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The primary cilium, a signaling organelle projecting from the surface of a cell, controls cellular physiology and
behavior. The presence or absence of primary cilia is a distinctive feature of a given tumor type; however, whether
and how the primary cilium contributes to tumorigenesis are unknown for most tumors. Medulloblastoma (MB)is a
common pediatric brain cancer comprising four groups: SHH, WNT, group 3 (G3), and group 4 (G4). From 111 cases of
MB, we show that primary cilia are abundant in SHH and WNT MBs but rare in G3 and G4 MBs. Using WNT and
G3 MB mouse models, we show that primary cilia promote WNT MB by facilitating translation of mRNA encoding
B-catenin, a major oncoprotein driving WNT MB, whereas cilium loss promotes G3 MB by disrupting cell cycle
control and destabilizing the genome. Our findings reveal tumor type-specific ciliary functions and underlying
molecular mechanisms. Moreover, we expand the function of primary cilia to translation control and reveal a mo-
lecular mechanism by which cilia regulate cell cycle progression, thereby providing new frameworks for studying

cilium function in normal and pathologic conditions.
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The primary cilium plays important roles in multiple sig-
naling pathways, whose dysfunctions contribute to tu-
morigenesis (Eguether and Hahne 2018; Liu et al. 2018).
The cilium grows from the basal body, a modified centri-
ole, anchored to the cell membrane. Before undergoing
mitosis, a cell must disassemble its cilium to convert
the basal body into the centrosome that organizes the mi-
totic spindle. Thus, cell cycle progression is tightly associ-
ated with the assembly and disassembly of primary cilia
(Izawa et al. 2015; Wang and Dynlacht 2018). Notably,
the presence or absence of primary cilia is a distinctive
feature of many tumor types and of tumor stages in
some tumors (Eguether and Hahne 2018; Liu et al. 2018).
Moreover, cilium gain or loss during targeted therapy
can render tumor cells resistant to such therapies (Zhao
et al. 2017; Jenks et al. 2018). These observations suggest
that primary cilia play important roles in the development
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and progression of diverse tumors and that these roles dif-
fer between tumor types. A mechanistic understanding of
the function of cilia in the context of each tumor type will
provide insights into tumorigenic mechanisms and reveal
new therapeutic targets.

Medulloblastoma (MB) is the most common malignant
brain tumor in children. It comprises four groups: SHH,
WNT, group 3 (G3), and group 4 (G4), which show distinct
molecular, pathologic, and clinical features (Wang et al.
2018; Juraschka and Taylor 2019; Northcott et al. 2019).
SHH and WNT MBs are driven by abnormally active SHH
and WNT signaling, respectively. For G3 and G4 MBs, no
common driver pathways have been identified other than
recurrent MYC amplification, which is present in 17% of
G3 MBs. Despite the distinct features of the different MB
groups, patients with MB receive largely identical treat-
ments: surgical resection, cytotoxic chemotherapy, and ra-
diation therapy. Current therapies fail to cure one-third of
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patients, and survivors experience lifelong, debilitating side
effects. Radiation and chemotherapy can also cause second-
ary malignancies. Therefore, we need a deeper understand-
ing of the mechanisms that drive each MB type in order to
develop specific, effective, and less toxic therapies.

Early evidence for the tumor-specific roles of primary
cilia came from studies in basal cell carcinoma and MB
driven by SHH signaling (Han et al. 2009; Wong et al.
2009). Primary cilia are required or inhibitory for SHH
MB, depending on the tumor-initiating mutations. In
mice, constitutively active Smoothened, an upstream acti-
vator of SHH signaling, requires primary cilia in order to
induce SHH MB; however, constitutively active GLI2, a
transcription factor downstream from SHH signaling, re-
quires cilium loss to induce SHH MB. Primary cilia play
similar dual opposing roles in basal cell carcinoma. Nota-
bly, primary cilia are abundant in SHH and WNT MB but
rare in the other groups (Han et al. 2009). Nevertheless, it
isunknown whether primary cilia play a role in MB groups
other than SHH MB. Here, we report that primary cilia
promote WNT MB but inhibit G3 MB. Mechanistically,
primary cilia promoted WNT MB by facilitating the syn-
thesis of p-catenin, the major oncoprotein driving WNT
MB, whereas cilium loss promoted G3 MB by abnormally
activating cyclin-dependent kinase 1 (CDK1), disrupting
cell cycle control, and increasing genome instability. Our
studies reveal novel functions of primary cilia in transla-
tion and cell cycle progression, fundamental processes
commonly misappropriated for tumorigenesis.

Results

Association of primary cilia with distinct human
MB groups

We previously showed that primary cilium prevalence is
tightly associated with the molecular groups of human
MB in a cohort of 24 samples (Han et al. 2009). To verify
these initial findings obtained from a small number of
samples, we quantified primary cilia in 111 human MB
samples comprising 22 SHH, 13 WNT, nine G3, and 23
G4 samples and 44 samples defined as non-WNT/non-
SHH (NWNS). Consistent with the previous observation,
primary cilia were abundant in SHH and WNT MBs but
rare in the other groups (Fig. 1A,B).

SHH MBs showed considerable variation in cilium fre-
quency. Notably, seven GLI2-amplified SHH MB samples
had significantly fewer cilia than did the other 15 SHH MB
samples without GLI2 amplifications (Fig. 1A,C). The
GLI2-amplified MB with the highest frequency of ciliated
cells had bulged cilia, a sign of defective ciliogenesis (see
below). These results suggest that ciliogenesis in GLI2-
amplified MBs is impaired. Previously, we showed that pri-
mary cilia suppress GLI2-driven MB development and
must be removed for GLI2 to induce MB in mice (Han
et al. 2009). Similarly, primary cilia might inhibit GLI2-
driven SHH MB in humans; however, more GLI2-ampli-
fied MBs need to be examined before a definitive conclu-
sion can be drawn about this. In our SHH MB cohort, 16
samples were verified as TP53 wild type and three as
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TP53 mutant. The cilia frequencies did not differ signifi-
cantly between the TP53 wild-type and mutant samples
(Fig. 1D). The three TP53 mutant SHH MBs included the
sample that had the highest frequency of ciliated cells
and two samples that had the lowest frequency of ciliated
cells, which had GLI2 amplification. Although more TP53
mutant SHH MBs should be examined, these initial find-
ings suggest that TP53 mutation status is not associated
with cilium frequency in SHH MBs.

In two of 22 SHH MB samples, the cilia appeared bulged
(Fig. 1A, inset and arrows). Bulged cilia form when ciliary
components accumulate abnormally at the tip of the cilia
as a result of defective retrograde intraflagellar transport
(IFT), a dedicated trafficking mechanism inside cilia
(Rosenbaum and Witman 2002; Taschner and Lorentzen
2016). Defective retrograde IFT can cause hyperactivation
of hedgehog signaling (Tran et al. 2008; Stottmann et al.
2009; Mukhopadhyay et al. 2010; Qin et al. 2011); there-
fore, the abundant bulged cilia in two SHH MB samples
suggest that defective retrograde IFT contributes to the
hyperactivation of SHH signaling in these MBs.

Primary cilia are present in WNT MBs but absent
in G3 MBs in mouse models

Primary cilium prevalence was tightly associated with the
molecular groups of human MB (Fig. 1). Remarkably, in
mouse models, primary cilia were also present in WNT
MBs driven by a constitutively active p-catenin and a consti-
tutively active PI3 kinase [BIbp:Cre; Ctnnb™?exS)/,
Pik3ca®PE54K)/*] (Robinson et al. 2012) but absent in G3
MBs developed from orthotopically implanted Trp53~/~
cerebellar granule neuron precursor cells (GNPs) overex-
pressing MYC (Fig. 1E; Kawauchi et al. 2012). These find-
ings, together with previous ones that primary cilia
promote or suppress SHH MB in mice depending on the tu-
mor-initiating mutation, suggest that primary cilia play dis-
tinct and critical roles in WNT and G3 MB.

Primary cilium loss in mouse WNT MB inhibits tumor
development

To investigate the role of primary cilia in WNT MB, we re-
moved primary cilia from WNT MBs by conditionally
deleting Kif3a, a gene essential for ciliogenesis (Marszalek
et al. 1999, 2000), in BIbp:Cre; Ctnnb1ex3/*,
Pik3caFo#R1+, Kif3a™ mice. Remarkably, cilium loss
blocked WNT MB formation in one-third of the mice
and delayed tumor development in the others, signifi-
cantly extending the life span of tumor-bearing mice
(Fig. 2A-C). WNT MB develops from ectopically accumu-
lated cells in the dorsal brainstem (Gibson et al. 2010).
This ectopic cell accumulation still formed in the absence
of cilia (Fig. 2D). All control WNT MB mice [Blbp::Cre;
Ctnnb 11X+, pik3ca/(F545K)/, K1'f3aﬂ/ *] succumbed to
their tumors within 200 d after birth. In contrast,
more than half of the mice lacking cilia [Blbp::Cre;
Ctnnb 19"+, pik3ca>#°K)/*; Kif3a"""] remained alive
at 200 d after birth (Fig. 2C), and the ectopically clustered
cells in those mice that had not developed tumors had
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Figure 1. Prevalence of primary cilia in human and
mouse MBs. (A) Primary cilia were abundant in SHH
and WNT MBs but rare in other MBs. Primary cilia
were stained with an antibody to ARL13B (green), basal
bodies were stained with an antibody to pericentrin
(magenta), and nuclei were stained with DAPI (blue).
The top row shows examples of SHH MBs, including a
GLI2-amplified MB and an MB containing abundant
bulged cilia (white arrows). The bottom row shows ex-
amples of tumors from the other MB groups. (B) Quan-
tification of ciliated cells in human MBs (mean=
standard deviation [SD|, Kruskal-Wallis test with
Dunn’s multiple comparison test). (C,D) Quantification
of ciliated cells in SHH MBs with respect to GLI2 ampli-
fication (C) and TP53 mutation (D) (mean = SD, Mann—
Whitney test). (E) In mouse models, primary cilia were
present in WNT MBs but not in G3 MBs. Primary cilia
are stained green (ARL13B), basal bodies are stained red
(y-tubulin), and nuclei are stained blue (DAPI). Insets
are high-magnification images.
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many apoptotic cells and no proliferating cells (Fig. 2E).
Therefore, primary cilia were required to enhance the pro-
liferation and survival of the cells of origin of WNT MB.
The WNT MBs that formed without cilia also showed de-
creased proliferation and increased cell death when com-
pared with control WNT MBs (Fig. 2F).

Transformed WNT MB cells require primary cilia for
survival and proliferation

Our data showed that primary cilia are required for the de-
velopment of WNT MB from the ectopically accumulated
cells of origin. Fully transformed WNT MB cells main-
tained primary cilia (Fig. 1). To investigate whether prima-
ry cilia were still required by the fully transformed WNT
MB cells, we transduced primary WNT MB cells isolated
from WNT MB mice with lentiviruses expressing control
shRNAs (shCTL) or shRNAs targeting Ift88 (shIft88), an es-
sential ciliogenic gene (Pazour et al. 2000). We chose to
knock down Ift88 instead of Kif3a to confirm that the effect

of Kif3a loss was due to cilium loss. WNT MB cells were
also transduced with lentiviruses expressing luciferase to
monitor tumor growth. The implanted tumor cells formed
secondary tumors that had primary cilia (Fig. 3A). Acute re-
moval of cilia by shlft88 from primary WNT MB cells sig-
nificantly delayed secondary tumor development and
prolonged the survival of tumor-bearing mice (Fig. 3A-C).
The loss of either Kif3a or Ift88, two different ciliogenic
genes, similarly impeded WNT MB growth, supporting
the hypothesis that cilia promote WNT MB growth. Simi-
lar to the chronic cilium loss in the cells of origin of WNT
MB (Fig. 2F), acute cilium loss in fully transformed WNT
MB increased cell death and decreased proliferation (Fig.
3D). Furthermore, cilium loss significantly decreased the
proportion of cells re-entering the cell cycle and increased
the proportion exiting it (Fig. 3E), as assessed by sequential
labeling with two thymidine analogs, BrdU and EdU, that
were injected at 24 and 2 h, respectively, before euthanasia.
Consistently, cilium loss strongly increased the number of
cells expressing the differentiated neuronal marker TUJ1 in
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Figure 2. Primary cilium loss inhibits WNT MB development. (A) H&E staining showing WNT MB in the brainstem (arrows). (B) WNT
MB sections stained for primary cilia (ARL13B, green) and nuclei (DAPI, blue). Cilia were present in control WNT MB (Kif34/*) but not in
Kif3a™" mutant WNT MB. (C) Survival curve showing that cilium loss (Kif3a™") in WNT MB prolonged survival of mice (log-rank test).
(D) H&E staining showing an ectopic cluster of cells (left panel, arrow) formed in the dorsal brainstem in the absence of cilia (Kif3a™").
Dotted lines demarcate the ectopic cluster. The right panel shows that primary cilia were present outside the ectopic cluster but not with-
in it. Primary cilia are stained green (ARL13B), basal bodies are stained red (y-tubulin), and nuclei are stained blue (DAPI). (E) Ectopic clus-
ters stained for markers of proliferation (Ki67, green) and apoptosis (ApopTag, green) showed apoptotic cells but no proliferating cells in the
absence of cilia. (F) Quantification of BrdU* cells and apoptotic cells in control (Kif3a”*) and Kif3a™" mutant WNT MBs (mean + SD,

Mann-Whitney test). Insets are high-magnification images.

WNT MB (Fig. 3F). Therefore, fully transformed WNT MB
cells still required primary cilia for optimal survival and
continuous proliferation.

Loss of cilia decreases p-catenin-dependent transcription

To understand the mechanism by which cilium loss inhib-
ited WNT MB, we sequenced RNA from shCTL WNT MB
and shlIft88 WNT MB. Ingenuity Pathway Analysis (IPA) of
RNA-seq data revealed B-catenin to be the most signifi-
cantly inhibited upstream regulator (P=3.06x 10~7) (Sup-
plemental Fig. STA). RT-qPCR of WNT MB target genes
confirmed that p-catenin target gene expression was de-
creased in shlft88 WNT MB as compared with shCTL
WNT MB (Fig. 4A). The expression level of Axin2, a well-
known transcriptional target of WNT signaling, was not
decreased by cilium loss, suggesting that the decreased p-
catenin activity in cilium-deficient tumor cells was still
sufficient to activate expression of some p-catenin target
genes.
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Cilium loss decreases B-catenin synthesis

To understand why p-catenin target gene expression was
decreased in tumor cells lacking cilia, we examined the
B-catenin levels. Cilium loss dramatically decreased p-cat-
enin protein levels, especially in nuclei (Fig. 4B,C), but not
mRNA levels (Supplemental Fig. S1B,C), in WNT MB. Cil-
ium loss also decreased p-catenin protein levels in primary
WNT MB cells in culture (Fig. 4D,G). p-Catenin levels in
cells transduced with shCTL and in nontransduced
WNT MB cells (WT) were similar, indicating that lentivi-
ral transduction of shRNAs per se did not affect p-catenin
protein levels (Fig. 4D). The decrease in p-catenin protein
levels but not mRNA levels was surprising because
Ctnnb1™e*39’* in our WNT MB mouse model encodes a
mutant B-catenin that is resistant to phosphorylation and
ubiquitin-mediated degradation (Harada et al. 1999).
Therefore, we examined whether cilium loss affected
B-catenin protein synthesis. To assess the p-catenin syn-
thesis rate, we blocked protein synthesis with low-dose cy-
cloheximide for 16 h and then removed the cycloheximide


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349596.122/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349596.122/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349596.122/-/DC1

A
shift88
ARL13B yTub DAPI
P=0.0003
¢ 100
] -o-shCTL (n=14)
J Median survival: 50
1 -=-shlft88 (n=15)
50_' Median survival: 74.5

Percent survival (%)

fl/+

Kif3a

WNT MB

o 100%

Cilia control translation and the cell cycle

7 (Yvks)

3 4 5 6
- 3
N e & .
% 4
m I
=
2]
Luminescence NE 20 6 5 o - ShCTL
w = shlft88
20 2515
15 g3
- ° g>10
1.0 £ 5 ,} i
T 77 7 17 '
0.5 0 T T T T T
3 4 5 6 7(wks)
80 4007 p=0.0002
D o
T £ 60 2t
o £ g
o~ S
gg 40 5 g
[ =]
g 220 m o

50% [CJEduBrdu* (Cell cycle re-entry)

[l EdUBrdU* (Cell cycle exit)

0% [CJeduBrdu
°7 "shCTL  shifts8
P=0.0159
40
30 _:.E_
20

TUJ1+/DAPI (%)

0

Kif3a™* Kif3a™"

Figure 3. Primary cilia promote proliferation and survival of WNT MB cells. (A) Immunofluorescence images of secondary WNT MB
formed from implanted WNT MB cells transduced with lentiviruses expressing shCTL or shIft88 shRNA. Cilia are stained green

(ARL13B), basal bodies are stained red (y-tubulin), and nuclei are

stained blue (DAPI). Insets are high-magnification images. (B) Biolumi-

nescence images and quantifications of implanted WNT MB cells expressing luciferase. The numbers above and below the plots are the
number of animals per time point. (C) Survival curves showing that cilium loss (shIft88) in WNT MB cells prolonged the survival of tumor-
implanted mice (log-rank test). (D) Quantification of BrdU* and apoptotic cells in secondary WNT MBs with cilia (shCTL) or without cilia
(shIft88) (mean = SD, unpaired t-test). (E) WNT MB sections stained for BrdU (red) and EdU (green), which were injected 24 and 1 h, respec-

tively, before the mice were euthanized, and quantifications (me
and quantifications (mean + SD, Mann-Whitney test).

in the presence of MG132, a proteasome inhibitor, so that
newly synthesized B-catenin proteins could accumulate
and be assessed over time. Upon removal of cyclohexi-
mide, p-catenin protein levels increased gradually in con-
trol cells; however, this increase was severely blunted in
cells lacking cilia (Fig. 4E,F). We independently performed
this experiment twice. Although the combined results
from the two experiments were not statistically signifi-
cant because of relatively high variability in shCTL cells
between the two experiments, cilium loss strongly de-
creased B-catenin synthesis in each experiment.

Cilium loss disrupts localization of ELAVLI,
which promotes f-catenin synthesis

To investigate how cilium loss decreased -catenin pro-
tein synthesis, we examined ELAVL]1, an RNA binding

an + SD, unpaired t-test). (F) WNT MB sections stained for TUJ1 (green)

protein that binds to p-catenin mRNA and regulates its
translation (Peng et al. 1998; Lopez de Silanes et al.
2003; Cao et al. 2015; Chou et al. 2015; Palomo-Irigoyen
et al. 2020; Schultz et al. 2020). Cilium loss drastically
changed the distribution of ELAVL1. ELAVLI was distrib-
uted throughout cells in control WNT MBs but accumu-
lated in the nuclei of WNT MB cells lacking cilia both
in vivo and in vitro (Fig. 4G,H). Importantly, cytoplasmic,
but not nuclear, ELAVLI promotes translation of its target
mRNAs (Atasoy et al. 1998; Fan and Steitz 1998; Peng
et al. 1998; Wang et al. 2000; Grammatikakis et al. 2017;
Schultz et al. 2020). We knocked down ELAVLI1 to test
whether it controlled B-catenin protein synthesis in
WNT MB cells. ELAVL1 knockdown decreased the levels
and synthesis of f-catenin in WNT MB cells in a manner
similar to cilium loss (Fig. 4D-F), indicating that ELAVLI1
promotes B-catenin protein synthesis in WNT MB.
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Figure 4. Primary cilia promote B-catenin mRNA translation in WNT MB cells. (A) Cilium loss decreased p-catenin target mRNA levels
in WNT MB. The bars show the fold changes in Gapdh-normalized mRNA levels relative to those in control WNT MB (shCTL) as mea-
sured by qPCR. (B,C) Cilium loss decreased nuclear B-catenin (green) in WNT MB. Plots show the mean + SD (Mann-Whitney test). (D)
Western blot showing that knockdown of cilia (shIft88) or of ELAVLI decreased p-catenin levels in WNT MB cells in culture. (E,F) Loss of
cilia or of ELAVLI1 decreased p-catenin protein synthesis in WNT MB cells. Western blots (E) and quantifications (F) show gradual accu-
mulation of p-catenin after cells are released from translation block by cycloheximide. The graphs show results from two independent
experiments. (G) Cilium loss (shIft88) decreased nuclear p-catenin (green) and increased nuclear ELAVLI levels in WNT MB cells in cul-
ture. (H) ELAVLI] (magenta) distributed throughout a cell in control (Kif3a™*) WNT MB in vivo. Cilium loss (Kif3a™") induced nuclear
accumulation of ELAVL] in WNT MB cells in vivo. (I) Fluorescent in situ hybridization signal shows B-catenin mRNA distribution. A
weak, gray in situ hybridization signal was diffused throughout the control WNT MB tumor (Kif3a’/*) but was absent in WNT MBs lacking
cilia (Kif3a™"), in which the hybridization signal formed large aggregates (arrows|. Insets are high-magnification images. (J,K) Cilium loss
(Kif3a™") increased granules labeled with the G3BP1 antibody in WNT MB. Plots show the mean + SD (Mann-Whitney test). (L) Immu-
nofluorescence combined with in situ hybridization shows colocalization of G3BP1 protein (red) and p-catenin mRNA (green) in granules.
The arrow indicates an example of colocalization.
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Nuclear accumulation of ELAVL] may contribute to im-
paired p-catenin synthesis in WNT MB cells lacking cilia.

Cilium loss increases G3BP1"* granules containing
B-catenin mRNA

The mislocalization of ELAVL1 prompted us to examine
B-catenin mRNA localization. Fluorescent in situ hybrid-
ization (FISH) showed that p-catenin mRNA was distribu-
ted throughout the cytoplasm (the weak and diffuse gray
signal in Fig. 41, top panel) and formed small speckles in
control WNT MB cells. Remarkably, B-catenin mRNA ag-
gregated to large bodies in WNT MB cells lacking primary
cilia (Fig. 41). The diffuse gray FISH signal for p-catenin
mRNA in control WNT MB cells largely disappeared in
WNT MB cells lacking cilia (the images were acquired us-
ing the same acquisition settings and were not subse-
quently modified). The aggregated B-catenin mRNA in
the WNT MB cells lacking cilia was reminiscent of stress
granules, which form from mRNAs stalled in translation
initiation (Kedersha et al. 2013; Protter and Parker
2016). Indeed, cilium loss strongly increased granules
marked by G3BP1, a canonical marker and a key nucleat-
ing protein of stress granules (Fig. 4],K). Furthermore,
G3BP1 and B-catenin mRNA colocalized in the granules
(Fig. 4L), suggesting that cilium loss increased stress gran-
ules containing p-catenin mRNA whose translation was
disrupted. Together, our results show that primary cilia
promote WNT MB by facilitating the synthesis of p-cate-
nin, the major oncogenic driver in 90% of WNT MBs.

Primary cilia gradually disappear as G3 MBs develop

In sharp contrast to WNT MB cells, G3 MB cells lacked
primary cilia in humans and in a mouse model of G3
MB (Fig. 1). However, precursor cells for G3 MB in a
mouse model (Kawauchi et al. 2012)—i.e., Trp53~/~
GNPs that overexpress MYC—still had primary cilia be-
fore being implanted in the brain (Fig. 5A). To determine
when cilia disappear from these precursor cells, we im-
planted G3 MB precursors | Trp53_/ ~ GNPs overexpressing
MYC) into mouse brains and quantified the cilia in im-
planted cells at 1, 2, and 3 wk after implantation. Primary
cilia gradually shortened and disappeared as the implant-
ed cells expanded and formed tumors (Fig. 5B-D).

Primary cilium loss in G3 MB precursors accelerates
tumor development

The gradual cilium loss in implanted G3 MB precursor
cells could be a secondary consequence of tumorigenesis.
Alternatively, cilium loss may spur tumorigenesis, as it
does in GLI2-driven MB development (Han et al. 2009).
Accordingly, we asked whether cilium loss from G3 MB
precursors accelerated tumorigenesis. To remove primary
cilia, we transduced Trp53~~ GNPs that overexpress
MYC with the same shIft88-expressing lentiviruses that
we used to remove primary cilia in WNT MB cells. In con-
trast to WNT MB cells, cilium loss in G3 MB precursors
significantly shortened the lives of mice with tumors

Cilia control translation and the cell cycle

(Fig. 5E). To understand the cellular mechanism by which
cilium loss accelerated tumor growth, we examined cell
proliferation and cell death at 3 wk after implantation,
when a substantial portion of G3 MB cells still had prima-
ry cilia (Fig. 5F) and when mice implanted with shIft88 but
not shCTL G3 MB precursors started to succumb to their
tumors (Fig. 5E). Cilium loss did not affect cell death (Fig.
5G) but significantly increased BrdU-incorporating cells
(Fig. 5H), suggesting that there was increased prolifera-
tion. Surprisingly, however, there were fewer cells posi-
tive for phospho-histone H3 (PH3), another -cell
proliferation marker, in shIft88 G3 MBs than in control
MBs (Fig. 51). BrdU labels cells in S phase, whereas PH3 la-
bels cells in late G2 and M phases. The contradictory
staining patterns for PH3 and BrdU suggested that cilium
loss changed the cell cycle dynamics.

Primary cilium loss in G3 MB precursors aberrantly
activates CDK1

To determine whether cilium loss affected cell cycle dy-
namics, we performed double-thymidine analog analysis
and measured the percentage of labeled mitosis (Cai
etal. 1997; Hayes and Nowakowski 2000). Three weeks af-
ter implanting G3 MB precursors, we injected mice with
CldU, 1dU, and EdU at 3, 2, and 1 h, respectively, before
harvesting their brains (Fig. 6A) and calculated the length
of each cell cycle phase (details in the Materials and Meth-
ods). Cilium loss shortened the total cell cycle and each
phase thereof (Fig. 6A). The G2 phase showed the largest
relative decrease in length. The levels of cyclins are tight-
ly regulated during cell cycle progression. Cyclin A accu-
mulates in the nucleus during the S and G2 phases and
rapidly declines as cells enter mitosis, whereas cyclin B
accumulates in the cytoplasm in G2 and persists until
midmitosis (Minshull et al. 1990; Pines and Hunter
1990, 1991). Therefore, cells in G2 strongly express cy-
clins A and B. To test further whether cilium loss short-
ened G2, we quantified cells expressing both cyclin Al
and cyclin B2; antibodies against cyclin A2 and cyclin
B1 did not stain implanted cells. Cilium loss significantly
decreased the proportion of cells expressing both cyclin
Al and cyclin B2 (Fig. 6B,C). Taken together, these results
suggested that cilium loss shortened the G2 phase.

To understand the mechanism underlying the short-
ened G2, we examined the activity of CDK1, a key regu-
lator of G2/M transition. Phosphorylation of tyrosine 15
(pCDK1¥'®) by WEE1 and of threonine 14 (pCDK17'4)
by MYT1 prevents CDKI from triggering premature entry
into mitosis (Lindqvist et al. 2009). We detected no
pCDK1"* by immunostaining in implanted cells, but cil-
ium loss strongly decreased the pCDK1Y'® levels (Fig. 6D,
E). In controls, most PH3-negative interphase cells, but
not PH3-positive mitotic cells, expressed pCDK1¥'®, con-
sistent with the low activity of CDK1 in interphase. Re-
markably, cilium loss strongly decreased pCDK1Y!® in
PH3-negative cells, indicating that CDK1 was abnormally
activated in interphase cells in the absence of cilia. Of
note, CDKI1 also plays important roles in S-phase progres-
sion (Katsuno et al. 2009). Therefore, abnormal CDK1
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Figure 5. Primary cilium loss promotes G3 MB. (A) G3 MB precursors expressing MYC and mCherry (red) had primary cilia (ARL13B,
green, arrows) before implantation. (B-D) G3 MB precursors gradually lost cilia from 1 to 3 wk after implantation. H&E-stained sections
show implanted cells (black arrows). Primary cilia are stained green (ARL13B, white arrows), basal bodies are stained red (y-tubulin, arrow-
heads), and nuclei are stained blue (DAPI). Graphs show the mean + SD (Brown-Forsythe and Welch ANOVA tests with Dunnet’s T3 mul-
tiple comparison test and Kruskal-Wallis test with Dunn’s multiple comparison test for C and D, respectively). (E) Survival curves show
that cilium loss (shift88) in G3 MB precursors shortened survival of tumor-implanted mice (log-rank test). (F) Quantification of cilia in G3
MB precursors 3 wk after implantation (mean + SD, Mann-Whitney test). (G-I) Effects of cilium loss (shIft88) on apoptosis (G) and prolif-
eration (H,I) at 3 wk after implantation. Plots show the mean + SD (unpaired t-test). Insets are high-magnification images.

activation in the absence of cilia may shorten the S phase
and trigger premature G2/M transition.

Cilium loss in G3 MB precursors increases DNA damage
and genomic instability

CDKI1 activity in middle to late S phase promotes late or-
igin firing in S phase (Katsuno et al. 2009). DNA damage
slows down S-phase progression in part by delaying late or-
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igin firing, enabling repair of damaged DNA (Ge and Blow
2010; Chao et al. 2017). Accordingly, inhibitory phosphor-
ylation of CDK1 during S phase is important for maintain-
ing genomic integrity (Szmyd et al. 2019). Moreover, G2 is
critical for DNA damage repair (O’Connell et al. 2000;
Kousholt et al. 2012). Therefore, we asked whether DNA
damage was increased in G3 MB precursors lacking cilia.
Indeed, cilium loss significantly increased the levels of
DNA damage markers pyH2AX®'3® and pTRIM28%%** at
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3wk afterimplantation, as compared with those in control
G3 MBs (Fig. 7A,B). Entering mitosis with damaged DNA
causes mitotic abnormalities and genomic instability. Fit-
tingly, cilium loss in G3 MB precursors significantly in-
creased mitotic abnormalities, such as chromosome
bridges (Fig. 7C) and micronuclei, a well-known indicator
of genomic instability (Fig. 7D). Micronuclei increased
from 3 wk after implantation to fully transformed tumors
in control G3 MBs, and cilium loss accelerated this in-
crease. Together, our findings suggest that cilium loss in
G3 MB precursors leads to disrupted cell cycle control
and genome instability, characteristics of most cancers
and major driving forces for tumorigenesis.

Discussion

Our study has unveiled functions of primary cilia in two
fundamental processes that were coaxed to promote tu-
morigenesis: protein synthesis and cell cycle control. Pri-
mary cilia promoted WNT MB growth by facilitating the
synthesis of p-catenin, the major oncoprotein driving
WNT MB, whereas cilium loss promoted G3 MB growth
by abnormally activating CDK1, disrupting cell cycle con-
trol, and increasing genome instability. To our knowl-
edge, before this study, activation of SHH signaling was
the only known tumor-promoting function of primary cil-
ia and no molecule had been identified as mediating cili-
ary control of cell cycle progression. We have expanded
the repertoire of ciliary functions to include control of pro-
tein synthesis and have identified restraining CDK1 activ-
ity as a potential mechanism by which cilia control cell

Cilia control translation and the cell cycle

Figure 6. Primary cilium loss shortens the
cell cycle and activates CDKI1. (A) Experimen-
tal scheme for labeling proliferating cells by
successive injection of different thymidine an-
alogs. Graphs show the length of the cell cycle
(Tc) and each cell cycle phase (mean=SD).
(B,C) Cilium loss decreased cells expressing
both CCNAL1 (red) and CCNB2 (green). Plots
show the mean + SD (unpaired t-test) (D,E) Cil-
ium loss decreased the proportion of cells ex-
pressing pCDK1Y!® (green). In controls, most
cells except PH3™ mitotic cells (red, arrows) ex-
press pCDK1Y'®. Cilium loss (shIft88) de-
creased pCDK1Y'® in nonmitotic (PH37) cells.
Plots show the mean + SD (unpaired t-test).

shift88

cycle progression. These findings provide new frame-
works for investigating primary cilium function in normal
and pathologic processes, including tumorigenesis.

Extensive genomic and epigenomic profiling has
classified MB into four groups and multiple subgroups.
Nevertheless, we still need a deep understanding of the tu-
morigenic mechanisms driving each MB group to develop
targeted therapies. WNT MB is characterized and driven
by aberrantly stabilized p-catenin, a transcription factor
that is rather undruggable. Our finding that cilium-depen-
dent synthesis of B-catenin is important for WNT MB
growth revealed an unappreciated and potentially drug-
gable vulnerability in WNT MB. Primary cilia regulated
subcellular localization of ELAVL1, an RNA binding pro-
tein that shuttles between the nucleus and the cytoplasm.
Our findings suggest that nuclear accumulation of
ELAVLI underlies the decreased p-catenin mRNA transla-
tion in WNT MB cells lacking cilia. ELAVLI1 is overex-
pressed in many cancers, including MB, and high
cytoplasmic ELAVLI levels correlate with high-grade tu-
mors and poor clinical outcomes (Nabors et al. 2001;
Grammatikakis et al. 2017; Schultz et al. 2020). Small
molecules targeting ELAVLI inhibit the growth of several
tumors, including ones with high WNT/p-catenin signal-
ing activities (Schultz et al. 2020). Therefore, targeting
ELAVLI to treat WNT MB warrants further preclinical
and clinical investigations. Investigating how primary cil-
ia regulate ELAVLI localization, whether they do so in
other cell types, and whether they regulate the translation
of mRNAs other than p-catenin mRNA will provide fur-
ther insights into the role of primary cilia in translation
and tumorigenesis.
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Cilium loss increased granules containing B-catenin
mRNA and G3BP1, a canonical marker of stress granules,
consistent with the decreased translation of B-catenin
mRNA. Stress granules are membraneless organelles con-
sisting of ribonucleoproteins that form from mRNAs
stalled in translation initiation to cope with various cellular
stresses (Kedersha et al. 2013; Protter and Parker 2016). Re-
duced cytoplasmic ELAVLI in the absence of cilia might fa-
cilitate stress granule formation by increasing “naked
mRNAs”; cytoplasmic ELAVLI inversely correlates with
the level of stress granules (Bounedjah et al. 2014). Stress
granules are thought to function as sorting and storage sites
for mRNAs during stress-induced translation repression.
Although stress granules do not affect overall translation,
several studies have pointed to their role in mRNA seques-
tration in translation inhibition (Sahoo et al. 2018; Simon
et al. 2019; Tsang et al. 2019). Stress granule formation
might further repress translation of p-catenin mRNA by
sequestering it or might be a consequence of decreased
translation. Notably, stress granules enable certain cancer
cells to progress and to resist chemotherapeutic agents
(Fournier et al. 2010; Kaehler et al. 2014; Adjibade et al.
2015; Anderson et al. 2015; Somasekharan et al. 2015; Gra-
bocka and Bar-Sagi 2016). Although cilium loss strongly im-
peded WNT MB growth, the tumors eventually grew in
some mice, which displayed abundant G3BP1-positive
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Figure 7. Primary cilium loss increases DNA
damage, mitotic defects, and genome instability.
(A,B) Immunofluorescence and quantifications
showing that cilium loss (shIft88) increased cells
expressing DNA damage markers pyH2AXS'?
(A) and pTRIM28%824 (B). Plots show the mean =
SD (Mann-Whitney test). (C) Examples of mitotic
defects (chromosome bridge, arrows) in mitotic
shIft88 WNT MB cells (PH3", green). Plots show
the mean + SD (Mann-Whitney test). (D) Cilium
loss (shIft88) increased micronuclei (arrows). Nu-
clei were stained with DAPI. The inset is a high-
magnification image. Plots show the mean +SD
(Brown-Forsythe and Welch ANOVA tests with
Dunnet’s T3 multiple comparison test).

P <0.005

shCTL  shlft88

granules; therefore, stress granules may confer resistance
to the inhibitory effects of cilium loss, helping MB to
grow rather than inhibiting p-catenin mRNA translation.
It has long been speculated that primary cilia function as
a structural checkpoint for G2/M-phase transition in prolif-
erating cells because they must be disassembled to release
the basal body before the M phase; however, this has not
been shown experimentally. Moreover, although several
studies have demonstrated mechanisms by which cell cycle
regulators control cilium assembly and disassembly (Izawa
etal. 2015; Wang and Dynlacht 2018), studies showing that
primary cilia control the cell cycle have been largely obser-
vational and have not elaborated on the regulatory mecha-
nisms (Bielas et al. 2009; Jacoby et al. 2009; Kim et al.
2011; Li et al. 2011; Inoko et al. 2012; Yang et al. 2013; Ga-
briel et al. 2016). Here we have shown that, in G3 MB pre-
cursor cells, cilium loss shortened the cell cycle and the
G2 phase and that aberrant CDK1 activation may underlie
the premature G2/M transition. Therefore, primary cilia
function not only as a passive structural barrier for G2/M
transition but also as an active negative regulator of a key
driver of G2/M transition. Primary cilium loss also in-
creased DNA damage and genome instability, enabling
the accumulation of genetic alterations required for the evo-
lution of cancerous cells. Notably, genomic instability is
characteristic of G3 MB and has been proposed as an early



driver in a large proportion of G3 MBs (Jones et al. 2012;
Northcott et al. 2012, 2017; Pugh et al. 2012). Moreover, in-
hibitors of the cell cycle machinery have emerged as a com-
mon theme among small molecules inhibiting G3 MB
(Endersby et al. 2021). Our data showing that disrupted
cell cycle control and genome instability driven by cilium
loss promote G3 MB suggest a mechanism for the phenom-
ena observed in genomics and drug screening. Beyond G3
MB, most human tumors lack primary cilia, and the fre-
quency of cilia decreases in some tumors as they progress
(Eguether and Hahne 2018; Liu et al. 2018). Cilium loss
may contribute to the development and progress of these tu-
mors by disrupting cell cycle control and increasing genome
instability.

Dysregulated translation and cell cycle control are hall-
marks of and major driving forces in tumorigenesis. Fur-
ther studies of the mechanisms by which primary cilia
regulate translation and the cell cycle and of whether
such mechanisms control the development of diverse tu-
mor types will advance our understanding of tumorigenic
mechanisms and the function of primary cilia.

Materials and methods

Human medulloblastoma samples

Four-micrometer  formalin-fixed and  paraffin-embedded
tissue sections were collected from selected diagnostic tumor
samples on clinical trial SJMB03 (ClinicalTrials.gov identifier
NCTO00085202). Molecular subtyping was performed using
immunohistochemistry and DNA methylation profiling as de-
scribed previously (Gajjar et al. 2021).

Mice

Animal procedures were approved by the Institutional Animal
Care and Use Committee of St. Jude Children’s Research
Hospital. The primary WNT MB mouse model [Blbp::Cre;
Ctunb'@Pex3)/+. pik3caloxPE545K)/+] \was described previously
(Robinson et al. 2012). For the secondary WNT MB model, we dis-
sociated the primary WNT MBs with Accutase (Stem Cell Tech-
nologies 07920) for 15 min at 37°C and grew dissociated MB cells
in neurobasal medium (Gibco 21103049) containing 1x N-2
supplement (Gibco 17502-048), 1x B-27 supplement (Gibco
17504-044), 10 ng/mL human bFGF (PeproTech AF-100-18B),
and 10 ng/mL human EGF (PeproTech AF-100-15). We trans-
duced WNT MB cells with shCTL or shift88 lentivirus that also
expressed mCherry. We isolated transduced WNT MB cells by
FACS and implanted 1 x 10° WNT MB cells suspended in Matri-
gel (Corning 356234) in the cerebella of 2-mo-old CD-1 nu/nu
mice (Charles River) through the cisterna magna.

The mouse model of G3 MB was described previously (Kawau-
chi et al. 2012). We dissociated P6 or P7 Trp53~/~ mouse cerebella
with Accutase for 15 min at 37°C. We loaded cells on a 35% and
60% Percoll gradient and centrifuged at 2000g for 15 min to purify
GNPs. Purified GNPs were seeded at 1 x 10° cells/well in six-well
plates coated with poly-D-lysin and Matrigel and grown in neuro-
basal medium containing 1x antibiotic-antimycotic solution
(Thermo Scientific 15240062), 1x GlutaMAX (Gibco 35050-
061), 0.5% glucose (Sigma-Aldrich G8769), 1x SPITE (Sigma-Al-
drich S5666), 1x oleic acid albumin/linoleic acid (Sigma-Aldrich
L9655), 1x B-27, 1x N-2, 1.5 pg/mL N-acetyl-L-cysteine (Sigma
A9165), and 15% SHH-conditioned neurobasal medium. After

Cilia control translation and the cell cycle

1 h in culture, we transduced cells with retroviruses expressing
both MYC and GFP. The next day, we transduced cells with
shCTL or shift88 lentiviruses that also expressed mCherry. The
medium was changed 48 h after the last lentivirus treatment,
and the cells were maintained in culture for 2 d. Transduced
GNPs were then isolated by FACS and implanted in the cortices
of 2-mo-old CD-1 nu/nu mice.

Virus production

Lentivirus was produced in HEK293T cells (ATCC CRL-3216) by
cotransfecting helper vectors (6 pg of pPCAG-VSVG, 2 pg of pCAG-
KGPI1-RPE, and 2 pg of pCAG-RTR2) and 12 pg of shRNA vectors
(transOMIC Technologies) with Lipofectamine 3000 (Invitrogen).
After overnight transfection, the medium was replaced with Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% FBS.
At 24 h after transfection, the medium was replaced with collec-
tion medium (neurobasal medium containing 1x N-2, 1x B-27,
and 1x antibiotic-antimycotic solution). The retroviruses ex-
pressing MYC and GFP (or mCherry) were produced as described
previously (Kawauchi et al. 2012).

WNT MB cell culture

We grew WNT MB cells in six-well plates coated with poly-D-ly-
sine and Matrigel. When the cells were ~80% confluent, we treat-
ed them with 50 uM cycloheximide (Sigma-Aldrich 01810) for 16
h and then replaced the medium with fresh medium containing
10 uM MG132 (Millipore M8699) and no cycloheximide. Cells
were harvested before the medium was changed and at 2, 4, 6,
and 8 h thereafter.

Bioluminescence imaging

Three weeks after implanting WNT MB cells, we injected mice
intraperitoneally with a 30 mg/mL solution of D-luciferin (Prom-
ega) in PBS at 150 mg/kg. After injection, animals were anesthe-
tized using isoflurane and maintained via a nosecone on a heated
imaging bed within the system during the scan. Optical imaging
was performed using an IVIS Spectrum or IVIS-200 imaging sys-
tem (PerkinElmer).

Western blot analysis

We lysed cells in RIPA buffer (50 mM Tris-HCl at pH 8.0, 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS)
containing protease inhibitor cocktail (Millipore 524627). Protein
samples were denatured and reduced with Laemmli buffer (Bio-
Rad 161-0634), separated on a NuPAGE 4%-12% Bis-Tris gel
(Invitrogen NP0323), and transferred to a PVDF membrane (Milli-
pore IPVH00010). The PVDF membrane was incubated with
blocking buffer (5% skim milk in TBST buffer) for 1 h at room
temperature, rinsed in TBST buffer (20 mM Tris-Cl, 150 mM
NaCl, 0.1% Tween20 at pH 7.6), incubated with primary anti-
body overnight at 4°C, washed in TBST, and incubated with
HRP-conjugated secondary antibody (diluted 1:10,000-1:20,000)
for 1-2 h at room temperature. The protein band was detected
with SuperSignal West Dura extended duration substrate
(Thermo Scientific 34076).

Immunostaining

We perfused mice with 4% paraformaldehyde (PFA; Electron Mi-
croscopic Science 15714-S). Their brains were further fixed over-
night in 4% PFA at 4°C, washed in PBS, cryoprotected in 30%
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sucrose, embedded in OCT (Tissue-Tek 4583), and sectioned at a
thickness of 12 um. Cells grown in culture were fixed with 4%
PFA for 15 min at 4°C and then washed with PBS. Sections were
subjected to an antigen-unmasking step in citrate buffer (pH 6.0) us-
ingarice cooker (Oster) for 15 min with hot steam and incubated for
1 h in blocking buffer (5% normal donkey serum [Sigma-Aldrich
A4503], 0.05% Triton X-100 [Sigma-Aldrich T8787] in PBS). Sec-
tions were incubated with primary antibodies in blocking buffer
overnight at 4°C, washed in PBS, incubated with secondary anti-
bodies in blocking buffer for 1 h at room temperature, washed in
PBS, incubated with DAPI (Cayman Chemical 14285), washed in
PBS, and mounted with fluorescent mounting medium (Poly-
Science 18606-20). We used the following antibodies: acetylated tu-
bulin (1:200; Sigma-Aldrich T7451), y-tubulin (1:1000; Sigma-
Aldrich T5192), ARL13B (1:2000; University of California at Davis
NeuroMap), pericentrin (1:1000; Abcam ab4448), B-catenin (1:100;
BD Transduction Laboratories 610514), ELAVL1 (1:400; Abcam
ab200342, and 1:400; Abcam ab28660), phospho-histone 3 (1:500;
Cell Signaling Technology 9706), BrdU (1:150; Abcam 1893),
CIdU (1:100; Novus Biologicals NB500-169), IdU (1:100; BD Biosci-
ences 347580), Ki67 (1:500; Abcam ab15580), TUJ1 (1:100; Covance
MMS-435P), phospho-CDK1 (Tyrl5; 1:100; Cell Signaling Tech-
nology 1144451), phospho-histone H2A.X (1:400; Cell Signaling
Technology 2577S), phospho-TRIM28 (1:100; Bethyl Laboratories
A300-767A), and G3BP1 (1:400; BD Biosciences 611147). We used
Alexa fluor-conjugated secondary antibodies (1:500; Thermo Fisher
Scientific or Jackson ImmunoResearch).

In situ hybridization

We purchased custom LNA mRNA detection probes for Ctnnb1
(Exigon 300500, design IDs 703075 and 676113-1). Tissue sec-
tions were digested with 20 pg/mL proteinase K in prewarmed
50 mM Tris for 10-20 min at 37°C; rinsed three times in dis-
tilled water; immersed in ice-cold 20% (v/v) acetic acid for 20
sec; dehydrated sequentially in 70%, 95%, and 100% ethanol
for 1 min each; air-dried; and prehybridized with 100 pL of hy-
bridization solution (50% deionized formamide, 0.2x SSC buff-
er, 50 mM sodium phosphate at pH 7.0, 10% dextran sulfate)
for 1 h in a humidified hybridization chamber at 62°C. Prehybri-
dized sections were incubated with hybridization solution con-
taining 50-100 uL of probe in the humidified hybridization
chamber for 2 h at 65°C, washed three times with 50% formam-
ide in 2x SSC for 5 min at 65°C, washed three times with 0.1x
SSC for 5 min at room temperature, and incubated with FITC-
conjugated Avidin (Vector Laboratories A2001). Subsequently,
DNA was stained with DAPI and sections were mounted with
fluorescent mounting medium (PolyScience 18606-20). For com-
bined in situ hybridization and immunofluorescence studies,
Ctnnb1 in situ hybridization was performed as described above
except that the temperature for hybridization was 42°C. The
sections were then immunostained for G3BP1 as described
above.

H&E staining

Sections were rinsed in PBS, incubated in hematoxylin solution
(Sigma-Aldrich HHS-32) for 6 min, rinsed in tap water for
20 min, decolorized in 0.25% acid alcohol for 1-2 sec, rinsed in
tap water for 5 min, counterstained with eosin (Thermo Scientific
7111) for 15 sec, dehydrated sequentially in 95% and 100% etha-
nol for 3 min each, cleared in xylene solution, and mounted with
Cytoseal (Thermo Scientific 8312-4).
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TUNEL assay

The ApopTag Plus in situ apoptosis fluorescein detection kit
(Millipore Sigma S7111) was used following the manufacturer’s
protocol.

Cell cycle kinetics

Mice were injected with ClIdU at 3 h, IdU at 2 h, and EdU at 1 h
before euthanasia. The cells that had left S phase during the 1-h
interval between the IdU and EdU injections were marked as
IdU'EdU™ (L cells=IdU*EdU"). The ratio of the length of one
cell cycle period to that of another period is equal to the ratio of
the number of cells in each of those periods. Thus, the length of
the S phase (Ts) was determined from the equation 1 h/Ts=L
cells/S cells, where S cells were EdU* cells, and the length of
the cell cycle (Tc) was determined from Ts/Tc=S cells/(Ki67*
proliferating cells). To determine the length of the M phase
(Tm), M-phase cells were identified as PH3" cells with mitotic
shape. The proportion of mitotic cells (M fraction = mitotic
cells/Ki67" proliferating cells) was used to calculate Ty, where
Twm =M fraction/T¢. The time required for all mitotic cells to be
positive for thymidine analogs (CldU, IdU, or EdU) was equal to
Tco.m To calculate Tgy ., v, the mitotic labeling index (MLI;
the percentage of thymidine analog-labeled mitotic cells out of
the total mitotic cells) was determined and then plotted as a func-
tion of time. From this plot, Tg, , m Was calculated when the MLI
would be 100%. Tg; was calculated from Tg; = Te — (Ts+ Tqo + M),
and T, was calculated from Ty =Tao s m— Trn-

RNA sequencing and RT-qPCR

RNA was extracted from tumors with an RNeasy mini kit (Qia-
gen). A sequencing library was prepared using a TruSeq strand-
ed total RNA kit (Illumina) and sequenced with an Illumina
HiSeq system. FastQ sequences were mapped to the mm9 ge-
nome and counted with HTSEQ54, and the gene-level frag-
ments per kilobase of transcript per million values were then
computed. We used Ingenuity Pathway Analysis (Qiagen) to an-
alyze RNA-seq data. For RT-qPCR, cDNA was synthesized us-
ing SuperScript III reverse transcriptase. QPCR was performed
with Power SYBR Green PCR master mix (Applied Biosystems).
Transcript levels were normalized to those of Gapdh. Supple-
mental Table S1 shows primers for gPCR. The RNA sequenc-
ing data have been deposited in Gene Expression Omnibus
(GSE207008).

Statistical analysis

We used GraphPad Prism for statistical analysis. All statistical
analyses were two tailed. Data were pretested for normality by
the D’Agostino-Pearson test. We used an unpaired t-test and
the Mann-Whitney test for normal distribution data and for non-
parametric analysis, respectively. For multiple comparisons, we
used ANOVA and Kruskal-Wallis tests for normal distribution
data and for nonparametric analysis, respectively. We used a
log-rank test for the survival analysis. P-values of <0.05 were con-
sidered to indicate significance.
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