processed 10x and DGE matrices were then imported using the
Seurat package for the R programming language (v3.5.4), and
the data were filtered to include genes detected in >5 cells, cells
with ∼500–6,000 detected genes, and UMIs with ∼1,000–30,000
and <15% mitochondrial genes. For single-dataset analyses, log-
normalized expression values were obtained by the Normal-
izeData function, and variable genes were identified using the
FindVariableGenes Seurat function. Transcripts per million values
were obtained from raw UMI counts by normalizing with total
UMI counts per cell. Next, PCA was performed, and significant
principal components were used as input for graph-based clus-
tering. 2D visualization of the multidimensional dataset was done
with tSNE. For clustering, we used the function FindClusters that
implements a shared-nearest-neighbor modularity optimization–
based clustering algorithm on 15 PCA components with reso-
lutions of 0.1–0.5, leading to 5–12 clusters. A resolution of 0.25was
chosen for the analysis.

Profiling differentially expressed genes within each
cell cluster
To identify differentially expressed genes in each cell cluster, we
applied the FindAllMarkers function from Seurat to the nor-
malized gene expression data. We selected a power value >0.25
as the cutoff for gene selection. The gene expression levels

plotted by packages in R. For cell type analysis, we performed
differentially expressed gene analysis by comparing each cluster
with the other clusters using the Wilcoxon rank sum test. Genes
with scaled dispersion >0.25 and log-normalized average ex-
pression >0.01 were included in the analyses. For each cluster,
differentially expressed genes with top 1.5-fold changes were
designated as a cell type signature, Thresholds were set as P <
0.05. If a cell type signature gene overlapped among different
clusters, the gene was assigned to the cluster having the highest
expression value. To characterize clusters, we used known
marker genes that were reported to compare the differentially
expressed gene using GeneQuery and Enrichment analysis. For
heatmap representation, normalized expression of markers
inside each cluster was used.

RNAseq
Total RNA was extracted from FACS-purified astrocytes in
mouse primary and relapsed MB. Strand-specific mRNAseq li-
braries for the Illumina platform were generated and sequenced
at GENEWIZ following the manufacturer’s protocol. High-
quality total RNA was used as input for the so-called dUTP
(2’-deoxyuridine 5’-triphosphate) library preparation method.
Briefly, the mRNA fraction was purified from total RNA by
polyA capture, fragmented, and subjected to first-strand cDNA
synthesis with random hexamers in the presence of actinomycin
D. Second-strand synthesis was performed incorporating dUTP
instead of 2’-deoxythymidine 5’-triphosphate. Barcoded DNA
adapters were ligated to both ends of the double-stranded cDNA
and subjected to PCR amplification. The resultant library was
checked on a Bioanalyzer (Agilent) and quantified. The libraries
were multiplexed, clustered, and sequenced on an Illumina Hi-
Seq 2000. The sequencing run was analyzed with the Illumina
CASAVA pipeline (v1.8.2), with demultiplexing based on sample-
specific barcodes. The raw sequencing data produced was pro-
cessed by removing the sequence reads that were of too-low
quality (only “passing filter” reads were selected) and discard-
ing reads containing adaptor sequences or PhiX control with an
in-house filtering protocol.

Quantification and statistical analysis
Student’s t test was performed to determine the statistical sig-
nificance of the difference, unless stated otherwise. P < 0.05 was
considered statistically significant (*, P < 0.05; **, P < 0.01; and ***,
P < 0.001). Error bars represent SEM. Data handling and statistical
processing were performed using Microsoft Excel and GraphPad
Prism software. Details of specific tests and sample numbers are
reported in figure legends or in the main text.

Online supplemental material
Fig. S1 shows the apoptosis of astrocytes in primary MB after
irradiation; expression of SoxE genes (Sox8, Sox9, and Sox10);
and expression of levels of Sox9 protein in astrocytes from
primary and relapsed MB. Fig. S2 shows the effects of Sox9
deletion on tumor cell proliferation and differentiation and the
abundance of astrocytes and animal survival in MPS mice
bearing primary MB. Fig. S3 shows the repression of BMP sig-
naling in tumor cells after treatment with LDN193 or LDN214
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and the inhibition of Sox9 phosphorylation in tumor cells fol-
lowing treatment with LDN193 or LDN214. Fig. S4 shows the
unaltered proliferation of tumor cells and unchanged number of
TAs in primary MB after treatment with LDN193 or LDN214. Fig.
S5 shows the inhibition of BMP signaling in MB tissue after
treatment with LDN193 or LDN214. Table S1 lists the genes that
are up-regulated in relapsed human MB tissue compared with
paired primary MB tissue.
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Supplemental material

Figure S1. Sox9 expression was up-regulated in TAs from relapsedMB. (A)Math1-Cre/ptch1fl/fl mice were irradiated at 4 wk of age. 3 d after the radiation,
tumor tissues were collected to examine the astrocytes (S100β+) and apoptotic cells (CC3+) by immunohistochemistry. Tumor tissues without radiation were
used as a control. Note that apoptotic cells were found among astrocytes (arrows) in tumor tissue after the irradiation but were absent among those in tumor
tissue without irradiation. (B and C) Expression levels of Sox8, Sox9, and Sox10 mRNAs in astrocytes purified from primary and relapsed MB by FACS, ex-
amined by Q-PCR (B; n = 3). Levels of Sox9 protein in primary and relapsed MB tissue, examined by Western blotting (C). A representative image from three
experiments is shown. **, P < 0.01, Student’s t test.
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Figure S2. No alterations in the proliferation of MB cells after Sox9 deletion. (A–J) Tumor-bearing MPS mice (confirmed by MRI) were treated with corn
oil or tamoxifen by oral gavage once a day for 7 consecutive days. After the treatment, tumor tissues were harvested to examine tumor cell proliferation (Ki67,
A and B) and differentiation (NeuN, D and E), as well as astrocytes (BLBP, G and H), by immunohistochemistry. Representative images from three experiments
are shown. The percentage of Ki67+ cells (C), NeuN+ cells (F), and astrocytes (BLBP+, I) in tumor tissue was quantified (n = 3). Survival curves of MPS mice after
treatment with tamoxifen or corn oil (J). DAPI was used to counterstain cell nuclei. (K) Increased levels of NeuN protein in tumor tissue from irradiated MPS
mice after tamoxifen treatment, compared with vehicle treatment, was confirmed by Western blotting. Representative images from three experiments are
shown. Scale bars: 40 µm.
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Figure S3. LDN193 and LDN214 suppressed BMP signaling and Sox9 phosphorylation in MB cells. (A–C)MB cells isolated from MPG mice were treated
with BMPs combined with DMSO, LDN193, or LDN214 for 48 h, before being collected to examine the expression of Id1 and Id2 by Q-PCR (n = 4) and the levels
of phosphorylation of Smad by Western blotting. Representative images from four experiments are shown. The expression of Id1 or Id2 in tumor cells after
combined treatment with BMPs and LDN193 or LDN214, relative to that with the treatment of BMPs alone: BMP2 (A), BMP5 (B), and BMP7 (C). GAPDH was
used as a loading control. (D–F) MB cells from MPG mice were treated with 80 ng/ml BMPs together with DMSO, LDN193, or LDN214 (1 µM) for 4 h, before
being harvested to examine p-Sox9 by Western blotting. GAPDH was used for a loading control. Representative images from four experiments are shown.
Levels of p-Sox9 in tumor cells treated with LDN193 or LDN214, relative to that in DMSO-treated tumor cells, were quantified (n = 4). BMP2 (D), BMP5 (E), and
BMP7 (F). **, P<0.01; ***, P < 0.001, Student’s t test.
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Provided online is one table. Table S1 lists the genes that are up-regulated in relapsed human MB tissue compared with paired
primary MB tissue.

Figure S4. Tumor cell proliferation and TA number were not altered in primary MB after treatment with LDN193 or LDN214. (A and B)MB cells from
Math1-Cre/Ptch1fl/fl mice were treated with DMSO, LDN193, or LDN214 (both at 1 µM) for 48 h and pulse-labeled with EdU for 2 h before being harvested to
examine EdU incorporation by immunocytochemistry (A). DAPI was used to counterstain cell nuclei. Representative images from four experiments are shown.
The percentage of EdU+ cells in tumor cells treated with DMSO, LDN193, or LDN214was quantified (n = 4; B). (C–E)Math1-Cre/Ptch1fl/fl mice, 4 wk of age, were
treated with 25 mg/kg LDN193 (n = 5), LDN214 (n = 4), or MCT as a control (n = 6) by oral gavage once a day for 3 wk. After the treatment, tumor tissues were
collected to examine astrocytes (S100β+) by immunohistochemistry (C). DAPI was used to counterstain cell nuclei. Representative images from four ex-
periments are shown. The percentage of astrocytes (S100β+) in tumor tissue was quantified (n = 4; D). Survival curves of Math1-Cre/Ptch1fl/fl mice after
treatment with LDN193, LDN214, or MCT (E). Scale bars: 20 µm (A); 15 µm (C).

Figure S5. BMP pathway was inhibited in tumor tissue after treatment with LDN193 or LDN214. (A–C) Cerebella in MPG mice after irradiation and drug
treatment were harvested to examine the expression of Id1 and Id2 mRNAs by Q-PCR (A) and levels of phosphorylated Smad (B) and Sox9 (total Sox9 and
phosphorylated Sox9; C) by Western blotting. Representative images from four experiments are shown. Levels of pSmad and pSox9 were quantified and
normalized to the GAPDH loading control (right panels in B and C; n = 4). *, P < 0.05; ***, P < 0.001, Student’s t test.
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