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MY B-QKI rearrangements in Angiocentric Glioma drive
tumorigenicity through a tripartite mechanism
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Abstract

Angiocentric gliomas are pediatric low-grade gliomas (PLGGs) without known recurrent genetic
drivers. We performed genomic analysis of new and published data from 249 PLGGs including 19
Angiocentric Gliomas. We identified MYB-QK/ fusions as a specific and single candidate driver
event in Angiocentric Gliomas. /n vitroand /n vivo functional studies show MYB-QKI
rearrangements promote tumorigenesis through three mechanisms: MYB activation by truncation,
enhancer translocation driving aberrant MYB-QKI expression, and hemizygous loss of the tumor
suppressor QK. This represents the first example of a single driver rearrangement simultaneously
transforming cells via three genetic and epigenetic mechanisms in a tumor.

Introduction

Pediatric low-grade gliomas (PLGG) encompass a heterogeneous group of World Health
Organization grade I and Il tumors that collectively represent the most common pediatric
brain tumor. PLGGs undergo frequent alterations in the MAPK pathway and in MYB family
genes, including /l/lYBLle2 and MYE’1'2. Alterations in MYB are heterogeneous; several
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fusion partners have been reported as rare events in PLGGsZ. The frequency of specific
alterations and associations with histological subtypes are unknown.

Angiocentric Gliomas arise in the temporal lobe and share histologic features with
astrocytomas and ependymomas3'4. We previously identified one Angiocentric Glioma with
deletion of the 3’ region of Mys* and one other Angiocentric Glioma has been reported to
harbor a MYB-QK/ rearrangementz. However, the nature and incidence of MYB alterations
in Angiocentric Glioma has not been determined. Furthermore, oncogenicity of MYB family
transcription factors in the CNS and the mechanisms by which they contribute to
gliomagenesis are yet to be defined.

To address these questions, we performed a combined analysis of newly generated and
published PLGG genomic datasets™>>. We found MYB-QK/ rearrangements to be the most
common event involving a MYB family member and to be specific to Angiocentric Gliomas.
We also found that this rearrangement contributes to oncogenicity through three
mechanisms: generation of oncogenic MYB-QK]/, enhancer translocation that establishes an
auto-regulatory feedback loop selectively driving MYB-QK/ expression, and partial loss of
expression of @K/, a tumor suppressor gene.

Angiocentric Gliomas exhibit recurrent MYB-QKI rearrangements

Previously published genomic analyses of PLGGs did not individually contain sufficient
numbers of rare histologic subtypes for statistical power to detect recurrent aberrations. To
address this we performed a combined genomic analysis of whole-genome sequencing
(WGS) and/or RNA-sequencing (RNA-seq) data from 172 PLGGs spanning ten histologic
subtypes (Supplementary Table 1), including 145 published sampleszv5 and 27 rare PLGGs
that are new to this study. We performed analyses of significantly recurrent somatic genetic
events across all samples with WGS or RNA-seq data (See Supplementary Note 1,
Supplementary Figure 1 and Supplementary Tables 2 and 3). We observed recurrent somatic
alterations in 154 tumors (90%), including all 140 tumors subject to WGS. Rearrangements
or structural alterations were observed in 129 tumors (83%; Figure 1a, Supplementary Table
1).

Rearrangements involving MY B family members (MYB, MYBL1) nere the second-most
recurrent alteration, affecting 16 tumors (10%), predominantly Diffuse Astrocytomas and
Angiocentric Gliomas (Figure 1a and Supplementary Figure 1). Six of seven Angiocentric
Gliomas, including all tumors subject to central pathology review, exhibited intra-
chromosomal deletions resulting in MYB-QK/ rearrangements. The other Angiocentric
Glioma, which was not centrally reviewed, contained a MYB-ESRI rearrangement.

Although MYB rearrangements have been described in PLGGslaz, we were struck by two
novel findings: QK/was the most frequent fusion partner, and MYB-QK/ fusions were near-
universal in Angiocentric Gliomas. For validation we identified studied 12 additional
Angiocentric Gliomas with only FFPE tissue using targeted assays. Nine Angiocentric
Gliomas were analyzed by FISH to detect MY B rearrangement or deletion (Figure 1b), and
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three Angiocentric Gliomas were analyzed by WES and/or aCGH (Supplementary Figure 2).
All 12 harbored MY B aberrations.

In total, all 19 Angiocentric Gliomas profiled by WGS, RNA-seq, WES, FISH, or aCGH
displayed MYRB alterations, and in six of the seven cases in which its fusion partner could be
detected, MYBwas fused to QK. In tumors confirmed to harbor MYB-QKI, the genetic
event appeared to be present in the majority of cells, although evidence of heterogeneity
(aberration in ~50% of tumor cells) was observed by FISH in 2/5 tumors with sufficient cells
for quantitative scoring.

MYB-QKl/ rearrangements appeared specific to Angiocentric Glioma. None of the 147 non-
Angiocentric Gliomas profiled with WGS or RNA-seq exhibited MYB-QK/ fusions
(p<0.0001, Figure 1c). We also evaluated M/YB alterations in an additional 65 PLGGs from
two separate cohorts: 10 non-Angiocentric Gliomas analyzed by FISH and 55 non-
Angiocentric Gliomas evaluated by whole-exome sequencing (WES) and/or array CGH.
Only one of these tumors exhibited alterations of MYB (vs 19/19 Angiocentric Gliomas;
p<0.0001) (Supplementary Figure 2 and Supplementary Table 1). This tumor was designated
not-otherwise-specified on research review but had been diagnosed as Angiocentric Glioma
at the referring institution. Five tumors evaluated by WES or aCGH exhibited alterations of
MYBL1; these were all Diffuse Astrocytomas. The FISH assays, aCGH, and WES, though
able to detect MYB alterations, were unable to characterize its fusion partners.

All MYB-QK/ rearrangements had breakpoints within intron 4 of QK/while the MYB
breakpoint varied from intron 9 to 15; all were predicted to express an in-frame fusion
protein MY B-QKI (Figure 1d). We identified fusion mRNA transcripts by RNA-seq (Figure
1d) and observed copy-number breakpoints in these genes from WGS data (Figure 1e).

In the WGS/RNA-seq cohort we also observed rearrangements involving QK/but not MYB
in three supratentorial Pilocytic Astrocytomas (PAs), and rearrangements involving MYB or
MYBL1but not QK/in nine tumors, seven of which were Diffuse Astrocytomas. Across the
entire cohort of 172 tumors profiled with WGS and/or RNA-seq, 10% harbored alterations
of either MYB family members or QK.

MYB and QKI in brain development and cancer

MY B proteins are transcription factors characterized by highly conserved DNA-binding
motifs. First identified as v-myl76‘8 the cellular proto-oncogene counterpart c-MYB is
comprised of a N-terminus that contains helix-turn-helix (HTH) DNA binding motifs
followed by a transcriptional activation domain and a C-terminal negative regulatory
domaing. Full-length MYB is non-transforming or only weakly transforming /n v/trolo, but
C-terminal MYB truncations are oncogeniclo‘13. MYB-QK/ breakpoints in MYB intron 9 to
15 are predicted to result in C-terminal truncation of MYB.

MYB is not expressed in the postnatal brain cortex, where Angiocentric Gliomas occur. We
examined RNA-seq data of normal tissues™* and found MYB expression to be negligible in
human brain cortex and substantially lower than AMYB expression in colon, breast, blood,
esophagus, or skin (Figure 2a). Likewise, immunohistochemistry of adult human frontal

Nat Genet. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bandopadhayay et al.

Page 4

cortex and white matter were negative for MYB (Figure 2b and 2c); however we detected
high MYB expression in human fetal neural progenitor cells generated from the ganglionic
eminence at 22 weeks gestation (Figure 2d and 2e).

In mice MYB is expressed in E14.5 neural progenitor cells of the ganglionic eminence
subventricular region (Figure 2f—i). In adult mice we detected expression in the ependyma/
sub-ventricular zone (Figure 2j—k), consistent with previous reports of MYB expression in
mouse progenitor cells but not in cortical brain™

@Kl encodes the STAR (Signal transduction and activation of RNA) RNA-binding protein
Quaking, which plays an essential role in oligodendroglial differentiation’® and is widely
expressed in the nervous system. Deletions of QK7 have been suggested to be oncogenic in a
number of cancers including glioblastoma”, prostate cancerlg, and gastric cancer™. In
copy-number analyses of 10,570 cancers within the Cancer Genome Atlaszo, QK was one
of two genes in a deletion peak in adult glioblastomas (Figure 21), renal clear cell, and
cervical squamous cell carcinomas. It was also in larger peak regions of significant deletion
in low-grade gliomas and bladder and adrenocortical carcinomas. Focal @K/ deletions were
observed in over 10% of glioblastomas.

The MYB-QKI fusion protein is expected to retain the MYB N-terminal HTH DNA binding
motifs fused to the QKI C-terminus (Figure 2m). The QKI N-terminal KH RNA-binding
motif is lost, while C-terminal alternative splice sites are preserved. The splice variant
MYB-QKI/5 retains a nuclear localizing motif which is not present in the splice variant
MYB—QK/621. Fusions that contain only exons 1-9 of MYB also lose the MYB negative
regulatory domain (designated short variant).

The findings that both AM/YB and QK/ are disrupted suggest that M YB-QK/ rearrangements
may be oncogenic through the additive effects of alterations in both MYBand QK/. The
lack of expression of MYB in normal post-natal human cortical brain regions also suggests
that the rearrangement drives aberrant expression of the fusion allele. We therefore
characterized mechanisms through which MYB-QKI rearrangements may contribute to
aberrant MYB-QKI expression and evaluated the oncogenic potential of both genes.

MYB-QKI functions as a transcription factor

We performed genome-wide gene expression analyses of three independently-generated
pools of mouse neural stem cells (MNSCs) engineered to stably over-express MY B-QKI5,
MYB-QKI6, truncated MYB including exons 1-9 (MYBtrEx°n1-9) or eGFP. Relative to
eGFP-expressing cells, those expressing MYB-QKI5 and MYB-QKI6 exhibited
significantly different expression of 1621 and 1947 genes, respectively, with 1029 genes
overlapping (p<0.0001; Supplementary Table 4). Gene-set enrichment analysis revealed
expression of either MY BtrEXon1-9 or MYB-QKI was associated with enrichment of
signatures of MYB pathway activation (p<0.0001, Supplementary Table 5).

We defined a MYB-QKI gene expression signature comprising the 50 genes whose
differential expression correlated most with its expression (Figure 3a). These genes include
KITand CDKB®, previously reported to be associated with MYB activation22
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We performed chromatin immunoprecipitation with parallel sequencing (ChlP-seq) in
mNSCs expressing MYB-QKI, using an antibody which recognizes the N’ terminus of
MY B and another antibody against H3K27ac, which defines the location of enhancer
regions. We found MYB-QKI5 bound 3,672 sites (p threshold 10~7) across the genome
(92% of these sites contain a MY B binding motif) and H3K27ac bound 9,122 sites, with
overlap at 1,907 sites (52% of MYB binding sites, p<0.0001) (Figure 3b). These findings are
consistent with reports in T-cell ALL, where MYB binding was highly correlated with
H3K27ac defined enhancer523. We also identified MYB-QKI binding to the endogenous
Myb promoter (Supplementary Figure 3a).

MY B-QKI5 binding sites (p threshold 107°) were located within 100kb of 88% (22/25) of
upregulated genes in the MYB-QKI signature but only 40% (10/25) of downregulated genes
(p<0.001; Figure 3C). Each of the MYB-QKI binding sites associated with an upregulated
gene was associated with an H3K27ac enhancer peak, while only 70% of MYB-QKI
binding sites at downregulated genes overlapped enhancers (p=0.003).

The MYB-QKI fusion protein can activate transcription through binding of MYB consensus
binding motifs. We generated a luciferase-reporter construct using known MYB binding
sites from the target promoter mim-18, and co-transfected this reporter with MY BtrExon1-9,
MYB-QKI, or full-length MYB, in 293T cells. We observed a slight induction of mim-1
promoter activity with transfection with full length MY B compared to the control vector.
The greatest induction of mim-1 promoter activity was observed upon co-transfection with
MY BtrExon1-9 or MYB-QKI (Figure 3d and Supplementary Figure 3b), with MY BtrExon1-9
having the highest level of activity.

Angiocentric Gliomas exhibited significantly higher expression of the MYB-QKI signature
relative to normal pediatric brain (p=0.001) and PLGGs without MY B-QKI alterations
(p=0.0011) (Figure 3e). PLGGs exhibited increased expression of genes associated with
MY B pathway activation compared to normal brain (p=0.0003), but this was not specific to
MY B-QKI rearranged tumors, and was of lower magnitude than the difference observed
with the MYB-QKI signature (Supplementary Figure 3c).

MYB-QKI rearrangements drive aberrant expression of truncated MYB

Angiocentric Gliomas with MYB-QK/ exhibit significantly higher MYB expression relative
to normal pediatric cortical brain (p=0.0062) or to PLGGs with BRAF or FGFR alterations
(p=0.03) (Figure 4a and Supplementary Note 2). The MYB that is expressed is truncated and
corresponds to the exons retained in the rearranged MYB-QK/ allele. Three Angiocentric
Gliomas harbored MYB-QKI rearrangement breakpoints between exons 9 and 10 of MYB.
These exhibit increased expression of MYB exons 1-9 relative to PLGGs that do not harbor
MYB-QKI (p<0.05), but minimal expression of the remaining exons (Figure 4b). These data
support the selective, aberrant regulation of expression of truncated MYB via MYB-QKI.

The MYB-QKI rearrangement results in enhancer translocation

Aberrant oncogene expression can result from enhancer translocati0n24. In published
H3K27ac enhancer profiles from normal human cortical brain sampleszs, MYRBis not
associated with H3K27ac enhancer peaks, consistent with the finding that MYB s not
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expressed. In contrast, @K/, which is expressed, is associated with several H3K27ac peaks,
including sequences at the 3’ end of QK7 (Figure 4c, d, e). The MYB-QK/ rearrangement is
predicted to bring these 3’ QK/-associated H3K27ac enhancer elements to within only 15kb
of the MYB promoter (Figure 4e).

H3K27ac enhancer profiling of two human Angiocentric Gliomas expressing MY B-QKI
confirmed the presence of active enhancer elements that are translocated proximally towards
the MYB promoter (Figure 5a and Supplementary Figure 4). ChIP-seq revealed multiple
H3K27ac peaks associated with 3° QK7, similar to the peaks observed in normal human
brain, and in a BRAF~duplicated supratentorial pilocytic astrocytoma. We also observed
enhancers within 10kb of 3° QK7 and a larger cluster of super-enhancers 100-500kb 3’ to
@K/ (Q3SE1 and Q3SE2). In Angiocentric Gliomas with MYB-QK], these enhancers are
translocated proximally towards the MYB promoter.

We observed an aberrant enhancer associated with the MYB promoter in MYB-QKI defined
Angiocentric Glioma (Figure 5a). Normal human cortical brain is not associated with
H3K27ac MYB-related enhancers, and indeed we did not observe formation of H3K27ac
MYB enhancer peaks in the Pilocytic Astrocytoma (Supplementary Figure 5). However, in
both Angiocentric Gliomas, we observed a large H3K27ac peak associated with the MYB
promoter (M5E1). RNA-seq revealed expression of the first nine exons of MYB
corresponding to those retained in the rearrangement, suggesting that the aberrant M5E1
enhancer is regulating expression of truncated MYB from the rearranged allele. The lack of
full-length MY B expression indicates the aberrant enhancer does not regulate the remaining
wild-type MYBallele.

We examined whether MYB-QKI was able to functionally activate the A/YB promoter by
creating a luciferase-reporter construct possessing the human MY B-promoter (MY B-luc).
We observed significant induction of MYB promoter activity in U87 cells stably expressing
MYB-QKI with MYB-/uc as compared to U87 cells containing M YB-/uc or the promoter-
less control luciferase construct alone (Figure 5c¢). This suggests MY B-QKI contributes to
an auto-regulatory feedback loop, possibly by binding to the MYB promoter. MYB-QKI
activated the MYB promoter in two additional cellular contexts (HEK 293T and NIH-3T3
cells, Supplementary Figure 6).

We predicted that enhancers in the QK73” UTR could aberrantly activate the MYB promoter
when translocated, thereby further driving MY B-QKI expression. We cloned the proximal
QK1 3’UTR enhancer sequence (Q3E1) upstream of the human MYB promoter in the MYB-
Juc construct. Baseline activity of the Q3E1-MYB-/uc promoter construct was higher than
with MYB-/ucalone in U87 glioma cells (Figure 5c), increasing activation by approximately
1.5 fold, a level of activation shown to harbor biological relevance in other diseases
Expression of MYB-QKI with Q3E1-MYB-/uc led to even higher activity, again consistent
with an auto-regulatory feedback loop in the presence of the fusion protein (Figure 5c).

The MYB-QKI fusion protein is oncogenic

Expression of truncated MYB has previously been reported to be oncogeniclo‘lz. In
MNSCs, overexpression of MYB exons 1-9 (short variant) increased cell proliferation rates
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compared to eGFP controls (Figure 6a and Supplementary Figure 6b), while in NIH-3T3
cells overexpression of MYBtr (exons 1-15), but not full-length MYB, induced tumors when
injected into mouse flanks (Figure 6b and Supplementary Figure 6b). Furthermore mNSCs
expressing MY Btr induced diffuse gliomas on average 100 days post intracranial injection
(Figure 6e, f). These tumors expressed OLIG2 and GFAP in a subset of tumor cells, a
pattern similar to that observed in human diffuse gliomas (Supplementary Figure 6c).

To test whether MY B-QKI fusions are oncogenic, we stably expressed MY B-QKI5 and
MYB-QKI6 in mNSCs and NIH3T3 cells. In mMNSCs, overexpression of either isoform led
to significantly increased proliferation compared to eGFP (Figure 6¢ and Supplementary
Figure 6b), p<0.0001. Similarly both isoforms induced anchorage-independent growth in
NIH-3T3 cells (Supplementary Figure 7a); /n vivo, overexpression of both MYB-QKI5 and
MYB-QKI6, but not full-length MYB, led to tumor formation as flank xenografts (Figure
6b). Intracranial injections of MNSCs overexpressing MY B-QKI5 or MYB-QKI6 formed
gliomas with infiltrating tumor cells with some evidence of enhanced growth around vessels
and a clustered growth pattern, features similar to Angiocentric Glioma and distinct from the
histology seen adult glioblastoma models (e.g. Ink4a/ARF:EGFRvIII)27. However these
tumors differed from human Angiocentric Gliomas in that they had high-grade features with
frequent mitoses and marked cytologic atypia (Figure 6e). Immunohistochemical analysis
showed diffuse GFAP expression and a subset of OLIG2 positive tumor cells, a pattern
similar to that seen in human Angiocentric Gliomas (Supplementary Figure 6¢).

In total, we established flank injections in 15 mice with NIH-3T3 cells over-expressing
either MYBtr or MYB-QKI (and five vector controls), and 29 intracranial injections of
MNSC expressing MYBtr or MYB-QKI (15 vector controls) (Supplementary Figure 7b). We
observed flank tumors in all 15 mice injected with NIH-3T3 cells over-expressing either
MYBtr or MYB-QKI and five intracranial tumors from mice injected with mNSCs
expressing MY Btr or MYB-QKI. We did not observe tumors in any vector controls. These
data represent a significant enrichment of tumor formation in cells expressing MY Btr or
MYB-QKI (p<0.0001).

The MYB-QKI rearrangement disrupts QKI, a tumor suppressor

We were interested in understanding how disruption of QK7 may contribute to oncogenicity
in tumors that harbor MYB-QKI. Exon-specific RNA-seq analysis of Angiocentric Gliomas
with MYB-QKI/ (n=4) showed reduced expression of QK/compared to PLGGs that harbor
BRAF alterations (n=5) (Figure 7a and Supplementary Note 2). These data suggest that the
MYB-QK]/ rearrangement may contribute to tumor formation through reduced expression of
QKl, a tumor suppressor gene.

Indeed, suppressing wild-type Qk using shRNAs that target the first four exons of Qkled to
increased proliferation of MNSCs, with the greatest increase observed in the context of pre-
existing MYB-QKI expression. In mMNSCs over-expressing MY Btr, MYB-QKI5 or MYB-
QKI86, suppression of wild type Qk was sufficient to increase proliferation within only three
days of suppression (Figure 7b and Supplementary Figure 8a). The greatest effect was
observed in cells overexpressing MYB-QKI, despite a similar or lower degree of suppression
of Qk in these cells compared to those over-expressing eGFP or MY Btr. We did not observe
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increased proliferation within three days in cells expressing eGFP, though we did observe a
mild increase on day 5 (Supplementary Figure 8b). These data suggest MYB-QKI
overexpression and QK/ suppression exert cooperative functional effects.

Suppression of @k by shRNAs in mNSCs expressing MY B-QKI6 led to differential
expression of 309 genes relative to shLacZ (q<0.25, Supplementary Table 6). QKI has been
previously reported to regulate expression of micro-RNAs™ ", and we also observed
upregulation of 10 miRNAs with suppression of wild-type Qk; including Mir717
(Supplementary table 7). The mouse Qkisoform 7 is predicted to contain a miRNA
regulatory element (MRE) for Mir71730.

Angiocentric Gliomas exhibit molecular effects consistent with QK7 suppression. In
mNSCs, we defined a signature consisting of the 50 genes whose expression was most
correlated with Qk suppression (Supplementary Figure 8c). This signature was significantly
enriched in Angiocentric Gliomas relative to normal brain (p<0.0001, Figure 7c).

Taken together, our data suggest three mechanisms through which the MYB-QK/
rearrangement contributes to oncogenicity (Figure 8). First, the alteration results in proximal
translocation of H3K27ac enhancers on 3’QKI towards the AMYB promoter, resulting in
MY B promoter activation. Second, the MYB-QKI fusion protein that is expressed is
oncogenic, functions as a transcription factor, and exhibits the ability to bind to and activate
the MYB promoter, resulting in an auto-regulatory feedback loop. Third, hemizygous loss of
QKT results in suppression of QK/, which functions as a tumor suppressor gene. Thus
disruption of both MYB and QK/appear to contribute to tumor formation in a co-operative
manner.

Discussion

We describe MYB-QKI/ as a novel recurrent diagnostic fusion in Angiocentric Glioma. It
also represents the first example of a single driver translocation of two genes resulting in the
aberrant expression of an activated oncogenic fusion protein which then participates in an
auto-regulatory feedback loop, proximal translocation of enhancer elements regulating
fusion-gene expression, and simultaneous functional loss of a tumor suppressor gene.

We found MYB-QK/to be a defining event in Angiocentric Glioma. This has important
implications for treatment and diagnosis of this disease. The tight association of the
translocation with this histology supports pathologic classification of Angiocentric Glioma
as a separate biological entity. We propose that the presence of this fusion should be
considered diagnostic of Angiocentric Glioma. This could aid in distinction of Angiocentric
Glioma from tumors with higher potential for recurrence or require further treatment, such
as /DH-mutant diffuse gliomas or ependymomas.

MY B-QKI expression was sufficient to reproducibly generate intracranial tumors.
Angiocentric Gliomas are WHO grade 1 tumors and exhibit a very low mitotic index.
Successful models of low-grade pediatric or adult gliomas are rare across all histologies. The
low penetrance in mMNSCs (5 tumors in 29 attempts) relative to high-grade glioma models
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(e.g. EGFRVIII and Ink4a/Arf —/- NSC:s)27 suggests genetic drivers of low-grade gliomas
may be borderline sufficient for transformation.

Although the development of small molecule inhibitors to target MYB directly is likely to be
challenging, MYB-QKI transcriptional targets such as K/7 or CDK6 can be targeted. The
association of MYB-QKI with H3K27ac enhancer elements also raises the possibility of
therapeutically inhibiting its effects through indirect mechanisms, such as BET-
bromodomain®"2 or CDK?7 inhibition®>.

Adenoid cystic carcinomas harbor MYB-NFIB alterations®*°, Like MYB-QKI, MYB-
NFIB also results in high levels of MYB expression, although the mechanism underlying
this, the functional role of AV/F/B, and oncogenicity of MYB-NFIB remain undefined.

We observed an additive effect of Qk suppression with MY B-QKI over-expression,
confirming @K/ as a tumor suppressor and suggesting cooperation between its loss and
expression of MYB-QK/. Recent studies indicate a diversity of roles for QK/in cancer,
including altered splicing events37 and a role in epithelial-mesenchymal transition via
regulation of circular RNAs. QKI regulates expression of genes implicated in cancersg,
and microRNA processingso. Further investigation is required to evaluate mechanisms of
cooperativity between QK/suppression and MYB-QKI expression.

Angiocentric Gliomas exhibit haploinsufficiency of QK7/while GBMs demonstrate biallelic
loss. One explanation may be that complete loss of QK7 exerts negative selection in the
developing brain. This is supported by the essential role of QK/in oligodendrocytic
differentiation. Haploinsufficiency may also account for the lower-grade nature of
Angiocentric Glioma compared to GBM.

Pediatric tumors are characterized by simple genomes with single driver alterations >**. Our
findings that one rearrangement contributes to oncogenicity through multiple mechanisms
may be applicable to a large number of pediatric tumors.

Online methods

Ethics statement

Ethics approval was granted by relevant human IRB and/or animal research committees
(IACUC) of Dana-Farber Cancer Institute (DFCI), Boston Children’s Hospital, The Broad
Institute and Children’s Hospital of Philadelphia (CHOP). IRB approval from all institutions
was obtained, and all patients provided informed consent prior to collection of samples or
were analyzed as de-identified samples with specific IRB waiver of informed consent.

Whole-genome sequencing and processing

PLGGs and normal controls from CBTTC/CHOP and DFHCC/PLGA Consortium were
sequenced at BGI@CHOP, and The Broad Institute of MIT and Harvard. DNA was
randomly fragmented, and libraries prepared for paired-end sequencing on an Illumina
HiSeq 2000. Sequencing files from recently published PLGG datasets were accessedllz.
Read pairs were aligned to reference genome hg19 (Build 37) using the Burrows-Wheeler
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Aligner (bwa) with options -q 5 -132 -k 2 -0 13, Reads were sorted by coordinates,
normalized, cleaned and duplicates were marked using SAMtools and Picard. Base quality
score assignments were recalibrated to control for biases due to flow cell, lane, dinucleotide
context and machine cycle using the Genome Analysis Toolkit (GATK)4. Copy-number
alterations were evaluated using SegSeqs. GISTIC2 was used to identify recurrent copy-
number alterations®". Somatic point mutations and short indels were called using Mutect
and IndelLocator, and visual inspection in IGVlO. Mutsig (version 2.0)11 was applied to
detect significantly recurrent mutations. Rearrangements and breakpoints were identified
using deanger, BreakPointerZ and visual inspection. All analyses were performed within
Firehose

RNA-sequencing and analysis pipeline

Array CGH

Following RNA extraction (RNeasy, Qiagen), library construction was performed using a
non-strand specific lHlumunia TruSeq protocol. Flowcell cluster amplification and
sequencing were performed according to the manufacturer’s protocols using HiSeq
2000/2500, with a 76 bp paired-end run including an eight-base index barcode read. RNA-
sequencing files were downloaded from published datasets™’. RNA-seq bam files were
transformed to fastq files using the Picard SamToFastq algorithm. Raw paired-end reads
were aligned to the reference genome hg19 and preprocessed using PRADA (Pipeline for
RNA-sequencing Data Analysis)14. We used PRADA within Firehose to determine gene-
expression levels, exon expression levels, quality metrics, and for detection of fusion
transcripts. BAM files were also assessed by visual inspection.

DNA was extracted from archival FFPE samples and aCGH performed as previously
describedls'le. GC-normalized copy-number data was cleaned of known germ-line copy-
number variations and circular Binary Segmentation was used to segment the copy-number
data (o = 0.001, undo.splits = sdundo, undo.SD = 1.5, minimum width = 5).

Whole exome sequencing

WES was performed from FFPE samples (without matched control). These samples were
used to confirm driver alterations identified by the WGS. DNA was extracted using the
QIAGEN DNA Blood and Tissue kit. Libraries with a 250 bp average insert size were
prepared by Covaris sonication, followed by double-size selection (Agencourt AMPure XP
beads) and ligation to specific barcoded adaptors (Illumina TruSeq) for multiplexed analysis.
Exome hybrid capture was performed with the Agilent Human All Exon v2 (44 Mb) bait set.

Sequence data were aligned to the hg19 reference genome with the Burrows-Wheeler
Aligner with parameters [-q 5 -1 32 -k 2 -t 4 -0 1]. Aligned data were sorted, duplicate-
marked, and indexed with Picard tools. Base-quality score recalibration and local
realignment around insertions and deletions was achieved with the Genome Analysis
Toolkit.
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Mutations were called with MuTect, filtered against a panel of normals, and annotated to
genes with Oncotator. Likely germline SNPs were removed by filtering against the Exome
Sequencing Project (ESP) and Exome Aggregation Consortium (ExXAC).

Histological assignment

MYB FISH

Histologic subtype assignments were according to previously published data. Samples not
previously published were centrally reviewed and classified by a board-certified
neuropathologist (K.L.L., S.S, or S.R.) using W.H.O. 2007 criteria.

FISH was performed as previously described’’ using five micron FFPE tissue sections and
Homebrew probes RP11-63K22 (5’ to MYB; directly labeled in SpectrumOrange) and
RP11-170P19 (3’ to MYB; directly labeled in SpectrumGreen) that map to 6g23.3. MYB
status was assessed in 50 tumor nuclei per sample. A CEP6 aqua probe (Invitrogen) mapping
to the centromeric region of chromosome 6 was co-hybridized as a control.

Immunohistochemistry

Diaminobenzidine (DAB), bright-field staining was performed according to standard
protocols on five-micron thick paraffin sections. Heat and 10 mM sodium citrate buffer (pH
6.0) were used for antigen retrieval for the MYB (Abcam for human tissue, Bethyl
Laboratories for mouse tissue), OLIG2 (Chemicon) and GFAP (Millipore) antibodies.
Counterstaining for nuclei was performed using Mayer’s hematoxylin stain and coverslips
were mounted with Permount (Fisher Scientific). Sections from the left occipital pole of a
normal adult brain autopsy were used to assess MYB levels.

Analysis of QKI alterations in TCGA samples

GISTIC 2.0 analyses were performed across 10,570 tumor samples from 31 lineages from
The Cancer Genome Atlas (TCGA), as previously describedg.

Analysis of gene expression in normal tissues

RNA-sequencing of normal pediatric brain samples was accessed from the BRAINSPAN
Atlas of the human developing brain and processed as previously describedls. MYB
expression levels from RNA-sequencing obtained from normal autopsy tissues were
downloaded from the GTEx consortium™. Expression levels were compared using ANOVA
and t-tests. p-values <0.05 were considered significant.

Vector construction and generation of NIH3T3 stable lines

MYB-QKI5 and MYB-QKI6 constructs were synthesized as Gateway compatible entry
clones. MYBtr constructs were generated via PCR mutagenesis using MY B-QKI fusions as
templates. Full-length MYB and QKI constructs were purchased as gateway entry clones
from PlasmID/DF/HCC DNA Resource Core. MYB-QKI5 and MYB-QKI6, MY Btr, full-
length MYB and QKI constructs were sub-cloned into a Gateway-compatible N-MYC-
tagged pMXs-Puro Retroviral Vector (Cell Biolabs). Platinum-E retroviral packaging cells
(Cell BioLabs) were used to generate retrovirus as per manufacturer protocols. NIH3T3 cells
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were infected with retrovirus containing media for 6 hours and puromycin selection
commenced 48 hours post infection. Stable expression of MY C-tagged proteins was
confirmed via western blot analysis (anti-MYC HRP 1:5000 (Invitrogen), anti-MYB
antibody 1:5000 (Abcam) and anti-QKI 1:1000 (Bethyl Lab).

Soft Agar Colony Formation Assays and quantification

Anchorage-independent growth of NIH3T3 cells was assayed as previously described20 with
the following modifications: NIH3T3 cells expressing each of the MYB-QKI5, MYB-QKI®6,
MY Btr, full-length MYB and full length QKI proteins and retroviral vector control were
plated in 0.7% agar with DMEM and DBS in 96 well plates (in triplicates). Cell colonies
were allowed to form for two weeks and images were taken. Images were analyzed using
ImageJ and colonies with area greater than 500 pixels quantified.

Generation of reporter construct containing MYB promoter and enhancer constructs

To assess the effect of candidate enhancer regions on MY B promoter activity, the human
MY B promoter sequence (shown below) was cloned into the pLightSwitch_Prom Vector
(Active Motif) that contains a multiple cloning site upstream of a Renilla luciferase reporter
gene (RenSP) without a promoter. The Mlul/Bglll site on pLightSwitch_Prom Vector was
used to clone the MYB promoter sequence (Supplementary Table 9) and the Mlul site was
further used to clone candidate enhancer regions upstream of the MYB promoter. The
human QKI 3’UTR enhancer sequences (hg18 chr6:163920360-163920809 and
chr6:163921548-163921972) were synthesized by Invitrogen and cloned into the reporter
constructs as described above. The LightSwitch™ Random Promoter Control 1 (Active
Motif) containing a 1 kb non-conserved, non-genic and non-repetitive fragment from the
human genome cloned upstream of the RenSP luciferase reporter gene was used as a
negative control. A housekeeping gene promoter vector, LightSwitch™ ACTB Promoter
Control, was used as positive control for all assays. The luciferase reporter constructs
containing either the MYB promoter or MYB promoter with enhancers were transfected into
U87 glioma line (or MYB-QKI stably expressing U87 line) using Lipofectamine 3000
(n=5), or co-transfected with MYB-QKI or vector control into HEK 293s via Lipofectamine
2000 (Invitrogen), or in NIH3T3/ MY B-QKI stably expressing NIH-3T3 lines using
PolyFect (Qiagen). Luciferase activity was quantified 24 hours post transfection using the
LightSwitch™ Luciferase Assay Reagent (Active Motif) according to the manufacturer’s
protocol.

mim-1 reporter construct generation and MYB transactivation assays

Luciferase reporter constructs containing a consensus DNA-binding sequence for c-MYB
were generated. The reporter construct was designed using the core MY B recognition
element (MRE) consensus sequence PyAAC(G/T)G which is present in the mim-1 gene
promoter, a previously described MYB target2 . Double stranded oligos were generated by
annealing primers mim-1 forward and mim-1 reverse (supplementary Table 9). The annealed
oligo was ligated into pGL4.10[luc2] vector (Promega) digested with Xhol and HindlIl. The
pRL Renilla Luciferase Reporter Vector (Promega E2261) served as an internal control in all
assays. The mim-1 reporter construct and pRL renilla vector (ratio 30:1) were co-transfected
into HEK-293 along with indicated fusions or controls via Lipofectamine 2000. Luciferase
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activity was quantified 24 hours post transfection using the Dual-Luciferase Reporter Assay
System (Promega) according to manufacturer’s protocol.

Cell lines

NIH3T3, 293T and U87 MG cell lines were obtained directly from ACTT and not re-
authenticated. All cell lines were routinely tested (at least every three months) for
mycoplasma infection.

Generation of neural stem cells

Embryonic murine neural stem cells (mNSC) were derived from C57BL6 wild-type E14.5
dpc mouse embryos (purchased from Taconic) as previously describedzz. mNSCs were
maintained in culture media with 1:1 Dulbecco modified Eagle medium (Gibco) and neural
stem cell media (Gibco) supplemented with B27 (Gibco), EGF (02653, Stem Cell), FGF
(GF003, Millipore), and Heparin (07980, Stem Cell).

Overexpression of transcripts in mouse neural stem cells

293T cells were transfected with 10 pg lentiviral pLEX307 expression vectors (gift from
David Root, Addgene plasmid #41392) with packaging plasmids encoding PSPAX2 and
VSVG using Lipofectamine. Lentivirus-containing supernatant was collected 48 hour after
transfection, pooled and concentrated (ultrafiltration). Target neural stem cells underwent
infection using a spin protocol (2000rpm for 120 minutes at 30C with no polybrene).
Puromycin selection (0.5mcg/ml) commenced 48 hours after infection.

ShQk experiments and proliferation assays

Lentiviral vectors (pLKO) encoding shRNAs specific for mouse Qk, targeting sequences in
the first four exons of QKk, and the control shLacZ were obtained from The RNAI
Consortium (Supplementary Table 9). Lentivirus was produced by transfection of 293T cells
with vectors encoding each shRNA (10 ug) with packaging plasmids encoding PSPAX2 and
VSVG using Lipofectamine (Invitrogen, 56532). Lentivirus-containing supernatant was
collected 48 hours after transfection, and concentrated. Target mMNSC underwent infection
using a spin protocol (2000rpm for 120 minutes at 30C with no polybrene). Cells were
placed into proliferation assays 48 hours after infection.

Cell Proliferation Assays

1000 cells/well were plated in 96-well plates, with five replicates. Cell viability was
measured by assessing ATP content using Cell Titre-Glo (Promega). Mean £ SEM was
calculated.

Western immunoblotting

Cells were lysed and subjected to SDS-PAGE gradient gels as previously describedzg. Blots
were probed with antibodies against MYB (ab45150, Abcam), QKI (A300-183A, Bethyl
Laboratories) and actin (sc-1615, Santa Cruz).
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RNA extraction and Real-Time RT-PCR

RNA was extracted with the RNeasy kit (Qiagen). cDNA was synthesized from 1ug RNA
using High Capacity RNA to cDNA kits (Applied Biosystems). Real-time RT-PCR was
performed as previously described 3 Primers for MYB, QKI and B-actin are listed in
Supplementary Table 9. Samples were amplified in triplicate and data analyzed using the
AACT method.

Gene-expression analysis of neural stem cells expressing MYB-QKI

RNA was extracted from three independently generated pools of mNSC expressing one of
eGFP, MYBtr, MYB-QKI5, MYB-QKI6 or QKItr. Gene expression profiles were assayed
using Affymetrix Mouse Gene 2.0 ST microarrays (Affymetrix, Santa Clara, CA). CEL files
were RMA normalized”*. Comparative marker selection analysis25 was performed in
GenePattern using default settings. Genes with p-value <0.05 and g-value <0.35 were
considered significant. GSEA was performed using the C2 (CP) gene sets (MSigDB).
Genesets with nominal p-values <0.05 were considered significant. The MYB-QKI signature
was defined using the ClassNeighbours module of GenePattern (default settings).

Antibody optimization and ChlP-seq

We systematically determined the antibody and concentrations that produce the highest
signal to noise ratio for MYB ChlP-seq using our automated ChlP-seq methodologyzs'27
We tested two MY B antibodies: abcam ab45150 and Sigma SAB4501936. Abcam45150 has
been previously used to ChIP MYBZB. We split the sheared chromatin between 3 ratios of
antibody/chromatin (0.5ul, 1 pl and 5 pl of each antibody/1,000,000 cells), and performed
ChlIP-seq as previously describedzs. As a positive control, we included an antibody targeting
H3K27ac (Cell Signaling Technologies D5E4, optimized at 1 pl/1,000,000 cells). We found
1ul ab45150/1,000,000 cells to be optimal.

Results from the MYB ChlP-seq were validated in three ways. First, we performed MYB
ChiIP-seq in K562 cells and confirmed enrichment at genes reported to be target genes in a
prior study of these cells (Supplementary Figure 9)29. Second, we used Homer30 to perform
an unbiased motif analysis across peaks identified (peak detection threshold 10~7) in mNSC
over-expressing MYBQKI, and identified MYB motifs to be the most enriched motifs across
all peaks (p= 17681) (Supplementary Figure 10a). We observed 92% of all peaks (p threshold
1077, 3392/3672 peaks) to contain a MYB motif (Supplementary Figure 10b, Supplementary
Table 10). Enrichment of MY B motifs was significantly higher in data generated with the
MYB antibody (p= 17%81) compared to those generated from enrichment with H3K27ac
(p=1725). Third, we compared our results from mNSCs to other published MYB ChIP-seq
results. We determined whether MYB bound genes identified in our study (MYB peaks
containing a MYB motif) were overlapping target genes reported in these studies, using a
Chi-Square test with Yates Correction. We observed significant enrichment (p<0.0001;

Supplementary Figure 100)31'32.

ChIP libraries were indexed, pooled and sequenced on Illumina Hi-seq-2000 sequencers.
Raw data was aligned to the mouse reference genome MM9 using Picard tools. Raw
sequencing data was mapped to the reference genome using bowtie2 version 2.2.1 with
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parameters -p 4 -k 1. Peaks were called using MACS version 1.4.2 over an input control. A
p-value threshold of enrichment of 10~/ was used. Density of genomic regions was
calculated using bamliquidator_batch, version 1.1.0. Reads were extended 200-bp and
normalized to read-density in units of reads per million mapped reads per bp (rpm/bp). To
calculate genome-wide overlap, all enriched H3K27ac peaks were extended 5kb in each
direction, divided into 50 bins, and read density was calculated in each bin. Density was
normalized to the largest value observed in each experiment genome-wide and plotted as a
heat map. Peaks and alignments were converted to TDFs by IGV tools and visualized by
IGV. Bed files of published ChlP-seq data of H3K27ac chromatin maps from normal brain>>
were downloaded and visualized in IGV.

ChiIP-seq enriching for H3K27ac was performed on human pediatric low-grade gliomas by

Active Motif as recently described34. Analysis was performed as above using a p-value

threshold of enrichment of 1E-5. Super-enhancer analysis was performed as previously
.35

described™.

In vivo experiments

Mouse flank tumor studies with NIH3T3 Stable Cell Lines: NIH3T3 cell lines were injected
subcutaneously into the flanks of NSG mice (5 mice for each cell line). Mice were 6-10
weeks of age, with equal representation of male and female mice. Tumor growth was
measured biweekly. Ellipsoid tumor volume was calculated using the formula: volume =
1/2(length x width?).

Intracranial mouse injections: Neurospheres were dissociated and resuspended at 100,000
viable cells/pL. One microliter was injected into the right striatum of immunocompromised
ICR-SCID mice. Animals were monitored and sacrificed at the onset of neurological
symptoms. Brains were subjected to routine histological analysis. Tumors were scored as
present based on identification of atypical cells by a neuropathologist. 4-6 week old, male
IcrTac:ICRPrkdc-Scid mice from Taconic were used. A total of 44 mice were used.

Mouse injections were not randomized or blinded. Sample size was not predetermined.
Qualitative assessment of tumorogenicity was the primary outcome measure.
Neuropathologists were blinded to group allocation.

Statistical analysis

For statistical analysis (unless otherwise described), p values were calculated using Fisher’s,
T-tests or Pearson’s as appropriate. ANOVA with correction was used for comparison of
multiple groups. Log-rank (Mantel-Cox) survival analysis was performed for animal studies
and Kaplan Meier curves generated. Error bars shown depict standard error of the mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genomic analysis of 172 WGS and/or RNA-seq of PLGGsrevealsarecurrent
rearrangement involving MY B and QKI in Angiocentric Gliomas

a. Driver alterations were identified in 154 of 172 PLGGs profiled with WGS and/or RNA-
seq. Histological subtypes include Pilocytic Astrocytoma (PA). Pilomyxoid Astrocytoma
(PMA), Angiocentric Glioma (AG), Oligodendroglioma (OD), Diffuse Astrocytoma (DA),
Dysembryoplastic Neuroepithelial Tumor (DNT), Ganglioglioma (GG), Pleomorphic
Xanthoastrocytoma (PXA), and PLGG not otherwise specified (NOS). Tumors for which
histology is unavailable are designated NA.

b. FISH using probes flanking MYB reveal three patterns in PLGG: disomy, MYB
rearrangement, or 3’ MY B deletion. Scale bars = 5 microns

¢. Frequency of MYB alterations or MYB-QK/ rearrangements in Diffuse Astrocytoma and
Angiocentric Glioma. p value represents enrichment of MYB-QKI/ rearrangements in
Angiocentric Glioma. MYB-QKI alterations were identified with WGS alone (n=1), WGS
and RNA-seq (n=2) or RNA-seq alone (n=3).

d. Breakpoints observed in MYB and QKI in Angiocentric Gliomas. Sequence across the
breakpoints as determined by RNA-seq is shown for each rearrangement.
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e. Copy-number profiles from WGS data of MYB and QKI in three Angiocentric Gliomas.
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Figure 2. Alterations of MYB and QK| occur frequently in human cancers
a. MYB expression (mean + SEM) in normal human colon (n=12), breast (n=27), whole

blood (n=51), esophagus (n=38), skin (n=25), and brain cortex (n=47).
b. MYB immunohistochemistry on human adult frontal cortex. Scale bar = 100 microns
¢. MYB immunohistochemistry on human adult white matter. Scale bar = 100 microns
d. Hematoxylin and eosin (H&E) on human fetal neural stem cells generated from the
ganglionic eminence at 22 weeks gestation. Scale bar = 100 microns
e. MYB immunohistochemistry demonstrates positive staining in a subset of cells. Scale bar
=100 microns
f. Sagittal section from embryonic 14.5 days post coitus (E14.5) mouse brain. Scale bar =
500 microns.
g. H&E of E14.5 ganglionic eminence (ge) including ventricular (ge-vz) and subventricular
(ge-svz) zones. Scale bar = 50 microns.
h. MYB immunohistochemistry on the E14.5 ganglionic eminence. Scale bar = 50 microns.
i. MYB immunohistochemistry demonstrates positive staining in subventricular zone (ge-
svz) but not the ventricular zone (ge-vz). Scale bars = 50 microns.
j- H&E from periventricular region of adult mouse brain. Scale bar = 100 microns.
k. Immunohistochemistry for MY B demonstrates positive cells (arrows) in the
ependymal/SVZ layer. Scale bars = 100 microns.
I. (Left) Significance of deletions (x-axis) and (middle and right) heatmaps indicating copy-
number profiles at 6q of individual adult Glioblastomas.
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m. Structure of the MYB-QKI fusion protein. TAD denotes transactivating domain. C-
terminus of QKI includes QUA2 domains. MYB-QKIS5 retains a nuclear localizing sequence
(NLS). Two variants of MYB-QKI are depicted corresponding to the breakpoint of MYB.
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a. MYB-QKI expression signature in mouse neural stem cells relative to cells expressing

eGFP controls.

b. Heatmap of H3K27ac and MYB-QKI levels at MYB-QKI regions. Each row is centered
on MYB-QKI peaks. These regions are rank-ordered by MYB-QKI signal. Scaled intensities

are in units of rpm/bp

¢. % of MYB-QKI signature genes with evidence of MYB-QKI ChlIP-seq binding in up-

regulated (n=25) and down-regulated (n=25) genes. ** depicts p<0.001 (paired t test).

d. mim-1 reporter induction following transfection of MYBtr, MYB-QKI5, MYBQKI6 or
full length MYB in 293T cells. Values shown represent mean of three independent

measurements + SEM.

e. Expression of MYB-QKI signature in normal pediatric brain samples (n=8), PLGGs
without MYB-QKI (n=8), or Angiocentric Gliomas with MYB-QKI (n=4). Values represent
mean expression of signature in tumors + SEM. Expression of signature within each tumor

is the sum of rpkm of each gene in the signature.
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Figure 4. Angiocentric gliomas exhibit aberrant expression of MY B-QKI dueto H3K 27ac-
associated enhancer translocation and an autoregulatory feedback circuit in which MY B-QKI
bindsto the MYB promoter

a. MYB expression levels (in RPKM) of tumors with MYB-QKI rearrangement (n = 5)
relative to normal brain (n = 10) or BRAF~ or FGFR-driven PLGGs (n = 10). Values shown
represent means £ s.e.m. **P < 0.05.

b. Exon-specific expression of MYB in angiocentric gliomas that harbor MYB-QKI
rearrangement (n = 3) relative to PLGGs that harbor BRAF alterations (n = 4). Values shown
represent means + s.e.m.

c. Top track (green), H3K27ac binding within the Qk locus in mNSCs. Bottom track (red),
MY B-QKI binding within the Qk locus in mNSCs. ChlP-seq binding peaks are shown.

d. H3K27ac signal within the MYBand QK/loci in human frontal and temporal lobes
(Encyclopedia of DNA Elements, ENCODE). Values shown depict the mean number of
nucleotides that are associated with H3K27ac (per kb) in MYBand QK/across both
locations £s.e.m. (n = 1 ChlP-seq map for each location). **P < 0.05.
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e. Predicted H3K27ac-associated enhancer elements in MY B-QKI, with translocation of
genomic enhancers from the 3’ region of QKI to within 15 kb of the 5’ end of MYB. The
enhancer maps shown are derived from ENCODE data for normal human brain (frontal and
temporal lobes). Q3E1 represents a H3K27ac-associated enhancer present in the ENCODE
data from normal brain.
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Figure 5. Human Angiocentric Gliomas exhibit H3K 27ac enhancer translocation with an
aberrant enhancer associated with the MYB promoter

a. H3K27ac enhancer peaks in proximity to MYBand QK/in a BRAF-duplicated Pilocytic
Astrocytoma (top) and MY B-QKI Angiocentric Glioma (lower). Q3E1 is an enhancer
associated with the 3’UTR of QKI. Two super-enhancer clusters (Q3SE1 and Q3SE2) are
located within 500kb of QKI. Angiocentric Gliomas are associated with aberrant enhancer
formation at the MYB promoter (M5EL), which is not detected in the BRAF driven pilocytic
astrocytoma. The breakpoints for the MYB-QKI rearrangement are between exons 1-9
MYBand 5-8 QK. Expression as determined by RNA-sequencing is depicted for the

MY B-QKI Angiocentric Glioma.
b. 3" QKI associated super-enhancers (Q3SE1/2) presented in two Angiocentric Gliomas.
c. MYB promoter activation following transfection of the MYB-/uc construct in U87 cells
and U87 cells over-expressing MY B-QKI with and without Q3E1 enhancer cloned into
MY B-/uc construct. Changes in luciferase activity of the MYB-/uc reporter is shown as
mean (+ SEM) of three individual replicate experiments with n=5.
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Figure 6. MYB-QKI fusion protein and truncated MY B are oncogenic
a. In vitro cell proliferation (number of cells relative to baseline) of MNSCs overexpressing

eGFP or truncated MYBtré*°ns1-9 The mean values for five independent pools are depicted.
Error bars, s.e.m.

b. Tumor growth following flank injections of NIH3T3 cells overexpressing MYB,

MY Btrexonsl=15 or g vector control. The means of five measurements are depicted. Error
bars, s.e.m. Representative images are shown for intracranial mMNSC-MY B-QKI6 tumors.

¢. In vitro cell proliferation of mMNSCs that overexpress MYB-QKI5 (short), MYB-QKI6
(short) or eGFP control. The means of five independent pools are depicted. Error bars, s.e.m.
d. Tumor growth following flank injections of NIH3T3 cells overexpressing MYB, MY B-
QKI5 (long), MYB-QKI6 (long) or vector control. The mean of five measurements is
depicted. Error bars, s.e.m. Representative images are shown of intracranial mMNSC—-
truncated MY B tumors.
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e. Hematoxylin and eosin analysis of severe combined immunodeficient (SCID) mouse brain
after striatal injections with mNSCs expressing eGFP, truncated MYB, MYB-QKI5 or
MYB-QKI6. Scale bars, 2 mm (top) and 50 ?m (bottom).

f. Kaplan-Meier survival analysis of orthotopic SCID mice injected with mNSCs
overexpressing truncated MYB, MYB-QKI5 or MYB-QKI6 that develop tumors with short
latency in comparison to mice injected with mNSCs expressing eGFP, which never develop
tumors (**P < 0.05).

Nat Genet. Author manuscript; available in PMC 2016 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bandopadhayay et al.

Page 33
a
1.57
L
23
®
PE 4 — — — = = = = = = = — -
e
Sa
s>
85
Q <
x
N
0_
1 2 3 4 5 6 7
Exon
b
m 107 *kk
£ *kk
2
_g 8_ *kk
o ~
[
22 6
©
© 6
o B
22 4
m ~
(&)
(7]
g 2
S
=}
-
0,
R R S S\ B\ B
00<< Q)O(( §\QJ §fb Q)/@b Q;’Os}r Q;'O{* gdl‘
P& F T
¥ ¥ & N\ Y N
AP SN AN SR A
@ NG QO N ~<\0
PN % PN 2
¢ <
g 4007 p<0.0001
o
Qo
i
8 © 300 e
%a (L]
T ©
= y
& 2 200 b
% —
\0—0 s
5 % -
‘w1004
[%2]
[
ol
x
u 0
Normal Angiocentric
Brain Glioma

Figure 7. MYB-QKI disrupts expression of QKI, atumor suppressor gene
a. Exon specific expression of in Angiocentric Gliomas (n=5) relative to BRAFdriven

PLGGs (n=5). Values represent mean £ SEM. RNA-sequencing data of Exon 8 of QK/
revealed a high number of duplicate reads and thus is not shown.

b. Cell proliferation of mouse neural stem cells expressing MY Btr, MYB-QKI5, MYB-QKI6
or eGFP control with suppression of wild-type Qk. Values represent mean of four
independent experiments + SEM.
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c. Expression of signature within each tumor is the sum of rpkm of each gene in the
signature.
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Figure 8. The MYB-QKI rearrangement contributesto oncogenesis through at least three
mechanisms

The MYB-QKI rearrangement disrupts both M/YB and QK resulting in hemizygous
deletion of 3> MYBand 5° QKI/. This results in proximal translocation of H3K27ac
enhancers on 3’QKI towards the MYB promoter, resulting in MYB promoter activation (i).
The MYB-QKI fusion protein that is expressed is oncogenic, functions as a transcription
factor, and exhibits the ability to bind to and activate the MYB promoter, resulting in an
auto-regulatory feedback loop (ii). Hemizygous loss of QKI results in suppression of QKI
expression, which functions as a tumor suppressor gene (iii).
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