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Introduction
Pediatric cancers exhibit a high level of  epigenomic dysregulation (1, 2). This is in contrast to a low muta-
tional burden and a genetically quiet cancer genome (3). Pediatric brain tumors, in particular, demonstrate 
few aberrant genetic events but rather exhibit an altered epigenome (4–7). This aberrant epigenomic regu-
lation often occurs in the face of  a singular genetic event such as MYC amplification in medulloblastoma 
(MB) (7). Because these epigenomic changes are reversible, they represent druggable molecular vulnerabil-
ities that can be therapeutically exploited in these aggressive pediatric brain tumors.

MB, the most common embryonic brain tumor of early childhood, shows remarkable biological and clini-
cal heterogeneity (8).Treatment modalities for MB have remained static, consisting of tumor resection, cranio-
spinal radiation for those >3 years, and combination chemotherapy. In the past decade, intensification of this 
therapeutic strategy has improved overall survival to 70%, though patients experience neurological complica-
tions and long-term sequelae from treatment (9). These detrimental effects make the case for reducing radiation 
exposure in favor of improved patient-specific targeted therapies. Recent transcriptional profiling studies iden-
tify that MB has 4 distinct molecular subgroups characterized by unique genomic and clinical features (10–14). 
Two subgroups are associated with specific abnormalities in developmental pathways, Wingless (WNT) and 
Sonic Hedgehog (SHH). The other 2 subgroups, Group 3 and Group 4, have not been characterized, as well 
(15). More recently, using a combinatorial genomic approach, the number of subtypes of MB was expanded 
to 12, including 2 WNT, 4 SHH, three Group 3, and three Group 4 subtypes (16). Among these subgroups, 

Medulloblastoma (MB) is the most prevalent malignant brain tumor in children, accounting for 
20% of all childhood brain tumors. The molecular profiling of MB into 4 major subgroups (WNT, 
SHH, Grp3, and Grp4) emphasizes the heterogeneity of MB and opens paths in which treatments 
may be targeted to molecularly aggressive and distinct tumors. Current therapeutic strategies for 
Group 3 MB are challenging and can be accompanied by long-term side effects from treatment. 
The involvement of altered epigenetic machinery in neoplastic transformation in MB has become 
more evident. Thus, we performed an epigenomic RNAi and chemical screen and identified SETD8/
PRE-SET7/KMT5a as a critical player in maintaining proliferation and cell survival of MB cells. We 
have found that inhibition of SETD8 effects the migration/invasive ability of MB cells. SETD8 alters 
H4K20me chromatin occupancy at key genes involved in tumor invasiveness and pluripotency. 
Interestingly, these results link the aggressive and metastatic behavior of MYC-driven MB with 
SETD8 activity. Based on our results, we suggest that SETD8 has a critical role mediating Group 3 
MB tumorigenesis. Establishing a role for SETD8 as a factor in MYC-driven MB has potential to lead 
to more effective therapies needed to improve outcomes in high-risk patients.
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Group 3 tumors, and particularly Group 3γ, represent a severe form of the disease characterized by frequent 
MYC gene amplification, metastasis, relapse, and association with a poor 5-year survival rate of less than 30% 
(17, 18). Thus, there is a critical need to develop more effective therapies in Group 3 MYC–amplified MB.

The accumulating evidence of  epigenetic deregulation during MB tumorigenesis provides an opportu-
nity to identify novel directed therapeutics to improve patient outcome (19). Which epigenetic regulators are 
functionally critical for MYC-driven MB is, however, unclear. Previously, we performed an epigenome-wide 
shRNA screen in Group 3 MYC–amplified MB cell lines to identify critical epigenetic regulators necessary 
for uncontrolled cell growth. We have now performed an epigenome targeted chemical screen to identify 
therapeutically relevant targets in Group 3 MYC–amplified MB. Our dual screen revealed that the SETD8/
PR-SET7/KMT5a gene is crucial for viability of  MYC MB cells. SETD8 is a monomethyltransferase with 
1 known substrate, histone 4 lysine 20 methylation (H4K20me). H4K20 monomethylation functions to 
regulate transcription, recruitment of  DNA replication machinery, DNA damage repair, and cell cycle 
progression (20–22). SETD8 is deregulated in some malignancies, including small-cell lung carcinoma, 
pancreatic cancer, and neuroblastoma, where inhibition of  SETD8 can activate p53 proapoptotic programs 
(23, 24). However, the action of  SETD8 in MB is currently unknown, and its connection to MYC-driven 
tumorigenesis is unclear.

In this study, we characterized SETD8 as a factor that promotes self-renewal, proliferation, and invasion/
metastasis of  MB cell lines. We report that loss of  SETD8 results in decreased occupancy of  H4K20me1 
at key epithelial to mesenchymal transition (EMT) gene promoter sites, and confers a survival advantage 
in an orthotopic mouse model. We also establish chemical inhibition of  SETD8 as an effective mechanism 
for reducing self-renewal, growth, and cell viability, indicating that SETD8 is a key therapeutic target in 
MYC-amplified MB.

Results
Dual genomic and chemical screens identify SETD8 as a critical factor in MB. To understand what epigen-
etic regulators facilitate deregulated growth of  MYC-amplified MB, we initially performed a RNAi 
screen using a pooled shRNA library targeting 410 epigenetic/chromatin regulator genes. Lentiviruses 
expressing 4399 distinct shRNA (4–12 individual shRNAs targeting each of  408 gene products) were 
transduced into MYC-driven D458 MB cells. Following puromycin selection, changes in library repre-
sentation after 18 days of  culture were examined in 4 independent replicates using deep sequencing of  
shRNA amplified from genomic DNA. The initial screen identified 76 epigenetic regulators that, when 
reduced, resulted in significant cell loss (Gosh et al., University of  Colorado Anschutz Medical Cam-
pus, personal communication, Supplemental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.122933DS1). To complement the shRNA library screen, we 
evaluated the effectiveness of  epigenetic chemical modifiers against MYC-amplified MB neurosphere 
growth. We examined 148 epigenetic drugs that target the activity of  methyltransferases, demethylases, 
histone acetyl transferase (HATS), Histone deacetylase (HDAC), and acetylated lysine reader proteins. 
D458 MB neurospheres were treated with 2 μM and 0.5 μM concentrations for 8 days, and cell viability 
was assessed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt; (MTS) assay. Chemical modifiers of  HDACs have recently been characterized as 
potent inhibitors of  MYC-amplified MB growth (25). Thus, to focus on potentially novel modifiers, 
HDAC inhibitors are not represented in our final screen. Chemical inhibitors that reduced cell viability 
to 70% of  the DMSO control well were further examined (Figure 1A). In order to focus on therapeuti-
cally relevant targets, we compared the targets of  the chemical inhibitors to our original target list from 
the RNAi screen (Figure 1B). The matched gene list identified 7 epigenetic factors that were strong hits 
on the RNAi screen and on the chemical screen. These were BRD3/4, DNMT1, SMARCA2, EZH2, 
SETD8, and WDR5 (Figure 1B). DNMT1 and SMARCA2 are known epigenetic regulators in MB 
(26–28). Inhibition of  BRD3 and -4 through bromodomain inhibitors has been established as an effec-
tive treatment in MB, by our laboratory as well as others (29–31). In addition, our laboratory previously 
identified EZH2 in MB (32) and currently has submitted work on WDR5. SETD8, though known in 
other cancers, has not been previously linked to MB, to our knowledge. Additionally, SETD8 ranked as 
a top sequencing hit in the epigenetic shRNA pool (Supplemental Table 1) that was necessary for MB 
cell growth. SETD8 is a histone methyltransferase that catalyzes monomethylation of  histone 4 lysine 
20 and is necessary for cell proliferation (33).
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Initially, we evaluated the expression level of  SETD8 in the 4 major subtypes of  MB using a large 
recently published cohort of  patients (16). Expression of  SETD8 remained moderately consistent in all 
subtypes (Supplemental Figure 1). However, when we examined overall survival in patient populations, 
there was a 20% survival disadvantage for patients with high SETD8 mRNA expression (n = 300) com-
pared with those with low levels of  SETD8 (n = 310) across all subgroups (Figure 1C). Significantly poorer 
overall survival was noted in Group 3 patients with high SETD8 (Figure 1C). SETD8 expression was also 
prognostic in SHH and Group 4 but not WNT (Supplemental Figure 1). A drawback of  this analysis is that 
the patient population is heterogeneous, particularly in terms of  treatments for patients. Nevertheless, these 
results suggest that higher SETD8 levels are associated with poor prognosis in Group 3, sonic hedgehog 
(Shh), and Group 4 MB patients. Because Group 3 patients have worse outcomes, we chose to focus further 
on this subtype of  MB.

SETD8 knockdown affects MB cell growth. In order to further understand and validate SETD8 as a critical 
factor in MB tumorigenesis, a stable knockdown of  SETD8 was made in the MB cell line D458 using 3 
specific shRNA lentiviruses and a shNull negative control. Knockdown of  SETD8 by 80% was achieved 
in D458 cells as compared with control cells (Figure 2A and Supplemental Figure 2). Using the same 
approach, SETD8 was depleted in additional MYC-amplified cells, D425 and D283; MYC medium expres-
sion cell line, DAOY; and a MYC low-expression cell line, ONS76, for a comprehensive evaluation of  the 
relationship between SETD8 and MYC (Figure 2A and Supplemental Figure 2).

To validate the growth inhibitory phenotype that was observed in our epigenomic screens, we studied 
the ability of  colonies to form in SETD8 knockdown cell lines, D458, D425, and D283, using a methyl-
cellulose assay. The methylcellulose assay measures the ability of  a single cell suspension to self-renew 
and proliferate. shSETD8 cells showed a substantial decrease in the number of  colonies when compared 
with control cell lines (Figure 2B). D458 shNull and D425 cells formed an average of  85 and 200 colonies, 
respectively, measured as a cluster of  50 or more cells, whereas the D458 and D425 shSETD8 cells were 
significantly reduced to ≤40 and ≤75 colonies with all 3 shRNAs, respectively (Figure 2B and Supplemental 
Figure 2). Similar results were observed in the D283 cells, which showed less than 10 colonies formed down 
from 25 (Figure 2B). Clonogenic assays were conducted for the medium and low MYC expression cell lines 
DAOY and ONS76, and an analogous decrease in colony formation was observed (Supplemental Figure 2).  
These data suggest that SETD8 influences self-renewal ability and proliferation in MB cells.

To further examine the role of  SETD8 in MB cells, we monitored the growth of  D458 and D425 shNull 
and shSETD8 cell lines, expressing a NucRed live cell fluorescence marker with the Incucyte live cell anal-
ysis system. Growth of  D458 and D425 shNull cells increased over 10 days as observed by the increase 
in fluorescence (Figure 2C). In contrast, D458 and D425 shSETD8 cells did not increase in number over 
the same time period, confirming the growth inhibitory phenotype. Recently, SETD8 loss has been shown 
to induce senescence in human fibroblasts (34). To determine if  the observed growth inhibition in MB 
cells was a result of  increased senescence, we performed a senescence associated β-galactosidase assay. We 
found an increase in senescence, both in D458 and D425 cells depleted of  SETD8 (Supplemental Figure 
2). However, the proportion of  senescent cells alone could not fully account for the limitation in growth.

Known mechanisms of  SETD8 activity suggest that SETD8 controls cell cycle progression at many 
levels, including mitotic condensation, S phase entry, and progression through DNA damage checkpoint 
(22). Indeed, expression of  SETD8 is tightly regulated throughout the cell cycle but is quickly degraded 
upon entry into S phase (20). To examine if  SETD8 stable knockdown confers similar phenotypes in MB 
cells, we performed cell cycle analyses with D458, D425, DAOY, and ONS76 cell lines using flow cytom-
etry. Evaluation of  cells stained with DRAQ5 DNA stain revealed an overall reduction in the percentage 
of  cells in G1 phase by 10% (Supplemental Figure 2). We also observed an overall increase in the number 
of  cells in S phase by 20% and G2/M by 11% (Supplemental Figure 2). Correspondingly, we evaluated 
DNA synthesis with bromodexoyuridine staining in D458 stable knockdowns. SETD8 depletion reduced 
active synthesis by 15% (Figure 2D) in D458 cells, corroborating the reduction of  SETD8 impairs MB cell 
propagation. Taken together, these results indicate that SETD8 is an important factor required for aberrant 
growth and suggest that SETD8 has a role in self-renewal of  MB cancer cells.

RNA sequencing indicates that SETD8 plays roles in cell motility, proliferation, and stemness. To study the 
downstream consequences of  SETD8 depletion in MB comprehensively, we performed whole transcrip-
tome analyses of  SETD8-sufficient and -depleted cells using RNA sequencing (RNA-Seq). We then per-
formed network analysis on the RNA-Seq data to identify pathways that were altered by SETD8 depletion. 
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Ingenuity Pathway Analysis (IPA, https://analysis.ingenuity.com/) revealed that the significantly affected 
genes are involved in phospholipase C signaling, ILK1/integrin signaling, CXCR4 signaling, Rho GTPase 
signaling, and actin nucleation (Figure 3A). These pathways maintain cell-to-cell contacts and regulate 
invasion/metastasis (35, 36). For instance, in clinical samples of  MB, elevated levels of  IGF1 and insu-
lin-like growth factor binding protein (IGFBP3) were shown to be present in the CSF leptomeningeal sur-
face, and they accelerated migration and adhesion of  MYC-driven MB (37). IGFBP2, as well as ITGA5 (inte-
grin α-5), were among the top downregulated genes with SETD8 knockdown (SETD8-KD) (Supplemental 
Figure 3). Additionally, we found the affected molecular and cellular functions show overlapping factors 
regulating cellular movement, cell death and survival, and proliferation (Supplemental Figure 3).

We sought to validate the decrease in ILK1/integrin signaling, CXCR4 signaling, and ITGA5, IGFBP2, 
and IGFBP3 by assessing RNA transcript levels in D458 and D425 MB cells. A 60% decrease or more in 
ILK1, ITGA5, IGFBP2, IGFBP3, and CXCR4 was detected in SETD8-reduced D458 and D425 cell lines 

Figure 1. Combinatorial screen establishes SETD8 as a factor in medulloblastoma growth. (A) Epigenetic chemical inhibitor screen. D458 neurospheres 
were exposed to 148 epigenetic chemical inhibitors at 2 μM and 0.5 μM for 8 days. Graphical representation of cell viability is shown for those chemical 
inhibitors that met a 70% viable cells threshold. (B) Venn diagram representing the 7 overlapping genes from both shRNA epigenetic library screen and 
epigenetic chemical inhibitor screen. (C) Kaplan-Meier plots indicating overall survival in relation to SETD8 expression in all MB patient populations (χ2 = 
16.33, P = 5.3 × 10–5) or in the Group 3 MB subtype (χ2 = 6.91, P = 8.6 × 10–3). See also Supplemental Table 1 and Supplemental Figure 1.
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(Supplemental Figure 3). In order to examine the impact of  SETD8 depletion on actin organization, we 
stained MB cells for phalloidin, an F-actin marker. We identified the presence of  podosomes or invadopo-
dia, actin-rich adhesions containing integrins that contact the cytoskeleton and are involved in extracellular 
matrix degradation (38). These structures are linked to cellular invasiveness and are regulated by Rho 
GTPase activity, which was found necessary for podosome and invadopodia formation (38). In D458 and 
D425 shSETD8 cells, we observed a decrease in podosome/invadopodia, indicating a disruption in actin 
nucleation (Supplemental Figure 3).

Gene set enrichment analysis (GSEA) using the Molecular Signatures Database (mSigDB, http://software.
broadinstitute.org/gsea/index.jsp) corroborated our above findings, and highly significant GSEA genesets (Fig-
ure 3C) were examined. A marked decrease in the expression of genes involved in G2/M progression matched 
the aforementioned cell cycle results (Supplemental Figure 3). As previously reported (24), positive enrichment 
of hallmark apoptotic and P53 pathways were also observed (Supplemental Figure 3). We examined P53 protein 
levels in all SETD8 knockdown cells through Western blot but found no changes in P53 protein, suggesting that 

Figure 2. SETD8 is a critical mediator of MB cell growth. (A) Western blot showing SETD8 and actin from stably transduced shNull or shSETD8 D458 
and D425 cells. See also Supplemental Figure 2. (B) Methylcellulose assay with D458, D425, and D283 shNull. Representative images are shown. Line 
and whisker plots represent the mean ± SD from 3 independent replicates. **P < 0.01; ***P < 0.001; ****P < 0.0001; One-way Anova Dunnett’s test and 
unpaired t test. See also Supplemental Figure 2. (C) Proliferation of D458 and D425 shNull or shSETD8 neurospheres expressing a NucRed fluorescence 
marker. The mean red fluorescence ± SD vs. time. (D) Flow cytometry analysis of cell proliferation by FITC-conjugated BrdU labeling of actively dividing 
D458 shNull and D458 shSETD8 cells, costained with 7-AAD. Line and whisker plots represent the mean ± SD from 3 independent replicates. Unpaired t 
test, **P < 0.01. See also Supplemental Figure 2.
 

https://doi.org/10.1172/jci.insight.122933
https://insight.jci.org/articles/view/122933#sd
https://insight.jci.org/articles/view/122933#sd
https://insight.jci.org/articles/view/122933#sd
https://insight.jci.org/articles/view/122933#sd


6insight.jci.org      https://doi.org/10.1172/jci.insight.122933

R E S E A R C H  A R T I C L E

the apoptotic enrichment may be induced by another mechanism in MB (Supplemental Figure 3). In addition, 
negative enrichment of gene sets involved in stem cell division, cell-to-cell interactions, cellular movement, and 
metastasis were detected (Figure 3B). In conjunction with these findings, we found the negative enrichment of  
genes mediating the EMT, a developmental process known to promote invasion and metastasis of cancer cells. 
These results, along with IPA, further implicate SETD8 as a factor mediating growth, invasive potential, and 
stem-like characteristics of MB cells.

Knockdown of  SETD8 reduces self-renewal and stem cell marker expression in MB cells. Self-renewal is 
inherent to cancer stem cells and a major factor in tumor recurrence and resistance to cell death (39, 
40). Negative enrichment of  genes regulating self-renewing division of  stem cells and maintaining 
neural crest stem cells was observed in the GSEA of  our RNA-Seq data (Figure 3B and Figure 4A). 
To determine if  key stem cell factors were affected upon SETD8 depletion, we performed quantitative 
PCR (qPCR) assays and assessed the levels of  expression of  factors that maintain neural stem cell lin-
eage. NANOG, a stem cell factor present in the granular precursor cells of  the cerebellum; LIN-28, an 
embryonic stem cell factor; and NESTIN, a neural stem cell factor, were reduced by 30%–60% in most 
cell lines (Figure 4B and Supplemental Figure 4).

We then examined the functional impact of  SETD8 on self-renewal of  MB cancer cells. SETD8-knock-
down MB cells were serially diluted, seeded in serum-free medium, and allowed to grow for 14 days. A 
significant decrease in the size of  spheres was seen, indicating a reduction in proliferation (Figure 4C).  

Figure 3. RNA-Seq reveals roles for SETD8 in stem cell maintenance, proliferation, and metastatic pathways. (A) The top pathways from Ingenuity 
Pathway Analysis effected by SETD8 knockdown. Bars represent significance of gene enrichment for a given pathway on a –log10(P value) scale. Select 
pathways are highlighted in red. (B) GSEA D458 shNull vs. shSETD8 RNA-Seq. FDR q value and P value are shown for each plot. Negative enrichment of 
gene sets involved stem cell maintenance, EMT, metastasis. (C) Volcano plot of normalized enrichment score vs. –log10(P value) for genesets effected by 
knockdown of SETD8 in D458 cells. Selected genesets are highlighted in blue. See also Supplemental Figure 3.
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In wells where 10 cells were plated, the D458 and D425 shNull cells were ~150–400 μm, respectively, while 
the shSETD8 counterparts were ≤100 μm (Figure 4C). Single cell suspensions displayed growth inhibition, 
as well as a reduced ability to form spheres (Supplemental Figure 4). In all conditions, the number of  
spheres was also greatly reduced, suggesting a defect in self-renewal capacity (Figure 4C). An average of  4 
spheres were counted for D458 shNull and 3 for D425 shNull cells in wells where 10 cells were plated. The 
shSETD8 D458 and D425 cells display a 50% reduction or more in the number of  spheres that formed (Fig-
ure 4C). Additionally, secondary sphere formation was monitored after 14 days. Notably, D458 and D425 
shNull cells formed spheres, while shSETD8 cells remained as single cells (Supplemental Figure 4). To 
confirm that the neurospheres that grew from shSETD8 MB cells maintained the loss in stemness factors 
after 14 days, we stained neurospheres for NESTIN. A loss of  NESTIN staining was observed, indicating 
that the knockdown of  SETD8 in neurospheres was retained (Supplemental Figure 4). Together, the down-
regulation of  factors maintaining stemness, in addition to decrease in number and size of  spheres, supports 
that SETD8 sustains cancer stem cell self-renewal and growth.

SETD8 regulates expression of  EMT genes in MB. In breast and prostate cancers, SETD8 has been shown 
to interact with TWIST1 and ZEB1, 2 transcription factors that direct the EMT (41, 42) and affect cell 
migration. We observed a profound decrease in EMT gene sets in our GSEA, along with negative enrich-
ment of  genes that maintain adherens junctions and promote metastasis (Figure 3B). Hence, we sought 
to further explore the association of  SETD8 with EMT genes and migration of  MB tumor cells. We first 
examined the levels of  expression of  key EMT factors by qPCR. TWIST1, SNAI1, ZEB1, and the matrix 
metalloproteinase MMP10 were decreased by >50% in most shSETD8 knockdown cells compared with 
respective control cells (Figure 5A and Supplemental Figure 4). Conversely, no change or an increase in 
TWIST1, SNAI1, and ZEB1 mRNA expression was detected in the low MYC cell line ONS76.

Additional proteins that mediate the EMT process include SNAI1, β-catenin, and E- and N-cad-
herin. SNAI1 transcriptionally represses epithelial promoters through recruitment of  PRC2 complexes, 
including EZH2, to direct chromatin modifications (43). β-Catenin facilitates attachment of  E-cadherin 
(epithelial cell-to-cell junctions) or N-cadherin (mesenchymal cell interactions) to the cytoskeleton (43). 
Downregulation of  E-cadherin and upregulation of  N-cadherin is a hallmark of  the EMT process. 
When we examined protein levels of  β-catenin and SNAI1 by Western blot, a 50% decrease was detect-
ed in SETD8-KD cell lines (Figure 5B and Supplemental Figure 4). A slight decrease was also seen in 
ONS76 cells. Similarly, we examined the level of  N-cadherin and found that it was completely abol-
ished by SETD8-KD (Supplemental Figure 4).

We next examined migratory and invasive phenotypes of  SETD8 shNull and -KD MB cancer 
cells using xCELLigence Cell Migration and Invasion assay. The xCELLigence migration assay is 
an electronically modified version of  the Boyden chamber assay that requires adhesion to the mem-
brane surface; thus, we examined our adherent cell lines DAOY and ONS76 in this assay. The DAOY 
SETD8-sufficient cells showed increased migration over 24 hours, but SETD8-depleted cells were defi-
cient in their ability to migrate (Figure 5C). DAOY shSETD8 cell invasive capability was also signifi-
cantly reduced (Figure 5C). On the other hand, the low MYC cell line ONS76 had very little migratory 
ability and even less when SETD8 was knocked down (Supplemental Figure 4). The ONS76 shNull 
and shSETD8 cells also had no ability to invade the matrigel basement membrane (Supplemental 
Figure 4). These results strongly indicate that SETD8 affects the migratory and invasive ability of  MB 
cancer cells with high levels of  MYC.

SETD8 mediates cell migration and invasion via H4K20me1 modification. MYC amplification in Group 3 MB 
increases the propensity for metastasis and recurrence (44). Our SETD8 knockdowns show reduced meta-
static potential due to depletion of  factors that induce movement and invasion. Previous studies have shown 
that MYC can associate with the SETD8 promoter and that SETD8 can mediate MYC function in epider-
mal cells (45). Though, there was no significant change in MYC expression with SETD8-KD in our studies 
(Supplemental Figure 5), we examined MYC for its potential to bind the SETD8 promoter in MB cells. The 
SETD8 promoter region contains 3 prospective noncanonical MYC binding sites (Figure 6A). We performed 
ChIP assays on the SETD8 promoter with MYC. Compared with the mock, we observed a considerable 
enrichment of  MYC at 2 of  the 3 sites within the SETD8 promoter in 2 separate cell lines (Figure 6A).

SETD8 methylation of  H4K20 has been shown to be associated with transcriptionally active genes 
(46). To determine if  H4K20me1 was altered at distinct promoter regions in MB cells with sufficient 
SETD8 compared with reduced SETD8, we performed ChIP-seq on D458 cells. H4K20me1 enrichment 
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was mapped to promoter regions within 1 kb upstream and downstream of  the transcriptional start site 
(TSS) (Supplemental Figure 5). Using gene ontology analysis, statistically significant alterations in peak 
enrichment of  H4K20me1 were mapped to promoters. In total, 748 genes were significantly enriched in 
D458 shNull cells, whereas 208 were detected in shSETD8 cells (Figure 6B). Genes affiliated with post-
transcriptional processing, including spliceosome, RNA transport, and degradation, showed the strongest 
enrichment (Figure 6B). Consistent with our gene expression data, genes involving adherens junctions, 
cell cycle, and signaling regulation of  stem cell pluripotency exhibited significant reduction in H4K20me1 
(Figure 6B). Furthermore, genes mediating hepatocellular carcinoma, including MYC, TGFβR1, β-CAT-
ENIN, PIK3CB, IGF1R, PLCG2, SMARC1B, and ACTB displayed decreased enrichment of  H4K20me1 

Figure 4. SETD8 knockdown reduces self-renewal. (A) GSEA negative enrichment plot of genes associated with 
maintenance of neural crest stem cells. FDR q value and P value are shown. (B) Heatmap indicating the relative 
mRNA expression of SETD8, Lin-28, and Nanog in shSETD8 cells normalized to shNull in the respective cell line. 
Three independent replicates are show as mean ± SD. Unpaired t test; *P < 0.05; ****P < 0.0001. See also Sup-
plemental Figure 4. (C) Neurosphere growth assay for shNull and shSETD8 D458 and D425 cells. Representative 
images from 100 and 10 wells are shown as captured on Incucyte imaging system. ×10 magnification. Dot plots 
represent the mean ± SD of the number of spheres and size of spheres. Unpaired t test; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. See also Supplemental Figure 4.
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(Supplemental Figure 5) corresponding with the top affected pathways of  SETD8 knockdown. Notably, 
TGFβR1, β-CATENIN, and IGF1R facilitate EMT progression in hepatocellular carcinoma (47).

To further determine if  SETD8 methylation activity distinctly affects expression of  EMT genes, we 
examined the H4K20me1 profile of  SNAI1, β-catenin, and TWIST1, in addition to genes not related to 
EMT. The broad H4K20me1 profile spanning the length of  SNAI1 and β-CATENIN was diminished follow-
ing SETD8 knockdown (Figure 6C). Likewise, enrichment on TWIST1 localized to 1 kb upstream of  the 
TSS, and upon SETD8 depletion, a considerable decrease in H4K20me1 was identified. In contrast, TP63 
— a gene not linked with EMT progression — was examined for H4K20me1 enrichment. No significant 
enrichment was detected on TP63, and little to no enrichment was identified on ULK4 (Figure 6C), a gene 
adjacent to β-CATENIN.

We further validated the ChIP-seq results by ChIP-PCR assays in D458 and D425 shNull and shSETD8 
cell lysates. Enrichment of  H4K20me1 was reduced on SNAI1- in both SETD8-KD cells by 65% and 67%, 
respectively, when compared with shNull cells (Figure 6D). The β-CATENIN promoter region also showed 
a substantial decrease, 40% in D425 and 30% in D458 cells, when compared with respective shNull cells. 
Deposits of  H4K20me1 was also decreased on TWIST1 in D425 cells but was less prominent in the D458 
cell line. When enrichment of  H4K20me1 on MYC was examined, we observed no significant change 
(Figure 6D), consistent with our previous findings. As a control methylation modification, we examined 
H3K4me1, which has been associated with gene activation on enhancer elements. Interestingly, a signif-
icant decrease in H3K4me1 enrichment was seen with SNAI1 (Figure 6D), while no noticeable differ-
ence was observed on the β-CATENIN, TWIST, and MYC sites. Taken together, these results suggest that 
SETD8 targets distinct EMT promoter regions and that depletion of  SETD8 correlates with a decrease in 
active-promoter enrichment for H4K20me1 on SNAI1, β-CATENIN, and TWIST1.

Reduction in SETD8 enhances survival in an orthotopic mouse model. We sought to examine whether deple-
tion of  SETD8 would alter MB tumor growth in vivo. We injected SETD8 shNull and -KD D458 cells 
into murine cerebella and monitored tumors in vivo. Strikingly, mice bearing SETD8-depleted D458 cells 
demonstrated an enhanced survival, from 30–51 days, compared with mice bearing the same cells with 
WT SETD8 (Figure 7A). After euthanizing the animals, we collected cerebellar tissue and examined 
tumor histology and cell proliferation by staining with H&E and an antibody against Ki67, respectively.  

Figure 5. SETD8 mediates expression of key EMT genes. (A) Heatmap indicating the relative mRNA expression of TWIST1, SNAI1, ZEB1, and MMP10 in 
shSETD8 cells normalized to shNull in the respective cell line. Three independent replicates are show as mean ± SD. Unpaired t test; *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. See also Supplemental Figure 4. (B) Western blot showing β-catenin, SNAI1, and actin in shSETD8 and shNull MB lines. 
Three independent replicates were performed. See also Supplemental Figure 4. (C) Migration and invasion assays. Cell index is reflective of the number of 
cells able to cross the membrane barrier. Line graphs represent the cell index mean vs. time ± SD in 3 independent replicates. Unpaired t test; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. See also Supplemental Figure 4.
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Compared with the shNull D458 tumors, the shSETD8 D458 tumors had decreased staining for the cell 
proliferative marker Ki67, closely matching our in vitro data (Figure 7, C and D). Examination of  caspase 
3 staining showed a slight increase in caspase 3+ cells, indicating an increase in apoptotic cell death. Addi-
tionally, H4K20me1-stained tumor cells were decreased in D458-KD cells compared with shNull, indicat-
ing that the depletion in SETD8 was maintained throughout tumor growth in vivo (Figure 7, C and D). 
Murine cerebella injected with D425 shNull and SETD8-KD cells similarly displayed an increase in surviv-
al, as well as a decrease in Ki67 and H4K20me1 methylation (Figure 7, B, E, and F).

Chemical inhibition of  SETD8 phenocopies genetic manipulation. Epigenetic therapies are being investigated 
as an alternative in resilient tumors that have evaded other therapeutic approaches. The chemical inhibitor 
UNC0379 is a synthetic small molecule inhibitor that is selective for SETD8 over 15 other methyltransferases 

Figure 6. Directed modification of H4K20 by SETD8 on key EMT gene promoters. (A) ChIP of MYC at SETD8 promoter regions highlighted in red. Dot 
plots shown indicate the percent input detected by qPCR. Three independent replicates represented as mean ± SD. Unpaired t test; *P < 0.05; **P < 
0.01. (B) Gene ontology H4K20me1 peak enrichment plot. Color indicates adjusted P < 0.05, and circle diameter indicates gene ratio. Selected func-
tions are boxed. (C) ChIP-seq on H4K20me1. Genome browser view of H4K20me1 profile on SNAI1, CTNNB1, TWIST, and P63 promoter regions in D458 
shNull and shSETD8 cells. Areas of interest are boxed. (D) ChIP of H4K20me1 and H3K4me1 on SNAI1, β-catenin, TWIST1, and MYC promoter regions 
in D458 and D425 shNull and shSETD8 cells. Box and whisker plots show minimum and maximum values from 3 independent replicates. Unpaired t 
test; *P < 0.05; **P < 0.01. See also Supplemental Figure 5 and Supplemental Table 2.
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and (48, 49) has been shown as an inhibitor of  SETD8 in neuroblastoma (24); however, its efficacy in MB has 
not been determined. To evaluate the effect of  UNC0379 in MB, we first determined an in vitro IC50. NucRed 
DAOY cells were exposed to UNC0379 at increasing concentrations and monitored for cell growth over 5 
days on the Incuctye live imaging system. Analysis of  the red fluorescence as a reflection of  cell viability with 
increasing concentration of  UNC0379 determined an IC50 of  ~2 μM (Figure 8A). To examine if  UNC0379 
has a similar effect on proliferation as the SETD8 knockdown, we monitored growth of  NucRed-expressing 
D458 neurospheres over 10 days with increasing concentrations of  UNC0379. Reduced neurosphere growth 
was observed with increasing concentration of  UNC0379. Concentrations lower than 2 μM were most effec-
tive at limiting neurosphere growth (Figure 8B). Methylcellulose (Sigma Aldrich) and colony formation was 
explored over the same concentrations in D458, D425, and DAOY MB cell lines. More than a 50% decrease 
in colonies formed was observed with 0.2 μM in D458 cells, and most colonies were gone by 0.5 μM for all 
cell lines (Figures 8, D and E, and Supplemental Figure 6). These results suggest that UNC0379 restricts pro-
liferation and colony formation, consistent with genetic depletion of  SETD8.

To determine if  treatment with UNC0379 reduced EMT factors, we examined β-catenin and SNAI1 
by Western blot at 0.5 μM and 1 μM in the D458 cell line. Diminished SNAI1 and β-catenin was observed 
at 0.5 μM and was stronger at 1 μM (Figure 8C and Supplemental Figure 6). Additionally, SETD8 levels 
were less pronounced at 0.5 μM and gone by 1 μM. We then examined the invasive ability of  DAOY cells 
exposed to 2 μM UNC0379 over 48 hours. We found a reduced ability of  DAOY cells to transverse the 
matrigel matrix, restricting the invasive ability of  the DAOY cell line when compared with the DMSO 
control (Figure 8F). To examine if  UNC0379 similarly affects stemness, we performed an Aldefluor stain 
on D458 and D425 neurospheres exposed to 2 μM UNC0379 for 48 hours. High levels of  the ALDH 
enzyme is present in stem and progenitor cells, enabling their detection. We costained D458 and D425 
neurospheres with DRAQ5 to isolate live cells for analysis (Supplemental Figure 6). D458 and D425 dis-
played 45%–40% ALDH+ cells prior to treatment, whereas — after treatment — a dramatic shift of  cells 
was observed with less than 5% ALDH+ cells remaining (Figure 8, G and H). The chemical inhibition 
of  SETD8 with UNC0379 recapitulates our SETD8-KD studies, affirming that SETD8 mediates MB cell 
growth and stem cell maintenance and that it can affect SNAI1 and β-catenin protein levels. Additionally, 
these results further support that inhibition of  SETD8 limits the invasive ability of  MB cells.

We proceeded to determine the effect of  UNC0379 on intracranial tumor growth in vivo. In the 
absence of  validated pharmocokinetic and animal toxicology studies on UNC0379, we treated D458 and 
D425 cells with 2 μM UNC0379 for 24 hours in vitro. Equal numbers of  viable cells (control and UNC0379 
treated) were then injected into murine cerebella, and mice were monitored for tumor growth, as before. At 
14 days after injection, tumor volumes were assessed by high-resolution T2-weighted MRI. Chemical inhi-
bition of  SETD8 slowed growth of  tumors at 14 days compared with cells treated with DMSO, as seen in 
sagittal and axial T2 MRI images in Figure 9A. Evaluation of  tumor volume by T2-MRI displayed smaller 
overall sizes in UNC0379-treated D458 and D425 cells (Figure 9B).

These data show that chemical inhibition of  SETD8 restricts tumor development in vivo. The over-
all survival of  mice with treated cells was prolonged, though a significant difference from control mice 
was not determined (Supplemental Figure 7). It is probable that, without continual treatment, the D458 
and D425 cells restored expression of  SETD8, enabling rapid proliferation of  tumor cells. While these 
results are in line with our previous results, these data demonstrate the limitations to a 24-hour in vitro 
treatment and further indicate the need to develop improved SETD8 chemical inhibitors that can be 
more thoroughly validated in vivo.

Discussion
Advances in whole-genome sequencing reveal increasing prevalence of  altered epigenetic machinery that can 
drive tumorigenesis (1, 19). Pediatric cancers, in particular, demonstrate high prevalence of  epigenetic dys-
regulation (1, 6). Given the role of  epigenetic changes in normal development they may be especially import-
ant in pediatric cancer patients, representing normal development gone wrong (50). Epigenetic changes are 
reversible, unlike genetic changes, and are thus attractive targets for drug design (51). Previous studies of  MB 
have identified epigenetic regulators as key mechanisms of  tumorigenesis (52). We have previously demon-
strated that EZH2, which methylates H3K27, is necessary for oncogenic transformation of  neural stem cells 
and is a critical regulator of  MB cell growth (32). Our epigenome-wide RNAi screen, combined with an epi-
genetic drug–focused chemical screen, identified molecular vulnerabilities in MYC-driven MB that are highly 
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druggable in this very high-risk tumor. Our studies identified 7 potential targets. Among these targets, EZH2 
and BRD4 have previously been described by us and others (29–31, 53, 54). SETD8 is a potentially novel tar-
get identified by our combinatorial approach for which a new chemical inhibitor has recently been developed.

Our studies demonstrate that SETD8 inhibition results in attenuation of  cell self-renewal and is 
accompanied by a significant decrease in invasive properties. Mechanistically, SETD8 inhibition results 
in altered H4K20me chromatin occupancy at EMT gene promoters, thus altering expression of  these 
critical proinvasive and promoting prodifferentiation genomic programs. Genetic ablation of  SETD8 
suppresses growth of  MYC-driven MB in vivo and prolongs survival of  these xenograft-bearing mice. 
Furthermore, high expression of  SETD8 is associated with a poor prognosis, even in the high-risk 
MYC-amplified MB patients, identifying a patient population that would benefit from SETD8 inhibition.

SETD8 is a methyltransferase that monomethylates H4K20me. During development, SETD8 is 
expressed in early embryogenesis, and deletion of  SETD8 is embryonic lethal (55, 56). In epidermal 
stem cells, loss of  SETD8 leads to decreased proliferation and defects in differentiation (45). Despite 
an association with normal stem cell maintenance in the epidermis, SETD8 has not been established 
as a factor that sustains cancer stem cell growth. Here, we show evidence that loss of  SETD8 results in 
downregulation of  stem cell–associated genomic programs, including the lineage markers NANOG, 
LIN-28, and NESTIN. These genomic changes were accompanied by a functional decrease in cell 
self-renewal upon SETD8 depletion.

Figure 7. In vivo mouse model shows reduced proliferation and enhancement of survival. (A) Kaplan-Meier survival plot from intracranial orthotopic 
mouse model. D458 shNull (n = 17) and shSETD8 (n = 20) and (B) D425 shNull (n = 7) and shSETD8 (n = 8). Log-rank Mantel-Cox test; ***P < 0.001; 
****P < 0.0001. (C and E) Immunohistochemical staining of cerebellar tumors from D458 shNull and shSETD8 (C) and D425 shNull and shSETD8 injected 
mice (E). H&E, Ki67, caspase 3, and H4K20me1 stains at 4× and 20× magnifications are shown. (D and F) Quantification of C and E. Box and whisker 
plots show minimum and maximum values from quantification of 6 representative images by ImageJ analysis. Unpaired t test; *P < 0.05; **P < 0.01.
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Analysis of  our RNA-Seq results reveal several cellular processes in which SETD8 activity has a defin-
itive effect. IPA and GSEA indicate that the top functions are involved in 3 major processes: cell death, 
proliferation, and cell movement. While methylcellulose assays confirm defects in MB cancer cell pro-
liferation, recent studies (24) reveal that SETD8 blocks apoptotic signals through inactivation of  P53 in 
neuroblastoma. Our GSEA found correlative enhancement of  P53 pathway–involved genes; however, the 
examination of  P53 protein levels in MB cell lines revealed no enhancement. Additionally, though we 
found enhanced apoptotic gene enrichment through GSEA, the in vivo xenograft model showed only a 
slight increase in apoptosis-associated caspase 3 IHC staining. These results suggest that, in our MB cell 
models, apoptosis is not the primary mechanism by which SETD8 inhibition restricts MB cell growth.

Interestingly, the top pathways effected by SETD8 knockdown are ILK1/integrin signaling as well 
as phospholipase C signaling. ILK1/integrin signaling and phospholipase C signaling are major reg-
ulatory nodes that influence proliferation, invasion, and metastasis mechanisms (57). In this context, 
genomic programs associated with EMT were also significantly attenuated in SETD8-depleted MB cells.  

Figure 8. UNC0379 treatment mimics SETD8 knockdown in medulloblastoma cell lines. (A) Cell viability (total red fluorescence) of NucRed-expressing 
DAOY cells vs. UNC0379 (μM). Three independent replicates are shown as mean ± SD. IC50 of 2 μM was calculated with GraphPad prism. (B) NucRed- 
expressing D458 neurospheres treated with increasing concentration of UNC0379. Three independent replicates are represented in the line graph of 
cell viability (total red fluorescence) mean ± SD vs. time. (C) Western blot for β-catenin, SETD8, Snai1, and Actin from D458 cells treated with 0.5 μM or 
1 μM UNC0379 for 48 hours. See also Supplemental Figure 6 for quantification. (D) Methylcellulose assay with D458, D425, and clonogenic assay with 
DAOY cells treated with 0.2 μM UNC0379. Representative images are shown. See also Supplemental Figure 6. (E) Box and whisker plots from D repre-
sent the mean ± SD from 3 independent replicates. Two-way Anova; *P < 0.05, **P < 0.01, ***P < 0.001. (F) Invasion assay of DAOY cells treated with 2 
μM UNC0379 over 48 hours. Line graphs represent the cell index mean vs. time ± SD in 3 independent replicates. (G) Representative plots of Aldefluor+ 
cells vs. side scatter are shown for D458 or D425 cells with or without 2 μM UNC0379 treatment. (H) Box and whisker plot represents 3 independent 
replicates of percent ALDH+ cells with and without treatment. See also Supplemental Figure 6.
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Specifically, there was a >50% decrease in expression of  TWIST, ZEB1, SNAI1, and β-catenin, all key com-
ponents of  the proinvasive EMT switch (43, 58). Consistent with this, SETD8 inhibition restricted migratory 
and invasive abilities of  MB cells. In breast and prostate cancers, SETD8 was found to directly interact with 
either TWIST or ZEB1, both transcriptional regulators of  EMT (41, 42). SETD8 and TWIST were found 
to transcriptionally repress E-cadherin, while activating N-cadherin (41). Similarly, SETD8 and ZEB1 were 
shown to repress E-cadherin, while activating vimentin (42). We found that the H4K20me1 mark was sig-
nificantly depleted at promoter sites for SNAI1, β-catenin, and TWIST1 in SETD8-KD cells. These results 
demonstrate that SETD8 can target H4K20me1 to EMT promoter sites, thereby modulating their tran-
scriptional activity. In addition to mediating EMT gene expression, our GSEA results suggest that SETD8 
appears to have broader regulatory control over cell motility and migration.

Targeted small molecule inhibitors are currently being developed for SETD8, and UNC0379 has 
been verified as a viable option for continued development as a clinical therapy (24, 48). Our results with 
UNC0379 affirm that the chemical inhibition of  SETD8 reduces proliferation, colony formation, and 
Snai1 and β-catenin protein levels. Furthermore, treatment with UNC0379 also limited the ability of  MB 
cells to invade a matrigel matrix, suggesting a reduction in invasive potential.

In vivo, using a mouse model of  MYC-amplified tumors, the overall survival of  mice increased sub-
stantially with SETD8 depletion. This was accompanied by reduced number of  proliferating cells and 
reduced H4K20me1, indicative of  sustained loss in SETD8. Furthermore, chemical inhibition of  SETD8 
in vivo displayed diminished growth of  MB tumors at 14 days. Although genetic and chemical inhibi-
tion of  SETD8 prolonged overall survival, prior xenograft models with limited SETD8 expression have 
shown a larger impact on survival when mice were injected s.c. To closely recapitulate the brain tumor–
growing environment, we measure tumor growth within the cerebellum where the tumor originated. Fur-
thermore, it is worthy to note that brain tumors are mechanistically divergent from tumors that originate 
in the rest of  the body. Hence, the difference in tumor microenvironment and varying tumor type may 
have contributed to the difference in survival times. Overall, our data are consistent with previous studies 
that implicate SETD8 in enhanced tumorigenesis of  breast, prostate, and neuroblastoma (24, 42, 59, 60).  

Figure 9. Pharmacological inhibition of SETD8 inhibits in vivo growth. (A) Representative sagittal and axial T2-weighted turboRARE (rapid acquisition 
with relaxation enhancement) MR images on cerebellar D458 and D425 tumor lesions with and without UNC0379 treatment. White arrows point to tumor 
lesions. (B) Differences in tumor volumes (in mm3) calculated from T2-weighted MRI scans. All images were acquired at a Bruker 9.4 Tesla MRI scanner. 
Three mice from each treatment group were analyzed. See also Supplemental Figure 7. 
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In the context of  MB, our results validate the finding that SETD8 is an important regulator of  MB 
growth and reinforce the notion that reducing SETD8 could improve patient outcomes.

In high-risk patients, the amplification of  MYC increases the propensity for metastatic disease, with the 
overall survival in the combined Group 3 and Group 4 tumors decreasing from 73%–27% with the pres-
ence of  metastases (61). Additionally, 39% of  recurrent tumors in Group 3 usually present with metastatic 
dissemination at relapse (62). These metastatic lesions are genetically divergent from the primary tumor 
and unresponsive to traditional therapies given at the primary site (44). Thus, the need to develop a specific 
therapy that targets molecules such as SETD8 that confer the ability of  tumor cells to self-renew, recur, and 
metastasize is crucial. Our finding further underscores the involvement of  epigenetic modifiers in neoplas-
tic transformation and emphasizes SETD8 as a putative target for treatment in MB.

Methods
Cell lines and cell culture. The DAOY and D283 MB cell lines are from American Type Cell Culture. DAOY, 
D283, and ONS-76 cells were cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS 
(MilliporeSigma), 1 mM sodium pyruvate (Thermo Fisher Scientific), 1× penicillin/streptomycin solution 
(Cellgro), and 1× nonessential amino acids (MilliporeSigma). D425 and D458 cell lines were provided by 
Darell D. Bigner (Duke University Medical Center, Durham, North Carolina, USA). Cells were cultured 
in DMEM, but without nonessential amino acids and with 1× L-glutamine (Cellgro). All cell lines were 
cultured at 37°C with 95% air and 5% CO2.

Stable cell lines were established using gene specific mission shRNAs (catalog 359304, 130139, 148268) 
or nontargeting control (MilliporeSigma). Cells were plated at 5 × 105 in a 6-well dish in growth medium 
containing 8 μg/ml polybrene. Viral particles were added with 8 μg/ml polybrene and incubated for 7 
hours. Transduced cells were disaggregated, grown, and selected with 1 μg/ml puromycin for 14 days. 
Transformants were confirmed by qPCR and Western blot.

Methylcellulose assays. Five hundred cells/3 ml were plated in a 1:1 mixture of  2.6% methylcellulose and 
complete growth medium. Cells were allowed to grow for 10 days. Colonies were stained with nitrotetra-
zolium blue chloride (MilliporeSigma) at 1.5 mg/ml in PBS for 24 hours at 37°C and were then counted.

Neurosphere assay. D458 or D425 shNull and shSETD8 cells were serially diluted at 100-, 10-, and sin-
gle-cell suspensions in neurosphere growth media (neurobasal medium, B-27 + vitamin A, L-glutamine, 
penicillin/streptomycin [Gibco], EGF, and FGF [Shenandoah biotechnology]). Cells were grown for 14 
days, with media replacement every 3 days at 37°C. At 14 days, spheres were collected, disassociated, 
and replated at 100-, 10-, and single-cell suspensions and were allowed to grow for an additional 14 days. 
Spheres were imaged on an Olympus U-CMAD3 microscope and measured with Qcapture software. Addi-
tional neurosphere proliferation and real-time monitoring was done using the Incucyte S3 live cell imaging 
system (Essen Bioscience).

Epigenetic chemical inhibitor screen. Epigenetics chemical screening library catalog 11076 (Cayman 
Chemical) was used at 2 μM or 0.5 μM to treat D458 cells plated at 1000 cells/well in a 96-well dish in 
neurosphere growth media. Cells were grown for 8 days, with media and drug replenishment every 3 days. 
Cell viability was measured via CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, 
Thermo Fisher Scientific) as per manufacturer’s instructions. Chemical inhibitors that reduced cell viability 
to <70% of  control were then selected.

BrdU Flow assay. DNA synthesis was analyzed with the FITC conjugated-BrdU Flow kit (catalog 
559619, BD Pharmingen). D458 cells were plated at 1 × 106 and labeled with 10 μM bromodeoxyuridine 
for 1 hour. Cells were collected, fixed, and analyzed as per manufacturer’s instructions on the Amnis Flow-
sight Imaging Flow Cytometer (MilliporeSigma) and analyzed by Amnis IDEAs software.

qPCR. cDNA was synthesized from 2 μg of  total RNA with High-Capacity cDNA Reverse tran-
scription kit (Thermo Fisher Scientific). qPCR was performed using gene specific TaqMan probes and 
TaqMan Universal PCR Mastermix as per manufacturer’s instructions. qPCR for ChIP analysis was 
performed using Power Sybr-Green PCR mastermix (Thermo Fisher Scientific). Primers were designed 
to specific loci flanking the promoter region occupied by H3K4me1 and H4K20me1 using University of  
California, Santa Cruz Genome Browser (https://genome.ucsc.edu/). Similarly, primers were designed 
for sequence flanking the 3 potential MYC-binding sites in the SETD8 promoter for the MYC ChIP. For 
primer sequences, refer to Supplemental Table 2. qPCR was performed on the StepOnePlus Real-Time 
PCR system (Thermo Fisher Scientific).
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RNA-Seq. Total RNA was isolated from 2 separate D458 shSETD8 and shNull clones using RNeasy 
Mini kit (Qiagen). RNA-Seq was performed at Genomics and Microarray Core Facility, Anschutz Medical 
Campus, using the Illumina HiSEQ 4000 HT for 1 × 50 sequencing. High-quality base calls at 95% ≥ Q30 
were obtained with 53–69 M single reads. Q30 (base call accuracy) is the maximum quality score achieved 
if  all bases are called accurately. Statistical analysis of  count data was performed with DESeq2 R package 
(63). Further analysis by GSEA was performed using the MSigDB (64, 65) and IPA (Qiagen). Graphical 
representation of  the molecular and cellular functions was made with Venny 2.1 (66). All original microar-
ray data were deposited in the NCBI’s Gene Expression Omnibus database (GEO GSE121247).

Western blot. Cells were lysed in RIPA buffer (Pierce, Thermo Fisher Scientific) containing an EDTA-
free protease inhibitor (Roche Diagnostics), and protein concentrations were determined with the BCA 
Protein Assay Kit (Pierce, Thermo Fisher Scientific). Protein (30 μg of  total) was separated on a 4-20% 
gradient SDS-PAGE (Bio-Rad). Primary antibodies α–β-catenin D10A8 (catalog 8480), α–snai1 C15D3 
(catalog 3879), or α–SETD8 C18B7 (catalog 2996; Cell Signaling Technology) were exposed overnight at 
4°C. Secondary antibody, α–mouse-HRP (catalog 7076) and α–rabbit-HRP (catalog 7074) or α–actin-HRP 
(catalog 12262; Cell Signaling Technology), was exposed for 1 hour at room temperature. Blots were devel-
oped with Luminata Forte Western HRP (MilliporeSigma) and imaged using Syngene GBox Chemi-SL1.4 
gel doc. Western blots were quantified using ImageJ (67). See supplemental materials for full uncut blots.

xCELLigence migration and invasion assay. ACEA Biosciences CIM-plate 16 was assembled as per man-
ufacturer’s instructions with 100 μl of  3 × 105/ml cell suspension in serum free media added to the upper 
chambers. For invasion assays, matrigel (Corning, catalog 354234) was thawed on ice, diluted in cold serum 
free media to 800 μg/ml, and added to the upper chambers to polymerize at 37°C for 4 hours. Following 
polymerization, the CIM-plate 16 was assembled as per manufacturer’s instructions. Measurements were 
taken every 15 minutes for 24 hours during migration assays and 48 hours for invasion assays.

ChIP and ChIP-seq. Cells were collected at confluency or approximately 1 million cells/immunopre-
cipitation. Cells were washed with 1× PBS, cross-linked with 1% paraformaldehyde (ChemCruz) in PBS 
at room temperature, and quenched with 2.5 M glycine (Sigma Aldrich). Cells were then washed with ice 
cold PBS and lysed in 1 ml RIPA buffer (150 mM NaCl [Alfa Aesar], 1% v/v Nonidet P-40, 0.5% w/v 
deoxycholate [Amresco], 0.1% w/v SDS [Amresco], 50 mM Tris [Corning Cellgro] pH 8.0, 5 mM EDTA 
[Amresco]) plus inhibitors (leupeptin 1 μg/ml [Sigma Aldrich], aprotinin 1 μg/ml [Sigma Aldrich], pep-
statin 1 μg/ml [Sigma Aldrich], benzamidine 1 mM [Sigma Aldrich], and PMSF 1 mM [Sigma Aldrich]). 
Lysates were sonicated using Diagenode Bioruptor with 25 cycles of  30-second pulses and 90-second inter-
vals to shear DNA to ~500-bp fragments. Lysates were then cleared by centrifugation at 18,000 g for 15 
minutes at 4°C. Protein A/G Sepharose beads (40 μl; MilliporeSigma) were added, and the lysate was 
precleared for 1 hour at 4°C. Protein A/G beads (20 μl) blocked with 1 mg/ml BSA was mixed with the 
precleared lysate, and immunoprecipitation was carried out by adding 5–10 μg of  antibody (H4K20me1 
[catalog 39727], H3K4me1 [catalog 39297]; Active Motif) rotating overnight at 4°C. Beads were washed 
2× with RIPA, 4× with IP wash buffer (100 mM TrisHCL pH8.5, 500 mM LiCl, 1% v/v Nonidet-P-40, 1% 
w/v deoxycholic acid), and 2× with TE buffer. Immunocomplexes were eluted at 65°C with elution buffer 
(70 mM TrisHCl pH 8, 1 mM EDTA, 1.5% w/v SDS). The eluate was brought to a final concentration 
of  200 mM NaCl and reverse crosslinked at 65°C. The eluate was then treated with proteinase K (Invit-
rogen), and DNA was isolated by phenol/chloroform extraction (Invitrogen) and ethanol precipitation. 
ChIP-DNA was quantified using the Qubit dsDNA High Sensitivity Assay kit (Thermo Fisher Scientific).

ChIP-seq libraries were sequenced on the Illumina Novaseq 6000 platform. 62–69 M reads with 
high-quality base calls at 90%≥ Q30 were obtained. Bowtie2 was used to align the 150-bp paired-end 
sequencing reads to a reference human genome (hg19) downloaded from the UCSC Genome Browser. 
Unmapped and nonuniquely mapped reads were removed, and PCR duplicate reads were removed using 
SAMtools version 1.5. Peaks were called using MACS2 (v2.1.1.20160309) (68) with default parameters. 
Peak locations were further annotated according to the known genes in hg19, and 3000 bp of  upstream 
and downstream of  transcription start sites were considered as promoter regions using the R/Bioconductor 
package ChIPseeker (69). All original microarray data were deposited in the NCBI’s GEO (GSE121556).

IHC. Tissue was fixed in 10% formalin and submitted to the University of  Colorado Denver Tissue His-
tology Shared Resource for sectioning and staining. Tissue was stained with α-H4K20me1 (catalog 39727; 
Active Motif), α–caspase 3 (catalog 9661; Cell Signaling Technology), or α-Ki67 (catalog RM-9106; Thermo 
Fisher Scientific). Images were captured on an Olympus Bx43 light microscope and quantified with ImageJ.
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Chemical Inhibition. UNC0379 was provided in house. For all assays, drug concentrations are as fol-
lows: DMSO, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2, 5, and 10 μM. IC50 determination NucRed-expressing DAOY 
cells were plated at 1000 cells/well in a 96-well dish. Neurosphere proliferation assay NucRed–expressing 
D458 cells were plated at 10 cells/well in neurosphere medium in a 96-well dish. Growth was monitored 
as previously described. Methylcellulose and clonogenic assay were set up as previously described with 
UNC0379 mixed in media. Total number of  colonies were counted, and the percent of  control was deter-
mined. For Western blots, D458 cells were plated at 5 × 105 in a 6-well dish and treated for 48 hours at 0.5 
and 1 μM before harvesting. Lysates were prepared as previously described. For the invasion assay, DAOY 
cells were pretreated for 48 hours with 2 μM UNC0379; they were then added to the CIM-plate 16 with 
matrigel and monitored over 48 hours on the xCELLligence as previously described.

Aldefluor assay. D458 and D425 cells were seeded at 2 × 105 in a 6-well dish with DMSO or 2 μM 
UNC0379 and allowed to grow for 48 hours. The ALDEFLUOR Kit (catalog 01700, Stem Cell Technolo-
gies) was used for detection of  ALDH+ cells as per manufacturer’s instructions. Data was collected on the 
Guava easyCyte HT Flow Cytometer and analyzed using FlowJo software.

MRI. For in vivo MRI acquisitions, mice were anesthetized shortly before and during the MR session 
using 1.5% of isoflurane/ oxygen mixture. Anesthetized mice were placed on a temperature-controlled mouse 
bed below a mouse head array coil and inserted into Bruker 9.4 Tesla BioSpec MR scanner (Bruker Medi-
cal). First, T2-weighted turboRARE images were acquired using the following parameters: repetition time 
(TR) = 3268 ms; echo time (TE) = 60 ms; RARE factor = 12, 8 averages; FOV = 20 mm; matrix size = 350 
× 350; slice thickness = 700 μm, 24 sagittal and axial slices; in-plane spatial resolution = 51 μm. Then, dif-
fusion weighted EPI sequence with 6 b values was used using 4 axial slices covering the entire tumor lesions 
and unaffected brain tissue. Tumor regions were manually segmented on T2-weighted images by placing 
hand-drawing regions of  interest (ROI), and the volume was calculated as mm3. The apparent diffusion coeffi-
cients (ADC, s/mm2) were calculated from diffusion-weighted imaging maps as a criterion for tumor cellular-
ity. All acquisitions and image analysis were performed using Bruker ParaVision NEO software.

Animal experiments. D458 or D425 shNull and shSETD8 cells were collected and resuspended as a 
single cell suspension of  20,000 cells/3 μl in serum free media. Intracranial injection of  cells into out-
bred athymic Nude-Foxn1nu mice (The Jackson Laboratory, strain 07850) was done at 1.5 mm lateral 
and 2 mm posterior of  lambda at 400 nanoliters/minute. Mice were monitored for tumor growth daily 
and euthanized when 15% weight loss was reached. A Kaplan-Meier plot was used for survival calcula-
tions. For in vivo chemical inhibition, treatment with UNC0379 at 2 μM for 24 hours was done in vitro. 
Treated D458 or D425 cells were then counted, and viability was assessed. A total of  20,000 cells/3 μl 
in serum free media was then injected as before into outbred athymic Nude-Foxn1nu mice (The Jackson 
Laboratory, strain 07850).

Statistics. All experiments were performed with at least 3 independent replications. All data was collect-
ed in Excel, and Graphpad Prism 7 statistical software was used for analysis. The mean ± SD is graphed. 
P < 0.05 was considered significant, where *P < 0.05, **P < 0.01,***P < 0.001, and ****P < 0.0001. 
Unpaired, 2-tailed t tests were used for 2-group comparisons, and one- and two-way ANOVA and Dun-
nett’s test were used for multiple group comparisons.

Study approval. All animal procedures were performed in accordance with the National Research 
Council’s Guide for the Care and Use of  Laboratory Animals and were approved by the University of  
Colorado Anschutz Medical Campus IACUC.
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