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Abstract

Background. Recurrent specific mutations in evolutionarily conserved histone 3 (H3) variants drive pediatric high-
grade gliomas (HGGs), but little is known about their downstream effects. The aim of this study was to identify
genes involved in the detrimental effects of mutant H3.3-K27M, the main genetic driver in lethal midline HGG, in a
transgenic Drosophila model.

Methods. Mutant and wild-type histone H3.3-expressing flies were generated using a ¢C31-based integration sys-
tem. Genetic modifier screens were performed by crossing H3.3-K27M expressing driver strains and 194 fly lines
expressing short hairpin RNA targeting genes selected based on their potential role in the detrimental effects of
mutant H3. Expression of the human orthologues of genes with functional relevance in the fly model was validated
in H3-K27M mutant HGG.

Results. Ubiquitous and midline glia-specific expression of H3.3-K27M but not wild-type H3.3 caused pupal lethal-
ity, morphological alterations, and decreased H3K27me3. Knockdown of 17 candidate genes shifted the lethal
phenotype to later stages of development. These included histone modifying and chromatin remodeling genes as
well as genes regulating cell differentiation and proliferation. Notably, several of these genes were overexpressed
in mutant H3-K27M mutated HGG.

Conclusions. Rapid screening, identification, and validation of relevant targets in “oncohistone” mediated patho-
genesis have proven a challenge and a barrier to providing novel therapies. Our results provide further evidence on
the role of chromatin modifiers in the genesis of H3.3-K27M. Notably, they validate Drosophila as a model system
for rapid identification of relevant genes functionally involved in the detrimental effects of H3.3-K27M mutagenesis.

Key Points
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Importance of the Study

Pediatric HGGs are malignant brain tumors with devas-
tating outcomes. These tumors are driven by specific
mutations in H3 variants, butlittle is known about down-
stream genes that are mis-regulated upon expression
of mutant H3, and how changes in gene expression
contribute to tumorigenesis. Taking advantage of the
high evolutionary conservation of H3 variants, we
developed a fly model to identify genes and signaling
pathways involved in the detrimental effects of mutant

High-grade gliomas (HGGs) are the most common type of
primary brain cancer in adults. In children, they account for
15% of brain cancers and include diffuse intrinsic pontine
gliomas, which are particularly lethal neoplasms with a
median survival of only 10 months postdiagnosis. Despite
histological similarities, and an equally devastating and
fatal outcome, pediatric and adult HGGs are molecularly
distinct diseases. While increasing evidence suggests that
adult malignant gliomas are genetically and epigenetically
heterogeneous, we and others identified recurrent somatic
gain-of-function mutations in 2 specific residues of histone
3 (H3) variants to be commonly altered in pediatric and
young adult HGGs, where they act as major drivers in onco-
genesis."® We identified 2 mutually exclusive recurrent
mutations in H3 variants, p.Lys27Met (K27M) in H3.3 and
H3.1/2, and p.Gly34Arg/Val (G34R/V) in H3.3. Interestingly,
these mutations are also mutually exclusive with the recur-
rent mutations in isocitrate dehydrogenase (IDH) identi-
fied in many young adult gliomas. Similar to IDH mutants,
these “oncohistones” require association with additional
specific genetic alterations for full progression to gliomas
to occur.248We further showed that different H3-associated
mutations occur in different patient age groups and give
rise to HGGs in specific anatomic compartments in the
brain. Indeed, K27M arises in ~80% of midline HGGs, and
recently diffuse midline glioma H3-K27M mutant (World
Health Organization [WHO] grade IV) has been recognized
as a distinct tumor entity.® In contrast, mutations affecting
the H3K36 mark (SETD2, H3.3G34R/V)'%-'2 occur in ~42% of
cerebral hemisphere HGGs, indicative that oncohistones
arise during specific windows of development.

Histones package and organize DNA at the fundamen-
tal chromatin unit, the nucleosome.'® The nucleosome is
composed of a hetero-octamer of histones comprising a
tetramer (H3-H4), flanked by 2 H2A-H2B dimers, around
which ~147 bp of DNA is wrapped.' The dynamics of this
organization permit the compaction of the genome, while
enabling all cellular processes operating on DNA to occur.
DNA condensation is regulated by posttranslational modi-
fications of protruding N-terminal histone tails (eg, meth-
ylation, acetylation, phosphorylation, ubiquitinylation),
which enable dynamic and cell type-specific regulation of
genes.' H3.3-K27M affects the SET domain of enhancer of
zeste homolog 2, leading to a drastic decrease in the levels
of H3K27 tri- and dimethylation in cells, while H3.3-G34R/V
may impair the methylation of the downstream H3.3-K36

H3. Here we show both that ubiquitous and glial-spe-
cific expression of oncohistones produces deleterious
phenotypes, and that a small, highly specific, set of
genes involved in chromatin remodeling and develop-
ment is functionally implicated in the effects of H3.3-
K27M. This approach could be extended to investigate
other oncogenic mutant histones and identify relevant
therapeutic targets in H3K27M pathogenesis.

mark."® These effects on histone methylation potentially
cause transcriptional dysregulation and alter the pattern of
DNA methylation,?'6-® but little is known about the spe-
cific downstream events they produce and the function
of the affected genes and signaling pathways in driving
tumorigenesis.

This current lack of understanding of the effects of
histone mutagenesis impedes the design of effective
therapies for HGGs.2'%20 Another major challenge to
developing such therapies is the paucity of preclini-
cal models that recapitulate the pathogenicity of these
oncohistones.?! Importantly, histones are among the
most evolutionarily conserved proteins, and the H3 vari-
ants H3.1 and H3.3 are identical in humans and the fruit
fly Drosophila melanogaster.'® Drosophila has proven to
be a powerful genetic model to study human diseases,
including brain tumors,? and to decipher specific genes
and pathways whose regulation is affected by specific
perturbations, including histone mutagenesis.?®> We thus
aimed to identify genes functionally involved in the detri-
mental effects of H3.3-K27M mutants in vivo. To this end,
a Drosophila model expressing human mutated K27M-
or G34R-H3.3 or expressing wild-type histone H3.3 was
established. Here we show both that ubiquitous and cell
type-specific expression of oncohistones produces del-
eterious phenotypes and that genes involved in chromatin
remodeling and development are functionally implicated
in the detrimental effects of H3.3-K27M.

Materials and Methods
Fly Stocks and Genetics

Mutant and wild-type histone H3.3-expressing flies (UAS-
H3.3 wild-type, UAS-H3.3-K27M, UAS-G34R-H3.3) were
generated using a @C31-based integration system. All
strains were kept at 25°C and 60% humidity. Flies were
crossed against cell type-specific GAL4 driver lines
(obtained from the Bloomington Drosophila Stock Center
and the Vienna Drosophila Resource Center) to activate
expression of UAS constructs.

e Act5C-GAL4/CyO::Deformed GFP (kindly provided by
Christian Klambt)
e slit-GAL4/CyO,Tb (kindly provided by Christian Klambt)
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e elav-GAL4 (BDSC: 458)
e repo-GAL4 (kindly provided by Christian Klambt)

Immunofluorescence

Third instar larvae were fixed in 3.7% formalin overnight
at 4°C. Subsequently, larval brains were dissected and
stained using various primary antibodies (mouse anti-Slit
[1:25, C555.6D, Developmental Studies Hybridoma Bank],
rabbit anti-Tri-Methyl-Histone H3 [Lys27 1:500, C36B11,
Cell Signaling], and rabbit anti-Wrapper [1:25, 10D3,
Developmental Studies Hybridoma Bank]). Secondary
antibodies (goat Cy™3 anti-mouse [Dianoval, goat Alexa
Fluor 488 anti-rabbit [Thermo Fisher Scientific], and goat
Alexa Fluor 647 anti-rabbit [Thermo Fisher Scientific]) were
used at dilution of 1:1000. Brains were mounted in Roti-
Mount FluorCare (Carl Roth) and analyzed using a Zeiss
LSM 710 microscope.

Confocal Microscopy and Image Analysis

For image acquisition of larval brains, after whole mount
fluorescent staining, an Axio Imager M2 with an LSM
700 confocal unit (Zeiss) was used (lenses: 10x Plan Apo,
numerical aperture [NA] = 0.45; 20x Plan Apo, NA = 0.8;
40x Plan Apo, NA = 1.4). Zen 2009 software (Zeiss) and
the ImageJ software (available at http://imagej.nih.gov/ij/)
were used for image processing. For quantification of the
signal intensity of immunofluorescence images, the mean
gray value throughout the larval brain was measured using
ImageJ software.

Western Blot

Proteins were extracted from third instar larval brains.
Approximately 100 larval brains were frozen for 5 min
at -80°C in a 1.5 mL reaction tube. Subsequently, 100 pL
cold radioimmunoprecipitation assay buffer (0.1% sodium
dodecyl sulfate [SDS]; 1% NP-40; 0.5% sodium deoxycho-
late; 50 mM Tris, pH 8; 150 mM NaCl; 1:100 phenylmeth-
ylsulfonyl fluoride; 1:1000 proteinase-inhibitor) was added
and larval brains were ground with pestles. Samples were
centrifuged for 5 min at 13000 rpm and 4°C. The superna-
tant was transferred into a fresh reaction tube and samples
were stored at —20°C until further usage. Protein extracts
were heated for 5 min at 95°C in sample buffer and run
on a 10% SDS-polyacrylamide gel electrophoresis gel.
Separated proteins were blotted using nitrocellulose and
incubated with mouse anti-Slit antibody (C555.6D, 1:200,
Developmental Studies Hybridoma Bank) and goat Alexa
Fluor 488 anti-mouse (1:3000, Thermo Fisher Scientific).
Stained protein bands were visualized using a ChemiDoc
MP imaging system (Bio-Rad).

Fly Genetic Modifier Screen

Cell type-specific screening strains were generated by bal-
ancing second and third chromosomes carrying the GAL4
and UAS construct, respectively. Ubiquitous or midline

glial expression of transgenic H3.3-K27M was achieved
using actin-GAL4 or slit-GAL4 driver strains, respectively.

+_actin — GAL4 UAS — K27M — H3.3

+' CyO, Tb tubulin — Gal80

+ slit — GAL4 UAS — K27M — H3.3

+' CyO, Tb ' tubulin — Gal80

Genetic modifier screens were conducted by crossing
screening strains to RNA interference (RNAI) lines (GD
or KK stocks obtained from Vienna Drosophila Resource
Center and the Bloomington Drosophila Stock Center)
to test for a modification of detrimental effects of H3.3-
K27M expression. RNAi lines of 194 candidate genes
(Supplementary Table 1) were investigated regarding a
negative or positive shift of lethality induced by H3.3-K27M
expression. To control for GAL4 dosage effects, all screen-
ing strains were crossed to UAS-mCherry-RNAI. Positive
shifts were verified in triplicates. To guarantee a sufficient
amount of animals affected by short hairpin (sh)RNA
knockdown, only crosses resulting in at least 50 control
animals were scored.

RNA Sequencing of Human Tumor Samples

For gene expression analyses in human HGGs, we used
a recently published RNA-seq dataset consisting of 5
H3-K27M HGGs, 4 H3 wild-type HGGs, and 3 normal
brain samples.?’ Raw sequencing reads were trimmed
using Timmomatic (v0.32)?* to remove the first 4 bases of
each read, low-quality bases at the start and end of reads
(phred33 < 30), as well as lllumina adaptor sequences
using palindrome mode. A sliding window of 4 nucleo-
tides was used to cut reads when the average quality of the
window fell too low (phred33 < 30). Reads shorter than 30
nucleotides after trimming were discarded. The high-qual-
ity reads resulting from this procedure were aligned to the
human reference genome (GRCh37) using STAR (v2.30e)
and default settings. Multimapping reads (ie, mapping to
more than 10 genomic locations) were discarded.

Gene expression was quantified with featureCounts
(v1.4.4) using Ensembl’s ensGene annotation set.
Normalization (median of ratios) and identification of dif-
ferentially expressed genes were performed using DESeq2
(v1.14.1) using the negative binomial distribution to deter-
mine statistical significance. To quantify the enrichment
of the set of genes identified in Drosophila across human
samples, we used single-sample Gene Set Enrichment
Analysis (ssGSEA).? Statistical significance of the differ-
ence in distribution of gene expression levels (in reads per
kilobase per million [RPKM]) in H3-K27M HGG, H3 wild-
type HGG, and normal brain samples was determined
using Kruskal-Wallis ANOVA followed by Dunn’s test for
multiple comparisons.

Immunohistochemistry of Human Tumor Samples

For immunohistochemistry, tissue sections from formalin-
fixed paraffin-embedded samples of 8 histone H3(K27M)
mutated HGGs as well as 9 histone H3 wild-type HGGs
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were stained using antibodies directed against cyclin D1
(CCND1) (1:20, RM-9104, Thermo Fisher Scientific), B lym-
phoma Moloney-murine leukemia virus insertion region
1 homolog (BMI1) (1:500, EPR3745[2], Abcam), and high
mobility group box 2 (HMGB2) (1:200, PA5-62773, Thermo
Fisher Scientific) on an automated staining system (Dako).
Tumor samples were collected from the archives of the
Institute of Neuropathology Miinster. Our tumor bank
received local ethical committee approval (ethics commit-
tee of the University Hospital Mlinster), and patients had
given informed consent for scientific use of the archival
materials.

Results

Expression of Mutant Histone H3.3 Causes
Lethality in Drosophila Melanogaster

Transgenic expression of mutant histone H3.3 in
Drosophila melanogaster resulted in different phenotypes
for H3.3 mutants, while control expression of human wild-
type H3.3 had no effect on the tested Drosophila strains
(Table 1). Ubiquitous expression of H3.3-K27M or H3.3-
G34R caused lethality at the pupal stage. Expression of
H3.3-K27M in glial cells (repo-GAL4) and midline glia (slit-
GAL4) resulted in a lethal phenotype at the pupal stage and
the late pupal stage, respectively, in contrast to expression
of H3.3-G34R, which did not produce a phenotype using
these drivers. No phenotype was observed using neuronal
GAL4 driver strains for either mutant H3.3 (Table 1).

Expression of Mutant H3.3-K27M in Drosophila
Melanogaster Causes Morphological Changes
and Reproduces Epigenetic Alterations Seen in
Human Tumors

Ubiquitous expression of H3.3-K27M but not wild-type or
H3.3-G34R resulted in the formation of melanotic masses
in the larval hemocoel (Fig. 1A-D, Supplementary Fig.
1A, B). Under these conditions, as expected, H3.3-K27M
caused a global reduction of histone H3K27 trimethylation
(H3K27me3; Fig. 1E-H, Supplementary Fig. 1C). Cell type-
specific expression of H3.3-K27M in midline glia (but not
wild-type or H3.3-G34R) also strongly reduced H3K27me3
in the larval brain, H3K27me3 being only detectable in the
periphery of the ventral nerve cord and essentially absent

in midline glia (Fig. 2A-D). Expression of H3.3-K27M (but
not wild-type or H3.3-G34R) also altered the distribution of
Slit protein, an important midline glial-derived inhibitor of
axonal migration (Fig. 2E-H). Distribution of midline glial
marker Wrapper remained unchanged, suggesting per-
turbed localization of (extracellular) Slit protein rather than
perturbed migration of midline glia cells (Supplementary
Fig. 2). Furthermore, expression of Slit protein in the larval
brain was found to be increased upon H3.3-K27M expres-
sion on western blot (Supplementary Fig. 3).These data are
consistent with findings in human HGGs as K27M muta-
genesis characterizes midline tumors of glial lineage where
Slit, a neural axonal guidance factor previously involved
in glioma invasion,?® is overexpressed in K27M HGGs. As
the wing is commonly examined to study proliferation in
Drosophila, we also expressed histone H3.3-K27M under
the control of engrailed, which resulted in increased prolif-
eration of the larval wing disc (Supplementary Fig. 4).

Genes Involved in the Detrimental Effects of
H3.3-K27M Expression

We focused on further investigating the effects of H3.3-
K27M expression in midline glia, or ubiquitously, because
of the relevance to human disease of the phenotypes we
obtained.To identify genes functionally involved in the det-
rimental effects of H3.3-K27M expression, we performed a
modifier screen on the fly lines. To this effect we selected
194 candidate genes known to play a role in glial cell
biology and/or to affect H3.3 function, including its post-
translational modifications and its incorporation in the
chromatin (Supplementary Table 1). We expressed shRNA
targeting each of these genes in the transgenic H3.3-K27M
fly, and examined whether the lethal phenotype of H3.3-
K27M flies was shifted to earlier or later stages of devel-
opment. Under control conditions, ubiquitous H3.3-K27M
expression in the screening strain (Act5C > UAS- H3.3-
K27M /UAS-mCherry-RNAI) caused lethality at the early
pupal stage, with 21% (median range, 18-22%) of animals
failing to pupate and showing incomplete or deformed
pupal shells (Fig. 3A, control RNAI). From this starting
point, shRNA knockdown of 8 of the 194 candidate genes
shifted pupal lethality to later stages of development
(ie, absence of pupation defects; Fig. 3A, Table 2). These
included 6 genes encoding histone modifying and chroma-
tin remodeling proteins: high mobility group genes HMG
protein Z (HmgZ2) and HMG protein D (HmgD), polycomb

Table 1 Effect of mutant H3.3 expression in Drosophila melanogaster®
GAL4 Expression H3.3-K27M
Ubiquitous (Act5C-GAL4) Pupal lethal
Glial cells (repo-GAL4) Pupal lethal

Midline glial cells (slit-GAL4)

Neurons (elav-GAL4) Viable

Pupal lethal, eclosure defects

G34R-H3.3 H3.3Wild-Type
Pupal lethal Viable
Viable Viable
Viable Viable
Viable Viable

*Effect of ubiquitous and cell type—specific transgenetic expression of mutant H3.3 (H3.3-K27M and G34R-H3.3) compared with H3.3 wild-type (con-

trol) in Drosophila melanogaster.
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Wild type H3.3WT

H3.3-K27M H3.3-G34R
C D
N
Vi, ) &

Fig.1 Phenotype upon ubiquitous expression of wild-type and mutant H3.3 in Drosophila. Phenotype of third instar control larvae (A) compared
with ubiquitous expression of H3.3 wild-type (WT, B), H3.3-K27M (C), and H3.3-G34R (D). Note formation of melanotic masses only upon ubiquitous
H3.3-K27M expression. H3K27me3 expression in third instar larval wild-type brains (control, E) compared with ubiquitous expression of H3.3 wild-
type (WT, F), H3.3-K27M (G), and H3.3-G34R (H). Note complete loss of H3K27me3 only upon ubiquitous H3.3-K27M expression. Nuclear staining by
4,6’-diamidino-2-phenylindole serves as control. For each condition, at least 5 animals were examined.

repressive complex 1 (PRC1) component suppressor of
zeste 2 (Su(z)2), testis-specifically expressed bromodo-
main containing protein 3 (tbrd-3), elongator acetyltrans-
ferase complex subunit 3 (Elp3), and CG8223, as well as
downstream genes Ephrin and trol (terribly reduced optic

lobes). In contrast, shRNA knockdown of 41 candidate
genes worsened the Act5C > H3.3-K27M phenotype and
produced complete larval lethality. These genes included
PRC2 members E(z) (enhancer of zeste), Caf1-55 (chroma-
tin assembly factor 1, p55 subunit), Su(z)12, and jing. In an
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Wild type H3.3WT H3.3-K27M H3.3-G34R

C D
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Fig.2 Phenotype upon midline glia specific expression of wild-type and mutant H3.3 in Drosophila. H3K27me3 expression in third instar larval
wild-type brains (control, A) compared with midline glia specific expression of H3.3 wild-type (WT, B), H3.3-K27M (C), and H3.3-G34R (D). Note loss
of H3K27me3 in the midline only upon ubiquitous H3.3-K27M expression. Nuclear staining by 4’,6’-diamidino-2-phenylindole (DAPI) serves as con-
trol. Expression of slit protein in third instar larval wild-type brains (control, E) compared with midline glia specific expression of H3.3 wild-type (WT,
F), H3.3-K27M (G), and H3.3-G34R (H). Note perturbed distribution of slit protein only upon midline glia specific H3.3-K27M expression. Nuclear DAPI
staining serves as control. For each condition, at least 5 animals were examined.

H3.3 wild-type modifier screen performed for comparison, Midline glia specific H3.3-K27M expression in the
shRNA knockdown of the majority of these genes did not  screening strain (slit > UAS- H3.3-K27M/UAS-mCherry-
cause a worse phenotype (see SupplementaryTable 2). RNAI) also produced pupal lethality under control




Berlandi et al. Mutant histone H3.3-K27M in Drosophila

A Ubiquitous H3.3-K27M modifier screen
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Fig. 3 Genes involved in the detrimental effects of H3.3-K27M expression. The potential of 194 candidate RNAI strains to shift the lethal pheno-
type encountered upon H3.3-K27M expression to earlier or later stages of development was investigated upon (A) ubiquitous and (B) midline glia
specific H3.3-K27M expression. Each bar represents one of the 194 candidate genes, and the effect of shRNA knockdown on the lethal phenotype
observed in the F1 generation is depicted. Note that shRNA knockdown of some genes caused a positive shift of the lethal phenotype compared
with controls expressing H3.3-K27M and UAS-mCherry-RNAI (arrows), and the phenotype observed upon ubiquitous H3.3-K27M expression
(larval lethality: red; pupal lethality with pupation defects: orange; pupal lethality: lime-green; only pupal lethality: olive green; hatched: green) was
more severe than that observed upon midline glial H3.3-K27M expression (larval lethality: red; pupal lethality with pupation defects: orange; pupal
lethality: lime-green; only pupal lethality: olive green; hatched: green). (C) Genes whose knockdown rescued pupation defects observed upon ubig-
uitous H3.3-K27M expression or lethality observed upon midline glial H3.3-K27M expression were examined in 3 independent experiments. Note that
shRNA knockdown of HmgZ, HmgD, and trol shifted the phenotype to later stages of development upon both ubiquitous and midline glial specific

H3.3-K27M expression.

conditions, with 86% (85-89%) of animals dying at the
pupal stage and 14% (12-15%) of animals attempting but
failing to eclose (Fig. 3B, control RNAi). Upon midline
glia specific H3.3-K27M expression, shRNA knockdown
of 12 of the 194 candidate genes shifted pupal lethality
to later stages of development. Here, the rescue of the
lethal phenotype was more pronounced, with as many as
95% of flies reaching adulthood (Fig. 3B, Table 2). These
suppressor genes included 3 genes that had also shifted
the phenotype upon ubiquitous H3.3-K27M expression:
HmgZ (median hatching rate 95% [93-97%]), HmgD (10%
[6-15%]), and trol (9% [3-9%]). Of note, knockdown of
these genes not only rescued the phenotype upon ubig-
uitous H3.3-K27M expression, but also partly restored the

loss of H3K27me3 (Supplementary Fig. 5), while location
and quantity of Slit protein were not significantly altered
(Supplementary Fig.s 6 and 7). Other genes whose knock-
down suppressed the detrimental effects of midline glia
specific H3.3-K27M expression were PRC1 components
polyhomeotic distal (ph-d; median hatching rate 64%
[24-70%]) and posterior sex combs (Psc; 42% [17-83%]),
lysine acetyltransferase lethal (1) G0O020 (29% [26-59%]),
as well as downstream genes cyclin D (77% [64-85%]),
SET and MYND domain containing, arthropod-spe-
cific, member 1 (SmydA-1; 30% [28-68%]), mesoderm-
expressed 4 (Mes4; 22% [12-41%]), neurotrophin 1 (NT1;
19% [15-35%]), neurofibromin 1 (Nf1; 17% [9-28%]), and
achaete (11% [6-24%]). In contrast, silencing of only 2
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Table 2 Genes shifting the lethal phenotype upon ubiquitous and midline glia specific expression of H3.3-K27M*

Drosophila Gene Human Orthologue

HmgZ HMGB3
HmgD HMGB2
Su(z)2 PCGF2
tbrd-3 BRDT
Elp3 ELP3
CG8223 NASP
Ephrin EFNB1
trol HSPG2
ph-d PHC2
Psc BMI1
Lethal (1) G0020 NAT10
Cyclin D CCND1
SmydA-1 SMYD3
Mes4 POLE4
Neurotrophin 1 BDNF
NF1 NF1
achaete ASCL1

Phenotypic Shift
Ubiquitous Midline glia specific
Ubiquitous Midline glia specific
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific
Midline glia specific

Midline glia specific

*Drosophila genes whose knockdown shifted the lethal phenotype upon ubiquitous or midline glia specific expression of H3.3-K27M to later stages

of development as well as their human orthologues.

candidate genes worsened the phenotype and produced
complete larval lethality. These were jing and Su(var)3-9
(SupplementaryTable 2).

Potential effects of the 17 candidate genes involved
in the detrimental effects of H3.3 K27M were also exam-
ined in an H3.3-G34R screening strain. Here, only 3 of the
candidate genes (including HmgZ) caused a shift of pupal
lethality, suggesting that the majority of identified candi-
date genes rather play a role in the context of H3 K27M
(SupplementaryTable 3).

Taken together, knockdown of 17 genes encoding his-
tone modifying and chromatin remodeling proteins as well
as downstream genes regulating cell differentiation and
proliferation either rescued or shifted the lethal phenotype
encountered upon ubiquitous and/or midline glia specific
H3.3-K27M expression in our fly model to a later stage of
development (Fig. 3C), suggesting that these genes play a
functional role in the detrimental effects of mutant histone
H3.3-K27M.

Genes Involved in the Detrimental Effects of
H3.3-K27M Expression Are Overexpressed in
H3-K27M Mutant Diffuse Midline Gliomas

To investigate if human orthologues of genes of functional rel-
evance in the fly model might also play a role in the biology
of H3-K27M mutant diffuse midline gliomas, RNA-seq data
obtained from 5 H3-K27M mutant HGGs were compared with
4 HGGs without H3 mutations as well as with 3 nonneoplastic
brain samples. Remarkably, human orthologues of identified
candidate genes causing a positive shift in the fly model dis-
played, as a set, elevated gene expression levels in H3-K27M
mutant HGGs compared with H3 wild-type HGG (P < 0.01) as

well as with normal brain samples (P < 0.001; Fig. 4A). Single-
sample GSEA further supported a difference between gene
expression levels in H3-K27M mutant HGGs compared with
normal brain samples (P < 0.05; Fig. 4B), while differences be-
tween H3-K27M mutant HGGs and H3 wild-type HGG were
less pronounced. Human orthologues of 5 genes (ie, ASCL1,
HMGB2, CCND1, EFNB1, and HSPG2) were significantly
upregulated in H3-K27M HGG compared with normal brain
samples (Fig. 4C). Furthermore, 14 of 17 human orthologues
of candidate genes also displayed higher expression levels
(fold change up to 2.53) in H3-K27M HGG compared with H3
wild-type HGG (Fig. 4D), but these differences did not reach
significance. Orthologues of the remaining genes from the
modifier screen were not significantly overexpressed as a
set (96 upregulated and 63 downregulated, P= 0.08). On pro-
tein level, overexpression of CCND1, BMI1, and HMGB2 was
confirmed in an unrelated series of H3 K27M mutated HGGs
(N = 8), CCND1 being significantly overexpressed compared
with histone H3 wild-type HGGs (8/8 vs 3/9 tumors; chi-
square = 8.242, P<0.01; Fig. 5).

Taken together, these findings further corroborate the
relevance of genes identified in the fly model in the biology
of H3-K27M mutant HGGs.

Discussion

We generated a tissue-specific transgenic fly model of
H3.3-K27M mutagenesis. In this model, ubiquitous and
midline glia expression of H3.3-K27M caused pupal le-
thality, induced morphological alterations, and, as ex-
pected, decreased overall levels of H3K27me3 in tissues
expressing H3.3-K27M. The lethal phenotype we observed
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Fig.4 Orthologues of Drosophila candidate genes are overexpressed in H3-K27M-HGG. (A) Expression of human orthologues of all fly candidate
genes shifting the lethal phenotype to later stages of development are overrepresented in H3-K27M HGG (/N = 5) compared with H3 wild-type HGG
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sample. (B) Single-sample GSEA of human orthologues of the genes identified in the fly model, as in (A) (* P < 0.05). (C) Volcano plot of differentially
expressed genes in H3-K27M HGG compared with normal brain samples. Highlighted are human orthologues of Drosophila genes inducing a pos-
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was shifted by genes encoding histone interacting and
chromatin remodeling proteins, but also by genes regulat-
ing cell differentiation and proliferation, indicative of their
potential role in mediating the detrimental effects of H3.3-
K27M in vivo. Notably, several of these modifier genes
identified in the fruit fly screen were also overexpressed
in human H3.3-K27M tumors, supporting their relevance to
human disease. Remarkably, expression of H3.3-K27M, but
not H3.3-G34R or wild-type H3.3, in midline glia was dele-
terious consistent with a specific effect of this mutation in
that brain site and in keeping with human data showing
the specific localization of H3.3-K27M mutant tumors in the
brain midline in human gliomas. Altogether, these results
make a compelling case for the relevance of this model to
human H3K27M mutant gliomas.

Midline glia specific expression of H3.3-K27M perturbed
the localization of Slit, which plays a key role in axonal
guidance. In the larval fly brain, midline glia cells are the
main source of Slit.?” In humans, a role of Slit2 has been
also suggested in glioma cell migration,?® and dysregu-
lated Slit expression has been implicated in the biology
of a variety of cancers,?® including in H3-K27M mutant

HGGs.? Our finding that midline glia specific expression of
H3.3-K27M was associated with both decreased H3K27me3
as well as increased Slit protein expression is potentially
in line with a dominant inhibition of PRC2 and suggests a
role of polycomb repression in midline glia cell function.
Indeed, in cells, PRC2 binds to the Slit2 promoter and pro-
motes trimethylation of H3K27 and gene silencing, which is
lost following K27M-H3.3 expression.3® On the other hand,
knockdown of slit in the fly model did not shift the lethal
phenotype, arguing against a direct role of slitin the lethal
phenotype observed upon midline glial specific H3-K27M
overexpression. This is well in line with our finding that
human slit orthologues SLIT1, SLIT2, and SLIT3 were not
differentially expressed in H3-K27M mutant gliomas.
Ubiquitous expression of H3.3-K27M caused the forma-
tion of melanotic masses, which is a well-accepted cancer
equivalent in Drosophila and involves hemocyte-mediated
immune responses.3' Lack of histone variant H2AV has also
been shown to cause formation of melanotic masses,??
and it has been suggested that polycomb repression might
require 2 independent pathways, one involving H2AV re-
cruitment and a second one leading to H3K27me3.33 Qur
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Histone H3 K27M Histone H3 wild-type

Fig. 5 Protein expression of CCND1, BMI1, and HMGB2 in his-
tone H3-K27M HGGs compared with histone H3 wild-type HGGs. In
H3-K27M mutated HGGs (/N = 8), overexpression of CCND1, BMI1,
and HMGB2 was confirmed on protein level, CCND1 also being sig-
nificantly overexpressed compared with histone H3 wild-type HGGs
(8/8 vs 3/9 tumors; chi-square = 8.242, P<0.01). Representative stain-
ing results are shown.

finding that transgenic expression H3.3-K27M was asso-
ciated with both H3K27me3 loss and melanization further
supports this view and strongly suggests a role of poly-
comb de-repression in melanization.

We observed that knockdown of several PRC1/PRC2
genes shifted the lethal phenotype encountered upon
expression of H3.3-K27M. Silencing of PRC2 members E(z),
Caf1-55, Su(z)12, and jing shifted the lethal phenotype to
earlier stages of development, which is well in line with
a synergistic effect with H3.3-K27M, known to cause dis-
turbed PRC2 repression. Interestingly, Pc represented the
only PRC1 component shifting the lethal phenotype to ear-
lier stages of development, which might well be related to
reduced H3K27me3 and reduced PRC1 recruitment under
these conditions.3*%¢ In contrast, downregulation of other
PRC1 members, namely Psc, Su(z)2 and ph-d, produced
the opposite effect of PRC2 knockdown, shifting the lethal
phenotype to later stages of development. The hierarchi-
cal model of polycomb repression postulates PRC2 activity
to be crucial for PRC1 recruitment by direct interaction of
the Pc subunit and H3K27me3.343¢ However, other studies
also suggested independent binding sites as well as bidi-
rectional recruitment mechanisms for PRC1 and PRC2.3738
Furthermore, a genetic study in Drosophila revealed 2 dis-
tinct classes of PRC1 target genes, one (class |) requiring
all PRC1 components and a second class (class Il) being
more dependent on the presence of ph-d, Psc, and Su(z)2
rather than Pc and other PRC1 components.3® Our findings

are more consistent with PRC1 interacting differently with
distinct classes of target genes, and demonstrate for the
first time a functional involvement for PRC1 in the detri-
mental effects of H3.3-K27M expression. Notably, they
mirror recent findings of an effect of PRC1 in mediating the
oncogenesis of another H3 variant mutation, H3 K36M.4°

Other genes involved in the effects of H3.3-K27M in our
fly model were HmgZ and HmgD, members of the high
mobility group box protein family which are known to par-
ticipate in chromatin remodeling by interacting with tritho-
rax group protein Brahma.*' Besides polycomb repression,
the trithorax group of transcriptional activators is thought
to organize global gene expression in collaboration with
polycomb group proteins. Our results thus suggest a pos-
sible attenuation of altered polycomb repression in K27M
mutants by Brahma-dependent trithorax group activation
aided by high mobility group box proteins.

Knockdown of 4 genes associated with posttransla-
tional modifications of histones also shifted lethality
to later stages of development. Those included a lysine
methyltransferase (SmydA-1)*? and 3 genes implicated in
histone acetylation (Elp3, lethal (1) G0020, and CG8223),
suggesting a role of histone acetyl- and methyltransfer-
ases in the detrimental effects of H3.3-K27M expression.
Other modifier genes were not directly linked to chroma-
tin remodeling or histone interaction, but rather involved
more downstream pathways. These candidates consisted
of 2 cell cycle regulators, CycD and trol,*3** as well as
NT1, achaete, and Ephrin, 3 genes playing important
roles in nervous system development.**47 Additionally,
Mes4, which is known to be involved in early dorsal-ven-
tral patterning,*® the germline specific gene tbrd-3,%° and
Nf1 shifted the lethal phenotype to later stages of devel-
opment. The finding that knockdown of Nf7, which is a
well-established tumor suppressor, counteracts the detri-
mental effects of H3.3-K27M is unexpected. However, simi-
lar results have been observed in a fly model of atypical
teratoid/rhabdoid tumor and have been linked to Hippo
pathway activation.??

The majority of candidate target genes shifted the
phenotype only upon ubiquitous or midline glial cell-
specific expression. This is a common finding, which
could be related to different drivers or GAL4 dosage
effects. Furthermore, midline glial specific knockdown
of some genes might be easier to rescue than upon
ubiquitous knockdown. The number of human tumor
samples available for the present study was relatively
small, and relatively few candidate genes were found
to be differentially expressed when comparing gene
expression data from H3-K27M mutated and wild-type
HGGs with normal brain samples. Even though all 3
normal brain samples were pediatric (median age of
the patients: 7.4 y), this could be also related to the
fact that only 2 of the 3 tissue samples were of midline
location. Normal age-matched tissues of the midline
are hard to obtain, but examination of larger cohorts
including such matched controls would be highly
desirable. Apart from these considerations, our gene
expression data compare well with a dataset previ-
ously published by Funato et al.’® Although the com-
plete differential expression results were not included
in that study, raw expression profiling data were made
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publicly available by the authors. We retrieved the data,
reanalyzed them, and found significant upregulation (P
< 0.05) of 4 human orthologues of the candidate genes
in K27M mutant compared with mock neuronal precur-
sor cells: BMI1, CCND1, PCGF2, and SMYD3. Notably,
CCND1 was also found to be one of the most signifi-
cantly upregulated genes in the H3-K27M HGG versus
normal brain comparison described in our paper. In line
with these findings, differential expression of CCND1 in
H3-K27M HGG could also be confirmed on protein level.

Patients harboring diffuse midline glioma H3-K27M
mutant (WHO grade V) carry a dismal prognosis.?®
Early-stage clinical trials of a histone deacetylase inhibi-
tor, panobinostat (NCT02717455), and an H3.3-K27M
peptide vaccine (NCT02960230) as therapeutic agents
are under way. It is noteworthy that among the genes
involved in the detrimental effects of H3.3-K27M in the
fly model are some others whose products are poten-
tially targetable by small molecules. These warrant
further investigations as they may provide needed alter-
native therapeutic strategies in a deadly disease. The
majority of H3-K27M mutated HGGs carry mutations
of the H3F3A gene encoding for histone H3.3, but bio-
logical and clinical differences between H3.3-K27M and
H3.1-K27M mutated HGGs have been suggested. It will
therefore be of interest to also develop an H3.1-K27M fly
model in order to further study similarities and differ-
ences of H3.3-K27M and H3.1-K27M. Furthermore, the
fly model could be also used to study the functional role
of other genes and pathways known to be relevant in
the biology of HGGs.

In conclusion, we uncover novel genes functionally
involved in H3K27M mutagenesis using a transgenic
Drosophila model. Our results suggest that these fly mod-
els are powerful tools for the identification of function-
ally relevant genes involved in the detrimental effects of
mutant H3 and may aid to discover relevant genes and
pathways in deadly human cancers.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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