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Abstract 

Recurrent RELA and YAP1 fusions are intimately associated with tumorigenesis in supratentorial ependymomas. 
Chromothripsis and focal copy number alterations involving 11q are hallmarks of these tumors. However, it is 
unknown whether the chromosomal alterations are a direct causal event resulting in fusion transcripts. In addition, 
the biological significance of the RELA fusion variants and YAP1 fusions is not yet fully characterized. In this study, we 
generated gene rearrangements on 11q with the CRISPR/Cas9 system and investigated the formation of oncogenic 
ependymoma fusion genes. Further, we examined the oncogenic potential of RELA fusion variants and YAP1 fusions 
in a lentiviral gene transfer model. We observed that endogenous RELA fusion events were successfully induced by 
CRISPR/Cas9-mediated genome rearrangement in cultured cells. In vivo genome editing in mouse brain resulted 
in the development of ependymoma-like brain tumors that harbored the Rela fusion gene. All RELA fusion variants 
tested, except a variant lacking the Rel homology domain, were able to induce tumor formation, albeit with different 
efficacy. Furthermore, expression of YAP1-FAM118B and YAP1-MAMLD1 fusions induced the formation of spindle-cell-
like tumors at varying efficacy. Our results indicate that chromosomal rearrangements involving the Rela locus are 
the causal event for the formation of Rela fusion-driven ependymomas in mice. Furthermore, the type of RELA. fusion 
might affect the aggressiveness of tumors and that the Rel homology domain is essential for the oncogenic functions 
of RELA. fusions. The YAP1 fusion genes are also oncogenic when expressed in mice.
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Introduction
Ependymomas are primary tumors of the central nerv-
ous system which occur throughout the craniospinal 
axis. These tumors occur in all age groups, but intracra-
nial tumors are more common in children [16, 20]. The 

current best available treatment for these patients is radi-
cal surgical removal, followed by local radiation therapy 
[18]. Since there is currently no effective chemotherapy 
for ependymomas, recurrent tumors may be lethal in 
some cases if not fully surgically resected [2, 9, 14]. 
Therefore, survival of ependymoma patients has not been 
drastically improved over the past decades [2], indicating 
that the development of a new treatment regimen is nec-
essary for these intractable tumors.

Recent large-scale genomic studies revealed that epend-
ymomas segregate into distinct molecular subgroups, 

Open Access

*Correspondence:  kichimur@ncc.go.jp; taozawa@ncc.go.jp
1 Division of Brain Tumor Translational Research, National Cancer Center 
Research Institute, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-020-01080-8&domain=pdf


Page 2 of 13Takadera et al. acta neuropathol commun           (2020) 8:203 

which are strongly associated with anatomical location 
[10, 20, 21]. Supratentorial ependymomas are classi-
fied into subependymoma (ST-SE) and ependymoma 
(ST-EPN) subgroups. The ST-EPN subgroup can be fur-
ther stratified by mutually exclusive recurrent RELA and 
YAP1-related gene fusions. These ST-EPN gene fusions 
not only have diagnostic utility, but also provide potential 
therapeutic insights into these fusion-positive tumors.

The ST-EPN-RELA subgroup accounts for the major-
ity of supratentorial ependymomas and is character-
ized by the presence of a gene fusion between C11orf95 
and RELA gene [20, 21]. The C11orf95-RELA fusion 
(RELAFUS) genes are caused by chromothripsis, a sin-
gle catastrophic genomic rearrangement involving 11q, 
consequently resulting in several RELAFUS variants 
[21]. RELAFUS1 (Type 1) and RELAFUS2 (Type 2), the 
two most frequent variants, were able to induce human 
ependymoma-like tumors when expressed in murine 
neural stem cells, using either the RCAS/tv-a system for 
retroviral gene transfer or an allograft model [17, 21]. 
Although these findings strongly suggest that RELAFUS 
genes are responsible for human ependymoma forma-
tion, the oncogenic potential of other RELAFUS variants 
has not been determined yet. In addition, several other 
types of fusion transcripts involving genes on 11q were 
also identified concomitant with the RELAFUS tran-
scripts in supratentorial ependymomas [21]. This cata-
strophic genomic event might affect the status of other 
genes on 11q, and thereby contribute to the tumorigen-
esis of RELAFUS-positive tumors. However, the influence 
of these complex genomic rearrangements has not been 
captured in previous mouse models [17, 21].

The ST-EPN-YAP1 subgroup is a less common type of 
supratentorial ependymoma and harbors YAP1-related 
fusions, found as YAP1-MAMLD1 and YAP1-FAM118B 
gene fusions [20]. In contrast to the ST-EPN-RELA 
subgroup, the genome of these tumors is relatively sta-
ble except for a focal copy number alteration involving 
the YAP1 gene locus on 11q [20], thus suggesting that 
a more limited number of gene alterations may be suf-
ficient to drive the formation of ST-EPN-YAP1 tumors. 
The oncogenic potential of YAP1-MAMLD1 has recently 
been demonstrated by the forced expression via in utero 
gene transfer in the embryonic subventricular zone [19]. 
However, the YAP1-FAM118B fusion failed to induce 
the formation of brain tumors in the same study. On the 
other hand, the tumor-forming potential of both fusions 
was observed when expressed in neonatal brains using 
the RCAS/tv-a system [23], thus suggesting a potentially 
different tumorigenic mechanism between these YAP1 
fusion genes.

To clarify the biological significance of different chro-
mosomal alterations in supratentorial ependymoma 
formation, we examined the oncogenic potential of 
ependymoma gene fusions in two independent mouse 
tumor models. First, we directly engineered chromo-
somal rearrangements in mice using the CRISPR/Cas9 
system and reproduced the formation of oncogenic gene 
fusions found in human ependymoma. Second, we dem-
onstrated the oncogenic potential of several variants of 
RELAFUS and YAP1-related fusion genes using in  vivo 
lentiviral gene transfer into the brain of young adult and/
or neonatal mice.

Materials and methods
Cell culture
293T cells (ATCC #CRL-3216) and NIH3T3 mouse 
fibroblasts (ATCC #CRL-1658) were obtained from 
ATCC and maintained with minor modifications accord-
ing to the manufacture’s protocol. The primary mouse 
embryonic fibroblasts were established from Nestin-
Cre+/−;Cag-Cas9+/+ mice and maintained in Dulbecco’s 
modified Eagle’s media (Gibco) supplemented with 10% 
fetal bovine serum (Gibco). Mouse neurospheres were 
generated and maintained as previously described [17].

Mouse
Nestin-Cre and Cag-Cas9 mice were purchased from The 
Jackson Laboratories (Stock No. 003771 and 027650) and 
crossed to obtain Nestin-Cre+/−;Cag-Cas9+/+ mice. Gen-
otyping protocol was described in the Additional file  1: 
Supplementary Methods [3].

Plasmids and lentivirus production
The pTomo lentiviral vector system was used as pre-
viously described [12]. LV-EDIT-mRelafus vector was 
generated by Gibson Assembly of relevant U6-sgRNA 
fragments into the pTomo vector [26]. The sgRNA 
sequences targeting Cdkn2a and control were previously 
described [1, 27]. Other sgRNAs were designed using the 
CRISPRDirect tool [15]. The details of vector constructs 
and lentivirus production are described in the Additional 
file  1: Supplementary Methods. All vectors  and sgRNA 
sequences used in this study are listed in Additional file 2 
and 3: Table S1 and S2.

Generation of mouse brain tumors
Mice were injected with the relevant lentivirus and were 
monitored until they developed symptoms of disease or, 
if symptom-free, until 5 months after the lentivirus injec-
tion. Kaplan–Meier analysis demonstrating symptom-
free survival of mouse brain tumors was performed using 



Page 3 of 13Takadera et al. acta neuropathol commun           (2020) 8:203  

log-rank test in the GraphPad Prism 8 software. A value 
of p < 0.05 was considered significant in this study. See 
Additional file 1: Supplementary Methods for details.

RT‑PCR
Total RNA was extracted from cultured cells, flash-frozen 
brain tumor tissues, or formalin-fixed paraffin-embed-
ded (FFPE) tissues using a miRNeasy Mini or RNeasy 
FFPE kit (Qiagen) according to the manufacturer’s pro-
tocol. cDNA libraries were synthesized with the Super-
script IV VILO Master Mix (Invitrogen) according to the 
manufacturer’s protocol and used for subsequent PCR 
amplification. PCR reaction was performed in a 45-μl 
reaction volume under the following conditions: 0.3  μl 
of AmpliTaq Gold360 DNA polymerase (AppliedBio-
systems), 4.5 μl of AmpliTaq Gold 360 buffer, 9 μl of GC 
enhancer, 1.8 μl of 25 mM Magnesium chloride, 1.2 μl of 
10 mM dNTP mix, primer pairs (0.5 μM each), 50 ng of 
the cDNA template and autoclaved distilled water up to 
45 μl. The protocol included pre-denaturation for 10 min 
at 95 °C, denaturation for 30 s at 95 °C, annealing for 30 s 
at 55 °C, extension for 30 s at 72 °C for 40 cycles and final 
extension for 10  min at 72  °C. The PCR products were 
resolved by electrophoresis on 2% agarose gel with Gel-
Red Nucleic Acid Gel Stain (Biotium). Primer sequences 
are listed in Additional file 4: Table S3.

Western blot analysis
Cells were cultured, lysed, and processed for western 
blotting by standard methods as previously described 
[17]. α-tubulin was used as an internal normalization 
control. Antibodies used in this study are listed in Addi-
tional file 5: Table S4.

H&E staining and immunohistochemistry
Mouse brains were paraffin-embedded, sectioned, and 
stained with hematoxylin and eosin (H&E) and immu-
nohistochemistry (IHC) by standard methods (See Addi-
tional file  1: Supplementary Methods for details). In all 
H&E and IHC photomicrographs, dashed boxes in the 
top panels denote the enlarged regions as shown in the 
bottom panels. The length of all scale bars is 100 μm.

Results
Lentiviral delivery of C11orf95‑RELA type 1 fusion 
into mouse neural stem cells induces human 
ependymoma‑like tumors
To examine the oncogenic potential of fusion genes 
found in human ependymomas, we initially established 
a model system for in vivo lentiviral gene transfer using 
the CRISPR/Cas9 system [7, 12]. Given previous stud-
ies where expression of the C11orf95-RELA type 1 
fusion (RELAFUS1) was sufficient to induce formation of 

ependymoma-like brain tumors in mice [17, 21], we gen-
erated a pTomo-RELAFUS1-HA (containing a C-terminal 
human influenza hemagglutinin [HA] tag) lentiviral vec-
tor which can induce the exogenous gene expression in 
a cell-type-specific manner using the Cre-loxP system 
(Additional file  6: Fig. S1A and B) [12]. Since loss of 
CDKN2A is a common event in the ST-EPN-RELA sub-
group [20, 21], we also examined the impact of Cdkn2a 
inactivation on tumorigenesis by inserting sgRNAs 
against Cdkn2a or a non-targeting control sequence into 
the lentiviral vector (Additional file  6: Fig. S1A and B). 
These constructs were then tested in Nestin-Cre+/−;Cag-
Cas9+/+ mice to target  Nestin+ radial glia, the putative 
cell of origin for ependymomas (Additional file  6: Fig. 
S1C and D) [24].

Injection of the lentivirus encoding for RELAFUS1-
sgCdkn2a into the brain of neonatal pups, brain tumor 
formation was observed around 2 months post-injection 
(Fig.  1a). Interestingly, the overall tumor latency was 
considerably shorter compared to our previous model 
(Fig.  1a, b) [17]. We did not observe a significant dif-
ference in tumor incidence or latency between experi-
mental groups with and without additional Cdkn2a loss 
(sgCdkn2a versus sgControl) (Fig.  1a, b and Additional 
file  6: Fig. S1E). This finding is consistent with our pre-
vious study in which Cdkn2a loss had no impact on the 
RELAFUS1-induced brain tumor formation [17]. We did 
not observe tumor formation in control groups injected 
with an empty vector or lentiviruses containing sgCd-
kn2a or sgControl only (Fig. 1a, b).

In addition to pediatric cases, ST-EPN-RELA tumors 
also occur in adults [16, 20]. Thus, to examine whether 
expression of  RELAFUS is able to induce tumor forma-
tion in the adult population, we injected our lentivirus 
encoding for RELAFUS1 into the subventricular zone of 
Nestin-Cre+/−;Cag-Cas9+/+ young adult mice. We found 
that brain tumors were reproducibly formed in the adult 
mice, albeit with a longer latency compared to our injec-
tions in neonatal mice (Fig. 1a–d). In contrast to neonatal 
pup injection, we observed a significant impact of addi-
tional Cdkn2a deletion in adult mice, suggesting different 
susceptibility to this gene inactivation between neonatal 
and adult brains (Fig. 1a–d).

Mouse brain tumors typically presented as well-cir-
cumscribed and uniform highly cellular masses adja-
cent to the ventricular system, or occasionally in the 
brain parenchyma (Fig.  1e and Additional file  6: Fig. 
S1F). The tumors were composed of relatively mono-
morphic cells with oval nuclei containing finely granu-
lar chromatin. Branching capillaries characteristic for 
human ST-EPN-RELA ependymomas were commonly 
seen throughout the mouse tumors [6, 17, 21]. Clear-
cell change, another characteristic histological finding in 
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human ST-EPN-RELA ependymomas, were occasionally 
observed. Ependymal rosettes, ependymal canals, and 
perivascular pseudorosettes were rarely seen in these 
tumors. Occasionally, the tumors demonstrated a fas-
cicular architectural growth pattern, with spindled cells 
densely interwoven with epithelioid-type cells, reminis-
cent of high-grade glioma or sarcoma. Immunostaining 
for RELA and HA-tag antibodies displayed predominant 
nuclear immunopositivity, indicating successful vector 

expression in the tumors. Similar to human ependymo-
mas, there was consistent extensive immunopositivity for 
the glial marker GFAP detected in the mouse tumor cells 
(Fig. 1e and Additional file 6: Fig. S1F). No pathological 
lesions were found in control mice (mock injection or 
injection of sgCdkn2a or sgControl alone) at the study 
endpoint.

Taken together, these RELAFUS1 tumors showed similar 
biological and histological features to previous RELAFUS1 

Fig. 1 Lentiviral gene transfer of C11orf95-RELA type 1 fusion into mouse neural stem cells induces human ependymoma-like tumors. a 
Kaplan–Meier survival curves of the pTomo-RELAFUS1-HA-induced brain tumors. Lentiviruses were injected into neonatal pups brain in Nestin-C
re+/−;Cag-Cas9+/+ mice. Two different target sequences (#1 and #2) were tested for each sgRNA (n.s., not significant, **p < 0.01). b Summary of 
pTomo-RELAFUS1-HA lentivirus injections. L, lower titer; M, medium titer; n/a, not applicable (c, d) Kaplan–Meier survival curves and Summary 
of the pTomo-RELAFUS1-HA-induced brain tumors. Lentiviruses were injected into brain in 3–5 weeks-old Nestin-Cre+/−;Cag-Cas9+/+ mice (n.s., 
not significant, *p < 0.05. L, lower titer; H, higher titer). e Representative H&E and IHC stained slides for HA tag, RELA and GFAP antibodies in the 
 RELAFUS1-HA + sgControl (#1)-induced brain tumor in Nestin-Cre+/−;Cag-Cas9+/+ mice (n = 3)
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models and recapitulated those of human ST-EPN-RELA 
ependymomas [17, 21]. Thus, the oncogenic function of 
 RELAFUS1 was reproducible in the lentiviral gene transfer 
system.

CRISPR/Cas9‑mediated gene rearrangement induces 
endogenous C11orf95‑RELA fusion in human cultured cells
The C11orf95-RELA (RELAFUS) fusions are caused by a 
genomic rearrangement involving C11orf95 and RELA 
loci on 11q in human ependymomas. This rearrange-
ment involves a multitude of other genes in this region 
with unknown effects on tumorigenesis. Although forced 
expression of  RELAFUS1 was sufficient to induce brain 
tumor formation in mice, the status of neighboring genes 
involved in the genomic events was not considered in 
previous models [17, 21]. The generation of endogenous 
oncogenic gene fusion events, subsequently resulting in 

the formation of lung or brain tumors, has previously 
been achieved via CRISPR/Cas9-mediated chromosomal 
rearrangements in mice in  vivo [4, 11]. Therefore, we 
examined whether the oncogenic gene rearrangement, 
consequently resulting in endogenous RELAFUS1, can be 
experimentally reproduced.

RELAFUS1 consists of the first two exons of C11orf95 
and exons two to eleven of RELA [21]. To reproduce the 
gene rearrangement giving rise to the RELAFUS1 tran-
script, we designed four sgRNAs (single guide RNAs) 
on the human C11orf95 and RELA gene loci around the 
breakpoints observed in human ependymomas harboring 
RELAFUS1 (Fig. 2a) [21]. We then generated four expres-
sion vectors for these sgRNAs and transiently transfected 
them in two combinations into 293T cells (Fig. 2b). RT-
PCR analysis across the fusion junction of RELAFUS1 
detected the RELAFUS1 transcript in both sgRNA sets. 

Fig. 2 CRISPR/Cas9-mediated gene rearrangement induced endogenous RELAFUS1 in human cultured cells. a Experimental strategy for the CRISPR/
Cas9-mediated gene rearrangement to induce endogenous RELAFUS1 in 293T cells. Blue and red boxes represent exons of the C11orf95 and RELA 
genes, respectively. Black arrowheads indicate cleavage sites by the sgRNAs. Red arrows indicate PCR primer pairs for the fusion-junction detection. 
b sgRNA combination for the CRISPR/Cas9-mediated gene rearrangement in 293T cells. c RT-PCR detection of RELAFUS1 transcript in 293T cells. RNA 
was extracted from 293T cells that were transiently transfected with the sgRNA combination-1, 2 or mock vectors (left panel) The RNA was then 
subjected to RT-PCR analyses for C11orf95-RELA fusion junction (left-top) and intact RELA detection (left-bottom panel). The electropherograms 
of the Set-1 and 2 PCR products are shown in right-top and right-bottom panels, respectively. NT, non-treated parental 293T cells. d Western blot 
analysis for  RELAFUS1 detection in the gene-edited 293T cells. The set-1 and set-2 sgRNAs were transiently transfected into 293T cells. Cell lysates 
were subjected to immunoblot blot analysis with the indicated antibodies. Upper (red) and lower (black asterisk) bands in the RELA antibody 
detection indicate  RELAFUS1 and endogenous RELA protein, respectively. Cell lysate extracted from pTomo-RELAFUS1-induced brain tumor tissue 
serves as a positive control for  RELAFUS1 protein expression
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The sequences were subsequently confirmed by Sanger 
sequencing of the PCR products (Fig. 2c). In addition, the 
presence of the  RELAFUS1 protein in 293T cells carrying 
the rearranged gene loci could also be detected by West-
ern Blot (Fig.  2d). Genomic PCR analyses revealed that 
the target sequences were cleaved through the CRISPR/
Cas9 system as intended, thereby leading to the induc-
tion of the gene rearrangement (Additional file  7: Fig. 
S2A and B). These results suggested that the endogenous 
human RELAFUS1 gene can be experimentally generated 
by introducing the intended breakpoints in human cul-
tured cells via CRISPR/Cas9 technology.

CRISPR/Cas9‑mediated gene rearrangement induces 
oncogenic 2700081O15Rik‑Rela fusion in mice
Successful detection of endogenous RELAFUS1 in human 
cultured cells encouraged us to examine whether this 
gene rearrangement can also be induced in mice, with 
subsequent formation of brain tumors. Rela is located 
upstream of the 2700081O15Rik (the mouse homolog 
of human C11orf95) on chr19, a similar pattern to the 
human RELA and C11orf95 genes on 11q (Figs.  2a and 
3a). Therefore, to induce this gene rearrangement for the 
generation of the mouse 2700081O15Rik-Rela fusion 
(mRelafus), we designed sgRNAs in similar genomic posi-
tions compared to human RELAFUS1 (Figs. 2a and 3a). We 
then generated the vector constructs carrying sgRNAs 
with Cas9 and transiently transfected three (set-2) or four 
(set-1) sgRNAs into NIH3T3 cells (Fig. 3b). RT-PCR anal-
ysis detected mRelafus transcripts in both sgRNA sets and 
subsequent Sanger sequencing analyses of the PCR prod-
ucts confirmed the fusion junction sequence between 
exon 2 in 2700081O15Rik and exon 2 in Rela, resulting in 
an in-frame fusion structurally corresponding to human 
RELAFUS1 (Fig. 3c). The full-length cDNA of mRelafus was 
isolated and validated by Sanger sequencing. Further, the 

endogenous  mRelafus protein was detected in cells trans-
fected with the set-1 sgRNAs (Additional file 8: Fig. S3A).

Subsequently, we examined whether the endogenous 
mRelafus can induce brain tumors in mice. Given that 
the introduction of three breakpoints was sufficient to 
induce the fusion gene in  vitro (Fig.  3c), we generated 
an all-in-one lentiviral vector including three sgRNAs 
(referred to as LV-EDIT-mRelafus) (Additional file 8: Fig. 
S3B) and co-injected the virus with or without the len-
tivirus for sgCdkn2a (#1 target sequence) into the brain 
of neonatal pups and young adult mice in Nestin-Cre+/−; 
Cag-Cas9+/+ mice (Fig.  3d, e). Brain tumor formation 
was observed in one out of ten mice that were injected as 
young adults (Fig. 3e, f ). By contrast, injection of neona-
tal pups led to brain tumor formation in 5 out of 21 mice 
around 60  days post-injection (Fig.  3e, f ). We observed 
a considerably lower tumor incidence compared to our 
other model that relies on the lentiviral overexpression of 
RELAFUS1 (Figs. 1b and 3f ). Additional Cdkn2a loss had 
no significant impact on tumor formation upon injection 
in neonatal pups in this model (Fig. 3e).

Mouse brain tumors induced with the endogenous 
mRelafus gene presented with similar morphological 
and histologic features compared to tumors induced 
by the gene transfer of the RELAFUS1 (Figs.  1e and 3g). 
Immunohistochemical staining with a RELA antibody 
detected intense nuclear immunoreactivity, indicating 
mRelafus protein expression. Although the mRelafus gene 
rearrangement was not necessarily specific to Nestin-
expressing cells of origin in this model, immunostaining 
for GFP suggested that tumors might have arisen from 
Nestin positive neural stem cells in some cases (Fig. 3h). 
These immunohistochemical findings strongly suggests 
that tumors were induced by endogenous mRelafus. We 
extracted RNA from mRelafus mouse brain tumors and 
were able to detect a fusion transcript corresponding to 

Fig. 3 CRISPR/Cas9-mediated gene rearrangement generated induces oncogenic 2700081O15Rik-Rela fusion in mice. a Experimental strategy 
for the CRISPR-Cas9-mediated gene rearrangement to induce mRelafus. Orange and purple boxes represent exons of Rela and 2700081O15Rik 
gene, respectively. Black arrowheads and Red arrows indicate cleavage sites by the sgRNAs and PCR primer pairs for the fusion-junction detection, 
respectively. b sgRNA combinations for the CRISPR/Cas9-mediated gene rearrangement in NIH3T3 cells. c RT-PCR detection of the mRelafus 
transcript in the NIH3T3 cells. RNA was extracted from NIH3T3 cells transiently transfected with the sgRNA combination-1, 2 or mock vectors (left 
panel) and then subjected to RT-PCR analyses for 2700081O15Rik-Rela fusion junction (left-top) and intact Rela detection (left-bottom panel). The 
electropherogram of the PCR products (Set-1 and 2) is shown in the middle and right panel. NT, non-treated parental NIH3T3 cells. d Schematic 
presentation of the pTomo-LV-EDIT-mRelafus vector construct for simultaneous multiple sgRNA delivery into the mouse brain. mU6, murine 
U6 promoter. See also Additional file 6: Fig. S1A. e and f Kaplan–Meier survival curves and Summary of the LV-EDIT-mRelafus vector injections. 
Lentiviruses were injected into neonatal pups brain in Nestin-Cre+/−;Cag-Cas9+/+ mice (n.s., not significant. M, medium titer; H, higher titer; n/a, 
not applicable). g and h Representative H&E and IHC stains for RELA, GFAP and GFP antibodies of the endogenous mouse Rela fusion-induced 
brain tumor in Nestin-Cre+/−;Cag-Cas9+/+ mice (n = 3). i RT-PCR detection of  mRelafus transcript in the LV-EDIT-mRelafus-induced brain tumor 
and electropherograms of the PCR products. Sanger sequencing analyses of the PCR products identified two types of in-frame fusion transcripts 
corresponding to human RELAFUS1 (middle panel) and RELAFUS4 (right panel) in this tumor (NBT-115). See also Additional file 8: Fig. S3C. j Western 
blot analysis in the mouse tumor-derived cell line (NBT-514) as shown in Additional file 8: Fig. S3C. Upper and lower bands in the RELA antibody 
detection indicate  mRelafus1 and endogenous Rela protein, respectively

(See figure on next page.)
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the human RELAFUS1 transcript by RT-PCR and subse-
quent sanger sequencing (Fig.  3i and Additional file  8: 
Fig. S3C). Another fusion transcript corresponding to 
human RELAFUS4 was also detected concomitantly in one 
mouse brain tumor sample (Fig. 3i) [21]. In addition, the 
 mRelafus1 protein was detected by western blot in a cell 
line derived from one of the mouse brain tumors (Fig. 3j). 
These results support the notion that gene rearrange-
ments are the primary mechanism to create the onco-
genic RELAFUS1 fusion gene, serving as the direct driver 
of tumorigenesis in human  RELAFUS tumors.

C11orf95‑RELA fusion variants present diverse oncogenic 
potential
Several RELAFUS variants have been identified in human 
ST-EPN-RELA tumors [5, 8, 21]. The oncogenic potential 
of RELAFUS1 and RELAFUS2, the most frequent RELAFUS 
variants, has previously been documented [17, 21]. How-
ever, the tumorigenic role of other less common RELAFUS 
variants has not been fully characterized. Therefore, we 
investigated which of these RELAFUS variants can induce 
brain tumor formation upon expression in neonatal pups 
using our lentiviral gene transfer system. RELAFUS vari-
ants 5, 6, and 7 have a similar structure to RELAFUS2, apart 
from small intronic intervening sequences, and share the 
same functional domains. Therefore, we focused our 
study on RELAFUS variants 2, 3 and 4 (Fig.  4a) [21]. In 

addition, we tested a small fusion transcript (referred to 
as RELAFUS8) lacking the Rel homology domain which we 
have recently identified (Fig. 4a) [8].

We generated pTomo-lentiviral vectors encoding for 
RELAFUS variants 2, 3, and 4, along with a sgRNA target-
ing Cdkn2a (sgCdkn2a #1) (Additional file  9: Fig. S4A). 
Lentiviruses were injected into the brain of Nestin-
cre+/−;Cag-Cas9+/+ neonatal pups. With the presence 
of C11orf95 and RELA preserved functional domains in 
the different RELAFUS variants, expression of RELAFUS2-4 
induced brain tumor formation (Fig. 4b, c). Tumors gen-
erated by expression of RELAFUS1 and RELAFUS4 had the 
shortest tumor latencies. By contrast, tumors generated 
by expression of RELAFUS2 or RELAFUS3, which both 
possess two zinc finger domains of C11orf95, had sig-
nificantly longer tumor latencies and lower tumor inci-
dences, suggesting that an additional zinc finger domain 
might somehow negatively affect the tumorigenesis. 
There were no detectable lesions in the lentiviral injec-
tion of the RELAFUS8 and the control group (Fig. 4b, c). 
Thus, the Rel homology domain is likely essential for the 
oncogenic potential of the RELAFUS.

Histological features of these RELAFUS variants were 
almost indistinguishable from those of the RELAFUS1-
driven tumors and partly recapitulated characteristic 
histologic features of human ependymomas (Fig. 1e and 
Additional file 9: Fig. S4B-D). These results show that all 

Fig. 4 C11orf95-RELA fusion variants present diverse oncogenic potential. a Schematic presentation of the predicted protein products of various 
 RELAFUS variants with HA tag in the C-terminus in the pTomo-lentiviral vectors. Zn, zinc finger domain. b and c Kaplan–Meier survival curves and 
Summary of  RELAFUS-HA-induced brain tumors. Lentiviruses were injected into neonatal pups brain in Nestin-Cre+/−;Cag-Cas9+/+ mice (n.s., not 
significant, *p < 0.05, ***p < 0.001. M, medium titer; n/a, not applicable)
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RELAFUS variants, except for the RELAFUS8 variant, are 
oncogenic with diverse tumor-forming potential.

YAP1 fusions induce brain tumors with different 
morphological and histologic features 
from RELAFUS‑induced tumors in mice
ST-YAP1-EPN and ST-EPN-RELA tumors are recog-
nized as clinically, genetically, and biologically distinct 
diseases [17, 19–21, 23]. To further understand the biol-
ogy of ST-EPN-YAP1 tumors, we next examined the 
tumor-forming potential of recurrent YAP1-MAMLD1 
and YAP1-FAM118B fusions in our system (Additional 
file  10: Fig. S5A). We generated pTomo-HA-YAP1-
MAMLD1 and HA-YAP1-FAM118B lentiviral vectors 
and injected the lentiviruses into the brains of Nestin-
Cre+/−;Cag-Cas9+/+ neonatal pups (Additional file  10: 
Fig. S5A and B). Injection of the YAP1-FAM118B fusion 
by itself caused the formation of mouse brain tumors 
with a similar latency to RELAFUS1 tumors, which is 
unlike the reported better clinical outcomes compared 
to RELAFUS tumors in human patients (Fig.  5a, b) [20]. 
By contrast, no brain tumor formation was observed in 
the lentivirus injection with YAP1-MAMLD1 (without 
additional Cdkn2a loss) (Fig.  5b), whereas small tumor 
or neoplastic lesions were detected upon additional co-
injection of sgCdkn2a (Fig. 5b and Additional file 10: Fig. 
S5C). Intracranial lentiviral injection of HA-YAP1 alone 

failed to induce brain tumor formation, reinforcing the 
necessity of the gene fusion partner for tumorigenesis 
(Fig. 5a, b) [19, 23].

YAP1-FAM118B fusion tumors mainly had a spindle-
cell histomorphologic phenotype and tended to grow 
diffusely into the brain parenchyma, which is in contrast 
to the typical circumscribed growth pattern of RELAFUS-
driven tumors (Fig.  5c). YAP1-FAM118B fusion tumors 
were rarely observed in the brain parenchyma and com-
monly localized to the adjacent intraventricular region, 
consistent with tumors arising from subventricular 
zone neural stem cells [24]. Pseudopalisading necrosis 
was sometimes detected, whereas we did not observe 
ependymal rosettes, ependymal canals, or perivascular 
pseudorosettes in these tumors. Immunohistochemical 
analyses for YAP1 and HA-tag revealed nuclear expres-
sion of the YAP1-FAM118B fusion protein in the tumor 
cells (Fig. 5c). YAP1 regulates gene expression as a tran-
scriptional co-activator in the nucleus, thus nuclear 
localization likely occurs in the setting of persistent 
YAP1 pathway activation in these tumors [25]. Tumor 
cells were mostly negative for GFAP immunostaining. 
Excessive reactive astrocytes were commonly observed 
in the tumors as shown by extensive immunopositiv-
ity for GFAP adjacent to the HA-positive tumor cells 
(Fig.  5c). Overall, the YAP1-FAM118B-induced tumors 
appear to be high-grade spindle cell tumors rather than 

Fig. 5 YAP1 fusions induce brain tumors with different morphological and histologic features from RELAFUS-induced tumors in mice (a and b) 
Kaplan–Meier survival curves and Summary of YAP1 fusion-induced brain tumors. Lentiviruses were injected into neonatal pups brain in Nesti
n-Cre+/−;Cag-Cas9+/+ mice. For comparison, the survival curve of RELAFUS1-induced tumors as shown in Fig. 1a was depicted in the figure (n.s., 
not significant, **p < 0.01. M, medium titer; n/a, not applicable). c Representative H&E and IHC stains for HA tag, YAP1 and GFAP antibodies of the 
HA-YAP1-FAM118B-induced brain tumor in Nestin-Cre+/−;Cag-Cas9+/+ mice (n = 3)
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typical ependymoma. Similarly, small lesions induced 
with the YAP1-MAMLD1 fusion presented with an 
invasive phenotype that morphologically resembled the 
YAP1-FAM118B fusion tumors (Additional file  10: Fig. 
S5C). All together, these results provide evidence that the 
YAP1-FAM118B gene fusion is a potent oncogene capa-
ble of inducing brain tumors in mice.

Discussion
In this study, we have successfully shown that the endog-
enous RELA fusion generated through targeted gene 
editing was sufficient to develop ependymoma-like 
brain tumors in mouse brains. Chromothripsis is one of 
the mechanisms to create a gene fusion event, but also 
simultaneously affects the status of neighboring genes 
on the involved chromosome [22]. Thus, RELAFUS might 
have driven ependymoma formation in cooperation with 
numerous altered genes on 11q. However, it is not easy 
to determine which additional genes, if any, might be 
linked to RELAFUS-induced tumor formation. CRISPR/
Cas9 system-mediated DNA double-strand breaks are 
repaired through Non-homologous end joining (NHEJ) 
more commonly and efficiently than the Homology 
Directed Repair (HDR) mechanism [13]. NHEJ is a pri-
mary repair mechanism for DNA double-strand break 
in chromothripsis [22]. Therefore, modeling gene rear-
rangements using the CRISPR/Cas9 technology seems 
to have reproduced at least one aspect of chromoth-
ripsis occurring in human ependymoma. Biological 
and histological similarities between mRelafus tumors 
and RELAFUS-induced tumors, as well as the success-
ful detection of mRelafus transcript and protein, support 
the idea that mRelafus tumors are induced by endog-
enous mRelafus, which is generated as a direct result of 
CRISPR/Cas9-mediated gene rearrangement. Thus, our 
model highly suggests that the biological consequence of 
genomic rearrangement in ependymomas is likely driven 
by the creation of novel splice junctions leading to the 
formation of oncogenic RELA fusion transcripts, while 
the potential influence of any neighboring gene(s) on the 
chromothriptic chromosome might be minimum, if at all, 
for tumorigenesis.

Mouse RELA fusion tumors recapitulated the phe-
notypic and histologic features of the human counter-
parts at various degrees as exemplified by the consistent 
branching capillary formation and intense nuclear immu-
nopositivity of RELA. However, abundant perivascular 
pseudorosettes and GFAP-highlighted radial perivascu-
lar processes, the cardinal histologic features of epend-
ymoma were not reproducibly observed. Furthermore, 

the spindle cell tumor morphology observed is unusual 
for ependymoma, except in the case of the tanycytic his-
tologic variant of ependymoma. Our mouse model dem-
onstrates that the ependymoma gene fusion products 
drive tumor formation in a specific context, but they do 
not necessarily recapitulate all aspects of human tumors. 
Thus, while our animal models provide important 
insights into the oncogenic mechanism of gene fusions, 
it is essential to recognize the limitations of these models 
and have the ability to refine these models based on accu-
rate genetics and biology.

All tested RELAFUS variants retaining the functional 
domain of RELA were oncogenic in our system. How-
ever, the tumor-forming potential of these variants 
were somewhat different, consistent with a previously 
published ex  vivo model [21]. RELAFUS1 and RELAFUS4 
formed tumors with faster latency and higher incidence 
than RELAFUS2 and RELAFUS3. Multiple fusion variants 
can be seen within a single ependymoma [8, 20, 21]. 
Although the complete biological significance of these 
fusion variants in ependymoma are not fully understood, 
the presence of multiple fusion variants might give rise 
to intra- or inter-tumor molecular heterogeneity, possibly 
engendering different patient outcomes and treatment 
sensitivity.

The YAP1-MAMLD1 fusion was able to induce brain 
tumors in both prenatal and neonatal brains at vary-
ing efficacy [19, 23]. By contrast, the YAP1-FAM118B 
fusion was oncogenic by itself in neonatal, but not prena-
tal brains [19, 23]. ST-EPN-YAP1 tumors are commonly 
identified in children and approximately two-thirds are 
present in the infant population [20]. Although the age 
distribution of these fusion-positive cases is not deter-
mined yet due to their relatively rare occurrence, the cell 
of origin for YAP1-FAM118B fusion might be possibly 
different from that of YAP1-MAMLD1 fusion tumors. 
Therefore, the oncogenic potential of YAP1-FAM118B 
fusion might rely on the temporal course of expression 
(e.g. during neonatal stage). Because inter-chromosomal 
rearrangement is indispensable for the creation of the 
YAP1-MAMLD1 fusion, additional genetic alterations 
might be acquired and contribute to the flexible onco-
genic potential of the YAP1-MAMLD1 fusion. These 
findings indicate that the ST-EPN-YAP1 subgroup may 
be a heterogenous group of tumors which can be further 
subdivided according to their molecular features [8, 20]. 
Due to the unusual diffuse glioma or sarcoma like-histo-
logical findings in mouse YAP1 fusion tumors, a larger 
cohort of human ST-EPN-YAP1 tumors will need to be 
investigated histologically and molecularly to determine 
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the relevance of mouse YAP1 fusion driven tumors as a 
model for human ependymoma.

Current molecular diagnosis of ST-EPN is focused 
on detection of the frequent splicing forms of RELAFUS. 
Given the oncogenic function of other RELAFUS vari-
ants and YAP1 fusions [19, 21, 23], detection of these 
less common fusion transcripts should be considered in 
routine surgical neuropathology practice. In addition to 
the diagnostic utility, detection of less common epend-
ymoma gene fusions may have implications for potential 
therapeutic targeting strategies.

Genomic analyses of ependymomas have shed light 
onto some of the underlying tumor biology [8, 20, 21]. 
Nevertheless, the relative rarity of this tumor type still 
prevents the dynamic advance of ependymoma research 
and treatment because of the lack of currently avail-
able tumor derived-cell lines and patient-derived xeno-
graft (PDX) models. Genetically accurate mouse models 
can provide a powerful platform for investigating such 
uncommon diseases. Genomic rearrangement models 
driven by an endogenous promoter that mirrors physi-
ological gene expression have a great advantage as they 
are able to reproduce a more accurate biological situa-
tion compared to a gene transfer approach with an arti-
ficial promoter. Thus, we believe that our novel mouse 
ependymoma model has the potential to provide deeper 
insights into ependymoma biology, as well provide a plat-
form to investigate therapeutic resistance and develop 
new treatment strategies for this aggressive disease [17, 
19, 21].

Conclusions
The presence of RELA and YAP1 fusion transcripts is 
the hallmark of supratentorial ependymomas, and 11q 
chromosomal alterations are frequently associated with 
complex gene rearrangements. In order to gain a deeper 
understanding of ependymoma biology, it is essential to 
ascertain whether the presence of these fusion genes is 
sufficient for tumor formation or if additional abnormali-
ties of neighboring genes involving in the genomic rear-
rangement are necessary. Our findings indicate that the 
biological function of chromosomal alterations in RELA 
fusion ependymomas is essentially to create a novel splice 
junction, consequently resulting in an oncogenic fusion 
gene. These findings are supported by the fact that sim-
ple overexpression of human variants of RELA fusions, 
without additional genetic alterations, induce tumor for-
mation in mice. Thus, these observations not only sup-
port the need for precise neuropathological diagnosis of 
ependymoma molecular subgroups in the clinical setting, 
but also the exciting therapeutic potential for directly 
targeting specific fusion proteins found in supratentorial 
ependymoma.
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Additional file 6: Figure S1. Lentiviral gene transfer of C11orf95-RELA 
type 1 fusion into mouse neural stem cells induces human ependymoma-
like tumors (A) Schematic presentation of the pTomo-RELAFUS1-HA-sgRNA 
lentiviral vectors. Injection of the pTomo-lentivirus into the Nestin-Cre+/-

;Cag-Cas9+/+ mouse brain induces  RELAFUS1 expression specifically in the 
Nestin-expressing cells through the Cre-loxP system. The sgRNA targeting 
Cdkn2a or control sequence is expressed under the U6 promoter. LTR, long 
terminal repeat; CMV, human cytomegalovirus immediate early enhancer 
and promoter; RFP, red fluorescent protein; IRES, internal ribosome entry 
site; EGFP, enhanced green fluorescent protein; hU6, human U6 promoter; 
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element 
(B) Western blot analysis for  RELAFUS1-HA and p19ARF protein expression. 
NIH3T3 cells (left panel) or primary mouse embryonic fibroblasts (right 
panel) were infected with pTomo lentiviruses as indicated (left panel). 
Subsequently, pCAG-Cre vector was transiently transfected to induce Cre-
meditated recombination in these cells. Cell lysates were then subjected 
to immunoblot analysis with the indicated antibodies. The upper (red) 
and lower (black asterisk) bands in the RELA antibody detection indicate 
 RELAFUS1-HA and endogenous Rela protein, respectively. α-tubulin and 
β-actin were used as an internal control. (C) PCR genotyping of Nestin-Cre, 
Cag-Cas9 and Nestin-Cre+/-;CAG-Cas9+/+ mice (D) qRT-PCR analysis of 
Cdkn2a expression in primary mouse embryonic fibroblasts infected with 
the pTomo-RELAFUS1-HA-sgCdkn2a virus or sgControl virus. Expression 
was normalized using Rps18 as an internal control. Data represent Mean ± 
SEM with four samples per group. ***, P < 0.001. Data are representative of 
two independent experiments. (E) Sanger sequencing analyses of the col-
ony-PCR products. Genomic DNAs were extracted from FFPE brain tumor 
tissues using a QIAamp DNA FFPE kit (Qiagen) according to the manufac-
turer’s protocol. The PCR products of the targeted loci were cloned into 
T-vector pMD20 (Takara). Each bacterial colony was PCR-amplified and 
sequenced (4 tumors, 5 clones each). The sgRNA sequence for Cdkn2a is 
shown in red and the 3’-PAM sequence is shown in green. Insertions or 
deletions are shown in blue. NBT-96, 100 and NBT-141, 164 denote DNA 
samples from the  RELAFUS1-sgCdkn2a (#1) or sgControl (#1)-induced brain 
tumors, respectively. (F) Representative H&E and IHC analyses for HA tag, 
RELA and GFAP antibodies of the  RELAFUS1-HA+sgCdkn2a (#1)-induced 
brain tumor in Nestin-Cre+/-;CAG-Cas9+/+ mice (n=3). Dashed boxes at the 
top panels denote the enlarged regions as shown at the bottom. Scale 
bars, 100 μm.

Additional file 7: Figure S2. CRISPR/Cas9-mediated gene rearrangement 
induces endogenous C11orf95-RELA fusion in human cultured cells. (A 
and B) Genomic PCR analyses in the gene-edited and parental 293T cells. 
DNAs were extracted from 293T cells transfected with set-1 (A) or 2 (B) 
sgRNAs and subjected to genomic PCR analysis. Blue and red boxes repre-
sent exons of the C11orf95 and RELA gene, respectively. Black arrowheads 
and Red arrows indicate cleavage sites by the sgRNAs and the position of 
PCR primers designed to detect gene rearrangement, respectively. Primer 
pairs as AB, CD, EF, GH, IJ, and KL detect an unedited intact gene. Positive 
bands with primer pair A/F and A/J indicate successful gene rearrange-
ment between RELA exon 2 and C11orf95 exon 2 in the set-1 combination 
and between RELA exon 1 and C11orf95 exon 2 in the set-2 combination, 
respectively. The RT-PCR and sequencing analysis in the gene-editing with 
set-2 sgRNAs revealed that RELA exon 1 served as an intronic non-coding 
sequence (Fig. S2B, second top panel, grey box).

Additional file 8: Figure S3. CRISPR/Cas9-mediated gene rearrangement 
generated induces oncogenic 2700081O15Rik-Rela fusion in mice. (A) 
Western blot analysis in the NIH3T3 cells edited with the set-1 sgRNAs. The 
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set-1 sgRNAs were transiently transfected into NIH3T3 cells, and GFP and 
RFP-positive cells were then selected using limiting dilution in puromycin 
containing media. Subsequently, cell lysates were subjected to immunob-
lot blot analysis with the indicated antibodies. Parental NIH3T3 cells were 
served as a control in this experiment. Upper (red) and lower (black arrow) 
bands in the RELA antibody detection indicate  mRelafus and endogenous 
Rela protein, respectively. α-tubulin was used as an internal control. (B) 
RT-PCR detection of  mRelafus transcript in the NIH3T3 cells. Cells were 
coinfected with the LV-EDIT-mRelafus and lentiCRISPRv2 virus for Cas9 
expression and then subjected to RT-PCR analysis (left panel). RT and no 
RT denotes RT-PCR analysis with or without reverse transcriptase enzyme, 
respectively. The electropherogram of the PCR product in subsequent 
Sanger sequencing analysis was shown in the right panel. (C) RT-PCR 
detection of  mRelafus transcript in the LV-EDIT-mRelafus-induced brain 
tumor (left panel) and electropherogram of the PCR product (right panel). 
Sanger sequencing analysis of the PCR product identified in-frame fusion 
transcript corresponding to human  RELAFUS1 in this tumor (NBT-514).

Additional file 9: Figure S4. C11orf95-RELA fusion variants present 
diverse oncogenic potential (A) Western blot analysis for functional valida-
tion of pTomo-RELAFUS-HA-sgCdkn2a (#1) vector expression. NIH3T3 cells 
were infected with various pTomo lentiviruses as described. Subsequently, 
pCAG-Cre vector was transiently transfected to induce Cre-meditated 
recombination in the cells. Cell lysates were then subjected to immuno-
blot analysis with the indicated antibodies. Upper and lower bands in the 
RELA antibody detection indicate  RELAFUS-HA protein and endogenous 
Rela protein, respectively. (B-D) Representative H&E and IHC analyses for 
HA tag, RELA and GFAP antibodies of the  RELAFUS2-HA (B),  RELAFUS3-HA (C) 
or  RELAFUS4-HA (D) + sgCdkn2a (#1)-induced brain tumors in Nestin-Cre+/-

;CAG-Cas9+/+ mice. Dashed boxes in the top panels denote the enlarged 
regions as shown in the bottom panels. Scale bars, 100 μm.

Additional file 10: Figure S5. YAP1 fusions induces brain tumors with 
different morphological and histologic features from RELAFUS-induced 
tumors in mice. (A) Schematic presentation of the predicted protein prod-
ucts of YAP1 fusions and wild-type YAP1 with HA tag in the N-terminus in 
the pTomo-lentiviral vectors. TID, TEA domain-containing factor-interac-
tion domain for TEAD binding; WW, protein–protein interaction domain; 
MAML, mastermind-like domain; Ser, serine-rich region; Pro, proline-rich 
region; TAD, transcriptional activation domain for TEAD. (B) Western blot 
analysis for pTomo-HA-YAP1 fusion vector expression. NIH3T3 cells were 
infected with various pTomo lentiviruses as described. Subsequently, 
pCAG-Cre vector was transiently transfected to induce Cre-meditated 
recombination in the cells. Cell lysates were then subjected to immunob-
lot analysis with the indicated antibodies. (C) Representative H&E images 
of the HA-YAP1-MAMLD1 + sgCdkn2a (#1)-induced brain tumors in 
Nestin-Cre+/-;CAG-Cas9+/+ mice. Dashed boxes in the top panels denote 
the enlarged regions as shown in the bottom panels. Scale bars, 100 μm.
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