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malignancy, chemotherapeutic resistance and prognosis for pediatric EPNs. In this study we examined histone PTMs in
EPNs and identified potential targets to improve chemotherapeutic efficacy. METHODS: Global histone H3 lysine 4
trimethylation (H3K4me3) levels were detected in pediatric EPN tumor samples with immunohistochemistry and
immunoblots. Candidate genes conferring therapeutic resistance were profiled in pediatric EPN tumor samples with
micro-array. Promoter H3K4me3 was examined for two candidate genes, CCND1 and ERBB2, with chromatin-
immunoprecipitation coupled with real-time PCR (ChIP-PCR). These methods and MTS assay were used to verify a
relationship between H3K4me3 levels and CCND1 and ERBB2, and to investigate cell viability in response to
chemotherapeutic drugs in primary cultured pediatric EPN cells. RESULTS: H3K4me3 levels positively correlate with
WHO grade malignancy in pediatric EPNs and are associated with progression free survival in patients with posterior
fossa group A EPNs (PF-EPN-A). Reduction of H3K4me3 by silencing its methyltransferase SETD1A, in primary cultured
EPN cells increased cell response to chemotherapy. CONCLUSIONS: Our results support the development of a novel
treatment that targets H3K4me3 to increase chemotherapeutic efficacy in pediatric PF-EPN-A tumors.

Neoplasia (2019) 21, 505–515
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pendymomas (EPNs) account for 3–6% of all central nervous system
NS) tumors, with the highest frequency in children and young adults
]. These malignancies represent the third most common pediatric
NS tumor [1], with infratentorial presentation being the most
equent [2]. Surgical resection with adjuvant radiation is used to treat
arly all EPN patients [3]. Numerous chemotherapeutic agents have
en added and tested in clinical trials [4,5]. With the exception of a
ngle study by Strother et al. [6] which showed prolonged dose-
tensive chemotherapy including cyclophosphamide, vincristine, cis-
atinum and etoposide extending event-free survival in infants, there
s been no clear benefit of adding chemotherapy.
Effective EPNmanagement remains a challenge [7], in part because
PNs derived from different anatomical sites in the CNS are
olecularly and clinically distinct [8], with nine molecular subgroups
dicated via DNA methylation profiling. Among these subgroups,
pratentorial EPNs with YAP (ST-EPN-YAP) and RELA (ST-EPN-
ELA) fusions are most common, and posterior fossa group A (PF-
PN-A) are almost exclusively found in children [9]. Cells that fulfill
em cell criteria have been isolated fromEPNs, including in a study by
eco et al. [10], the results of which showed impaired EPN growth in
sponse to temozolomide through preferential depletion of a cell
pulation with stem-like properties. To date, studies on pediatric
PN have not assessed the role of histone posttranslational
odifications (PTMs) in stem cell populations or therapeutic
sponse.
Histone PTMs occur primarily on histone amino-terminal tails
otruding from the surface of nucleosomes [11]. These modifica-
ons impact gene expression by altering higher-order chromatin
ructure and recruiting transcriptional regulators. Histone modifying
zymes are potential therapeutic targets for treatment of EPNs. An
ample to support this, is the sensitivity of CpG island methylator-
sitive (CIMP+) hindbrain EPNs to drugs that target enzymes
sponsible for the methylation of histone H3 lysine 27 trimethyla-
on (H3K27me3) [12]. Global reduction of H3K27me3 is exhibited
a subset of childhood posterior fossa EPNs and this reduction is a
werful outcome predictor [13]. H3K27me3 and H3K4me3 are
valent markers in ~20% of the human genome [14]. To date,
3K4me3 has not been investigated in pediatric EPNs.
H3K4me3 is enriched near transcription start sites (TSS) of
tively expressed genes. Levels of this mark have been linked to
thological changes in a variety of brain tumors including
edulloblastoma [15], and glioma [16]. Such findings indicate that
zymes regulating H3K4me3 are potential therapeutic targets. In
ammalian cells, six SET1-COMPASS complexes are responsible for
3K4 methylation, including human SETD1A (hSETD1A) [17].
blation of hSETD1A in breast cancer cells leads to a decrease in
igration and invasiveness in vitro, and to a decrease in metastasis in
de mice through decreased H3K4me3 at the promoters of matrix
etalloproteinase genes [18]. Furthermore, hSETD1A is recruited
r H3K4me3 at the promoters of Wnt/β-catenin target genes,
tivation of which promotes growth in human colorectal cancer [19].
he relevance of hSETD1A as well as H3K4me3 and therapeutic
sponse should be investigated in pediatric EPNs.
In this study, H3K4me3 and its role in regulating therapeutic
sistance were investigated in pediatric EPNs. We found H3K4me3
sitively correlates with WHO grade malignancy in pediatric EPNs,
ith lower levels associatedwith progression free survival (PFS) in patients
ith PF-EPN-A tumors. H3K4me3 and hSETD1A were upregulated in
gh-grade EPNs, with H3K4me3 enriched at promoters of genes, i.e.
CND1 and ERBB2, linked to therapeutic resistance and tumor
alignancy. Reduction of H3K4me3 by downregulating hSETD1A
creased H3K4me3 promoter occupancy and gene expression and
creased pediatric EPN cell response to chemotherapy. Our data suggest
at H3K4me3 status is an important determinant of EPN therapeutic
sponse and that hSETD1A, which regulates H3K4me3, is a promising
rget to increase therapeutic efficacy and improve prognosis for children
ith PF-EPN-A tumors.

ethods

ample Information

Fifty formalin-fixed, paraffin-embedded (FFPE) primary pediatric
PN samples were used for immunohistochemical analysis. Samples
ere collected from patients diagnosed in the Department of
athology, Ann & Robert H. Lurie Children's Hospital of Chicago
&RHLCH, Chicago, IL) under IRB# 2005–12,252.
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linicopathological information is summarized in Table 1. Patients
d not receive pre-treatment.
Twenty-two primary EPN tumor samples were used to obtain
umina microarray gene expression profiles. These samples were
trieved from the Falk Brain Tumor Tissue Bank at the Division of
diatric Neurosurgery, A&RHLCH under IRB#s 2005–12252 and
05–12,692. Control micro-dissected tissue was taken from areas
rrounding the lateral and fourth ventricle, regions enriched in
endymal cells, from brain autopsies of 3 patients who died from
n-brain-related diseases. Clinical pathology for these patients is
mmarized in Supplementary Table 1.
Ten fresh EPN samples (Supplementary Table 2) were obtained at
e time of surgery and processed for primary cell culture within 30min
accordance with protocols (IRB#s 2005–12252 and 2014–15,907
proved by institutional review boards at A&RLCH). These samples
ere used for primary cell culture, total and/or histone protein
traction and chromatin-immunoprecipitation.

munohistochemistry (IHC)
All tumors samples were reviewed by a senior pediatric pathologist
.W), using World Health Organization 2007 criteria for tumor
assification. IHC was performed on FFPE slides using antibodies
ainst L1CAM (EMD Millipore, #ABT143, 1:100), to identify
peratentorial (ST-EPN), H3K27me3 (Cell signaling Technology,
733, 1:200), to identify posterior fossa (PF-EPN) EPNs, and
3K4me3 (Cell signaling Technology, #9727, 1:200) for all samples as
r manufacturer's instructions. Images were captured on a Leica DMR-
C upright microscope (Leica Microsystem Inc., Buffalo Groove, IL,
SA) and analyzed using OpenLab 5.0 software (PerkinElmer,Waltham,
A,USA).H3K4me3 positive stainingwas graded semi-quantitatively on
five-tier scale: 0 b 10%, 1 + =10–25%, 2 + =25–50%, 3 + =50–75%,
+ = N 75% for positive tumor cell nuclei as described [20].

rimary Cell Culture
Primary cultured pediatric EPN cells, designated “LCH” were
tained during surgery under IRB# 2005–12,692 and cultured in
tro as described [21]. Briefly, single-cell suspensions were prepared by
incing tissue inHBSS, followed by dissociation with Accutase (Thermo
sher Scientific, cat#A1110501) for ~10 min at 37 °C. The resulting
spension was added to fresh complete culture medium, filtered with a
μm cell strainer (BD Falcon, Cat#352340), and centrifuged at 500 g
ble 1. Clinicopathological information for pediatric primary EPNs IHC stained for H3K4me3.

riable Category N (%) H3K4me3 IHC score

0 1

nder Male 27(54.0) 1(25.0) 3
Female 23(46.0) 3(75.0) 2

e b=3 y 21(42.0) 0 (0.0) 4
N3 y 29(58.0) 4(100.0) 1

mor location Supratentorial 13(26.0) 0(0.0) 0
Infratentorial 29(58.0) 1(25.0) 4
Spine 8(16.0) 3(75.0) 1

peratentorial RELA Fusion+ 6(46.2) 0(0) 0
RELA Fusion - 7(53.8) 0(0) 0

sterior fossa Group A 24(82.8) 1(100.0) 3
Group B 5(17.2) 0(0) 0

HO grade I 7(14.0) 3(75.0) 0
II 12(24.0) 1(25.0) 5
III 31(62.0) 0(0.0) 0

value was calculated by Fisher's Exact test.
r 5 min. Supernatant was removed and the cell pellet was washed twice
ith HBSS prior to resuspension in Eagle's MinimumEssential Medium
MEM) supplemented with 10% FBS, and incubated at 37 °C in
midified 5%CO2. Attached cells were passaged when confluent, with
05% trypsin in PBS containing 1 mM EDTA, and placed into culture
edium, which included 10% conditioned medium from the previous
ssage. Using this method, pediatric EPN cell lines LCH-01-Ep, LCH-
-Ep and LCH-14-Ep were established in culture and for assay at early
ssages (b10 passages). Pediatric EPN primary cultured cell line 13–02-
T was acquired from Children's Hospital of Los Angeles and cultured
described [22]. Pediatric EPN cell lines SF7183 and SF8070 were
veloped and contributed by Dr. Rintaro Hashizume. The EPN cells
ere obtained from surgical biopsies of tumors from patients admitted to
e UCSF medical center, in accordance with an institution approved
otocol. SF7183 was derived from a 1-year old female, diagnosed with
sterior fossa anaplastic EPN (WHO grade III), and SF8070 was
rived from a 4-year-old female diagnosed with posterior fossa EPN
HO grade II).

onstructs and Transfections
Human His-tagged SETD1A expression plasmid, pET28-
TD1A-MHL, and its control pET28-MHL were gifts from
heryl Arrowsmith (Addgene plasmid # 32868 and #26096,
spectively). Transfection reagent TurboFectin 8.0 (Cat#
F81001) for cDNA cloning, short interference RNA (siRNA)
ainst human SETD1A (Gene ID 9739, Cat# SR306505) and
Tran 1.0 (Cat# TT300001) for siRNA transfection were purchased
om Origene (Rockville, MD, USA). For gene knock-down
periments: primary cultured cells were transfected with 60 nM
TD1A and control siRNAs using siTran 1.0 as per manufacturer's
structions. Transfected cells were subjected to cell viability assays in
sponse to chemotherapeutic reagents or lysed after 48 h for real-
e PCR and western blot analysis.

NA Extraction
Freshly collected tissue samples, approximately 0.5 cm3, and primary
ltured cells were used for RNA extraction. Total RNA was extracted
om snap frozen tissue using a standard Trizol protocol (Invitrogen,
arlsbad, CA, 15596–026) and from cells with the RNeasy Mini Kit
iagen, Valencia, CA, USA) as per manufacturer's instructions. For
PE samples, total RNA was isolated from five to twenty 10 μm-thick
P value

2 3 4

(60.0) 6(42.9) 11(61.1) 6(66.7) .5799
(40.0) 8(57.1) 7(38.9) 3(33.3)
(80.0) 5(35.7) 7(38.9) 5(55.6) .1671
(20.0) 9(64.3) 11(61.1) 4(44.4)
(0.0) 2(14.3) 5(27.8) 6(66.7) .0022
(80.0) 9(64.3) 13(72.2) 2(22.2)
(20.0) 3(21.4) 0(0.0) 1(11.1)
(0) 1(33.3) 2(40.0) 3(60.0) .6115
(0) 2(66.7) 3(60.0) 2(40.0)
(100.0) 7(87.5) 10(76.9) 3(75.0) .2860
(0) 1(12.5) 3(23.1) 1(25.0)
(0.0) 4(28.6) 0(0.0) 0(0.0) b.0001
(100.0) 4(28.6) 2(11.1) 0(0.0)
(0.0) 6(42.8) 16(88.9) 9(100.0)
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ssue sections using the Ambion RecoverAll kit (Ambion/Applied
iosystems, Foster City, CA) according to manufacturer's instructions.
otal RNA quantity and quality were evaluated using Nanodrop ND-
00 spectrophotometer (Thermo Fisher Scientific, Wilmington,
SA) and agarose gel electrophoresis prior to real-time PCR using
imers shown in Supplementary Table 3.

lumina Microarray Hybridization for Gene Expression
rofiles and Data Analysis
See Supplementary Information. Pathway analysis was performed
ing the PANTHER pathway as described. [23]

otal Nuclear and Histone Protein Extraction and Immuno-
lotting
Total proteins were extracted with Tissue Extraction Buffer I (Life
echnologies, cat# FNN0071) with proteinase (Cell Signaling Technol-
y, Beverly, MA, USA), phosphatase (Sigma) inhibitor cocktails and
enylmethylsulfonyl fluoride (PMSF, Roche). Total histone was
tracted using histone extraction kit (ab113476, Abcam) as per
anufacturer's instructions. Protein concentrations were quantified
ith the BCA Protein Assay Kit (Thermo Fisher Scientific Inc.) with
anodrop ND-1000 (Thermo Fisher Scientific Inc.). Equal amounts of
ll lysate were resolved by sodium dodecyl sulfate–polyacrylamide gel
ectrophoresis and transferred to nitrocellulose membranes (Bio-Rad,
ercules, CA,USA). Blockingwas performed for 60minwith 5%nonfat
y milk in Tris-buffered saline and Tween 20, followed by blotting with
imary antibodies overnight at 4 °C. Primary antibodies included:
lyclonal anti-rabbit ERBB2 (Cat#2165, 1:1000), H3K4me3
at#9727, 1:1000), H3 (Cat#9715, 1:2500), and Cyclin D1
at#2922, 1:1000) Cell Signaling Technology; β-actin
b8227,1:3000) from Abcam; rabbit polyclonal anti-GAPDH (sc-
,778, 1:2000) from Santa Cruz Biotechnology; and anti-human
TD1A (A300-289A, 1:1000) from Bethyl Laboratories. After washing
ith Tris-buffered saline andTween 20,membranes were incubated for 1
at room temperature with horseradish peroxidase conjugated donkey
ti-rabbit antibody (sc-2305, 1:5000) or donkey anti-mouse antibody
c-2306, 1:5000), and signal was detected with enhanced chemilumi-
scence substrate (Bio-Rad).

hromatin-Immunoprecipitation (ChIP) and Real-Time PCR
ChIP using tissue was performed according to the manufacturer's
structions (Abcam). Briefly, ~20mg frozen EPN tissue was minced into
3mm3 pieces, thawed on ice, washedwith ice cold PBSwith proteinase
hibitor cocktail prior to fixation in 1% formaldehyde in PBS at room
mperature for 10 min and quenched with 0.125 M glycine for 5 min.
issue was collected and resuspended in 500 μl FA-lysis buffer (50 mM
EPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 1%
riton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1
g/mL leupeptin, 1 μg/mL pepstatin) and disrupted while on ice, with a
heaton Dounce Tissue Grinder (VWR International, 62,400–595).
he tissue suspension was transferred into a 5 ml conical tube, sonicated
d processed according to manufacturer's protocol using rabbit
lyclonal H3K4me3 antibody (Cell Signaling Technology, Cat#
27) and IgG from rabbit serum (Cell Signaling Technology, Cat#
29) to collect immunoprecipitated DNA fragments. All DNA
agments were cleaned-up with GenElute PCR clean-Up Kit (Sigma
ldrichCo., St. Louis,MO,USA) prior to PCR analysis. ChIP using cells
as performed with the SimpleChIP Plus Enzymatic Chromatin IP Kit
agnetic beads) (Cell Signaling Technology, Cat#9005) following
anufacturer's instructions. Human ERBB2 and Cyclin D1 ChIP
imers (Supplementary Table 3) were used following real-time PCR
alysis.

TS Assay for Assessing Chemosensitivity
Primary EPN cell lines, 13–02-PBT, LCH-14-pEP, SF8070 and LCH-
-pEP, LCH-10-pEP and SF7183, were used to determine if elevated or
duced levels of H3K4me3 affected cell viability in response to
emotherapeutic drugs, vincristine (VCR) and carboplatin (CPL).
3K4me3 was increased or globally reduced by increasing or decreasing
specific methyltransferase, hSETD1A, via transfection with SETD1A
pression plasmid, pET28-SETD1A-MHL, or 60 nM small interfering
TD1A RNA (siSETD1A); control cells were transfected with pET28-
HL or siCtrl RNA. Cells were harvested 48 h after treatment. 2 × 104

lls/100 μl were plated in 96-well plates and incubated at 37 °C with 5%
O2 overnight. The cells were washed with serum free media, treated with
lturemedia containing CPL (10−2 ~ 10−7 M) or VCR (10−5~10−10 M),
d subjected to 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
l)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, Promega) assay after 72 h.
ells not treated with CPL or VCR were used as normalization controls.
esults were read on an ELISA Reader from TECAN Sunrise (TECAN,
A,USA). Each drug treatment was repeated three times in triplicate wells.
ell survival is presented as a percentage of viable cells compared to the
able cell number in the corresponding normalization control, with the
ntrol set as 100%. P values were calculated using Student's t test, with
b .05 considered significant. Statistical tests were 2-sided. Statistical
alysis was carried out using GraphPad Prism 7 (GraphPad Software, Inc.
Jolla, CA, USA).

esults

3K4me3 Levels Increase with Histopathological Malignancy
Pediatric EPNs
To investigate whether a correlation exists between clinicopatho-
gic variables and H3K4me3, fifty primary FFPE specimens were
C stained for H3K4me3 (Table 1). H3K4me3 was predominantly
served in cell nuclei with the frequency of immunopositive cells
nging from 0% to 100%. Patient age and gender were not
sociated with H3K4me3 levels. IHC results showed H3K4me3
gnificantly increased in WHO grade III EPNs (Figure 1, A and B,
pplementary Figure 1), relative to lower grade tumors, and a
lation between IHC staining and tumor location was also indicated
b .0001 and P = .0022, respectively). Western blots of protein
tracts from tissue samples confirmed higher levels of H3K4me3 in
HO grade III versus grade II tumors (Figure 1C). Importantly,
ultivariate Cox proportional hazards analysis showed that overall
rvival (OS) for all patients and PFS in all (OS P = .0124; PFS P =
088) PF-EPN-A (PFS P = .0482) patients were significantly
orter for patients with high levels of H3K4me3 (IHC scores ≥3)
lative to patients with low levels of H3K4me3 (IHC scores ≤2)
igure 1D, Supplementary Table 4). These results support
3K4me3 IHC staining as an accurate predictor of pediatric EPN
alignancy especially in PF-EPN-A tumors.

pendymoma Gene Expression Analysis
Comparison of 20 pediatric primary EPNs with 3 controls
upplementary Table 1) showed 177 significant differences in gene
pression between tumors with different WHO grades and control
ssue (Figure 2A, Supplementary Figure 2, Fold N2, P b .05). To
amine molecular interactions and reaction networks of these genes,
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Figure 1. H3K4me3 is associated with malignancy in pediatric ependymomas. A, Representative images show H3K4me3 positive cells
increase with WHO grade. B, Scores based on IHC for H3K4me3 positive cells. C, Western blots show H3K4me3 levels in WHO grade II
and III ependymoma tissue, with total H3 as a control (top panel). The ratio of H3K4me3/H3 band intensity is indicated in the bottom panel.
D, Overall survival and progression free survival for patients with low (IHC scores≤2) and high (IHC scores≥3) H3K4me3 IHC scores and
for patients with posterior fossa group A ependymomas (PF-EPN-A).

Neoplasia Vol. 21, No. 6, 2019 H3K4me3 Is a Pediatric Ependymoma Target Lewis et al. 509
e analyzed the data using the PANTHER database (Supplementary
gure 3). Pediatric EPNs showed significant enrichment of gene
thways that regulate developmental, cell differentiation and cell cycle
ocesses.Detailed information on these signaling pathways is described
Supplementary file 1.We further noted that in human cancers, 23 of
e differentially expressed genes are potentially associated with
emotherapeutic resistance, 8 with radiation resistance and 89 with
th chemotherapeutic and radiation resistance (Figure 2B). Of these,
genes were further examined for a potential contribution to

emotherapeutic resistance (Figure 2C, Table 2). Although the
pression differential for ERBB2 did not achieve our cutoff value of 4,
r elevated gene expression in tumor tissues, we included it in the
alysis which follows because of the frequency at which others have
ted ERBB2 involvement with EPN high-grade malignancy [24,25]
d enrichment of H3K4me3 at its' promoter in human breast cancer
sue [26]. The H3K4me3 methyltransferase, SETD1A, was also
amined (Table 2). Tumor samples from GSE50385 reanalyzed with
EO2R (Supplementary Table 5), were used to validate expression of
ese candidate genes in pediatric primary EPNs. Analysis results
owed ERBB2, CCND1 and SETD1A highly overexpressed in grade
I, compared to grade II primary pediatric EPNs (Figure 2D). The
sults from our in silico analysis are consistent with immunoblot results
protein extracts from patient tumor tissues (Figure 2E).

3K4me3 Linked to Expression of Genes that Confer
herapeutic Resistance
H3K4me3 is located at high levels at promoter regions near the
SS of virtually all active genes, and a strong positive correlation exists
tween this histone modification, transcription rates, and active
lymerase II promoter occupancy [27]. To investigate levels of
3K4me3 at CCND1 and ERBB2 promoters, ChIP was conducted
ith rabbit H3K4me3 antibody prior to real-time PCR of
munoprecipitated DNA. The results showed that H3K4me3 at
CND1 and ERBB2 promoters', after normalization using input
rcentage, was higher in grade III compared to grade II EPNs
igure 2F). This indicates H3K4me3 enrichment at key gene
omoters and suggests a potential mechanism for increased
pression of genes associated with therapeutic resistance.

Image of Figure 1


Figure 2. Expression profiles of genes potentially involved in therapeutic resistance in pediatric primary EPN. A, Volcano plots showing
differential gene expression profiles of 20 pediatric primary EPNs, 9WHO grade II and 11 grade III tumors and 3 controls. B, Venn-diagram
illustrating the number of genes associated with chemotherapeutic resistance (pink), radiation resistance (blue) or both
chemotherapeutic and radiation resistance. C, Heat map highlighting 12 candidate overexpressed genes (fold change N4), associated
with both chemotherapeutic and radiation resistance. D, Genes significantly associated with chemotherapeutic and radiation resistance,
and identified through in silico analysis of dataset GSE50385. E, Immunoblots showing protein expression of cyclin D1 and ERBB2 in
pediatric primary EPN tissue samples. F, CCND1 and ERBB2 expression shown with real-time PCR, after H3K4me3 chromatin
immunoprecipitation of DNA from pediatric EPN tissues.
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Table 2. Candidate genes potentially associated with chemo- and radio-therapeutic resistance and histone H3K4me3 modification, identified by comparison of EPN samples with normal tissue from four-
ventricular regions.

ILMN probe ID G e n e
symbol

Gene description Fold change
(Tumor vs Con)

Diff P value (Tumor vs
Con)

C h r o m o s o m a l
location

ILMN_1777397 MSX1 msh homeobox 1 8.40368379 0.001068928 4p16.2a
ILMN_2302757 FCGBP Fc fragment of IgG binding protein 7.51850685 0.000212757 19q13.2b
ILMN_1663866 TGFBI transforming growth factor, beta-induced, 68 kDa 7.18614540 0.000172186 5q31.1f-q31.2a
ILMN_1782538 VIM Vimentin 6.90619675 3.86E-07 10p12.33c
ILMN_2058251 VIM Vimentin 6.89964492 7.92E-07 10p12.33c
ILMN_1750324 IGFBP5 insulin-like growth factor binding protein 5 6.67755569 3.25E-07 2q35c
ILMN_1719759 TNC tenascin C 6.56274410 0.008055601 9q33.1a
ILMN_1809928 COL6A2 collagen, type VI, alpha 2 5.40932324 2.59E-06 21q22.3f
ILMN_1688480 CCND1 cyclin D1 5.02124412 0.000523028 11q13.2c
ILMN_2132982 IGFBP5 insulin-like growth factor binding protein 5 4.96717083 5.37E-06 2q35c
ILMN_2413956 IGF2 insulin-like growth factor 2 (somatomedin A) 4.90451748 0.001234166 11p15.5
ILMN_1665583 TUBB tubulin, beta class I 4.61522131 0.000125164 6p21.33b
ILMN_1732151 COL6A1 collagen, type VI, alpha 1 4.59061663 8.56E-05 21q22.3f
ILMN_1699867 IGF2 insulin-like growth factor 2 (somatomedin A) 4.53155504 0.001128204 11p15.5
ILMN_2352131 ERBB2 v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene

homolog (avian)
3.18843308 0.000528173 17q12c

ILMN_1714327 SETD1A Homo sapiens SET domain containing 1A (SETD1A), mRNA. 4.039779 0.0002234 16p11.2c
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3K4me3 Promoter Occupancy at ERBB2 and CCND1 is
ssociated with Chemosensitivity
To validate the association between H3K4me3 and ERBB2 and
CND1 expression, transcript and H3K4me3 ChIP levels were
amined in six primary pediatric EPN cell lines. Human SETD1A, a
ajor methyltransferase for H3K4me3, was also investigated due to
s elevated expression in WHO grade III EPNs, in comparison to
ade II (Figure 2, D and E, Table 2). The results showed higher
RBB2, Cyclin D1, SETD1A and H3K4me3 in three of the six cell
es, LCH-01-pEP and LCH-10-pEP and SF7183, and lower levels
13–02-PBT, LCH-14-pEP and SF8070 (Figure 3A). The

lationship between SETD1A and ERBB2 and CCND1 expression
as further investigated by treating 13–02-PBT, LCH-14-pEP and
8070 cells with pET28-SETD1A-MHL; or LCH-01-pEP, LCH-
-pEP and SF7183 cells with small interfering SETD1A
iSETD1A) RNA. Real-time PCR and western blots showed that
TD1A elevation or knock-down increased or decreased ERBB2
d CCND1 transcript (Figure 3, B and F) and protein levels (Figure
C and G), relative to control pET28-MHL or siRNA, respectively.
3K4me3 also increased or decreased (Figure 3, C and G). Given
at hSETD1A doesn't directly interact with promoters of target
nes [28], the results indicate that SETD1A regulates expression of
RBB2 and CCND1 via adjusting H3K4me3 promoter occupancy.
o confirm this, chromatin was immunoprecipitated with H3K4me3
om cells treated as above. PCR using primers for the promoters of
ese two genes, showed significantly increased or reduced H3K4me3
omoter occupancy in cells treated with pET28-SETd1A-MHL
igure 3D) and siSETD1A RNA (Figure 3H), respectively.
ltogether, these results demonstrate that ERBB2 and CCND1
pression is influenced by promoter H3K4me3 levels.
ERBB2 [29] and CCND1 [30] are associated with chemothera-
utic sensitivity in human cancers and H3K4me3 promoter
cupancy positively correlates with their expression in human
stric and breast cancers [26,31,32], and as shown here with
diatric primary EPN cells. Given this relationship, reducing
3K4me3 should decrease ERBB2 and CCND1 expression and
crease tumor cell chemosensitivity. To investigate this, 13–02-PBT,
H-14-pEP and SF8070 cells were treated with pET28-SETD1A-
HL or pET28-MHL, and LCH-01-pEP, LCH-10-pEP and
7183 cells with treated with siSETD1A or siCtrl RNA. Treated
lls were then exposed to chemotherapeutic drugs CPL or VCR. Cell
ability significantly increased in 13–02-PBT, LCH-14-pEP and
8070 cells with SETD1A upregulation (Figure 3E), while viability
creased in LCH-01-pEP, LCH-10-pEP and SF7183 cells following
ockdown with siSETD1A, in comparison to siCtrl (Figure 3I).
hese results demonstrate that H3K4me3 affects cytotoxic thera-
utic efficacy in pediatric EPN cells.

iscussion
igher order chromatin structure is an important factor in the
gulation of gene expression [33,34]. Histones are key components
chromatin, and are subject to a wide variety of dynamic PTMs
5]. Recent studies have shown differential histone modification in
ult and pediatric brain tumors [36–38], including pediatric EPN
2,13,37], in relation to normal brain. In this study, global
3K4me3 levels directly correlate with pediatric EPN histopatho-
gic malignancy, and inversely correlate with clinical prognosis.
rthermore, we show that global H3K4me3 levels influence
erapeutic efficacy, in association with regulation of genes linked
ith therapeutic resistance, such as CCND1 and ERBB2, both
lidated EPN oncogenes [8,24,38,39]. Therefore, a treatment
gimen that reduces global H3K4me3 in combination with
aditional chemotherapeutics may increase therapeutic efficacy and
prove outcomes for children who present with EPN.
Over the last decade, the number of molecular drivers, identified in
diatric EPNs has significantly increased, with individual tumors in
me cases exhibiting molecular heterogeneity in driver expression.
me of these drivers are associated with clinical outcome [40]. For
stance, for pediatric posterior fossa EPN [9,41], PF-EPN-A exhibit
heterogeneous picture of pathway alterations including several
nonical cancer-associated signaling pathways such as HIF-1a,
EGF, EGFR, PDGF, TGF-β, tyrosine-receptor kinase, RAS etc.,
is heterogeneity has also been noted in our study with PANTHER
tabase analysis.
Histone PTMs have also been associated with EPN prognosis. Sub-
PNs with higher H3K9Ac have a lower probability of recurrence
d show less proliferation [37]. High H3K4me3, as shown here,
rrelates with WHO grade malignancy (Figure 1, A–C) and worse
ognosis in PF-EPN-A tumors (Figure 1D) in which H3K27me3 is
w or missing. PF-EPN-A tumors are more common in young



512 H3K4me3 Is a Pediatric Ependymoma Target Lewis et al. Neoplasia Vol. 21, No. 6, 2019

Image of Figure 3


ch
tr
to
tu

tu
ex
H
th
do
tu
co
hi
co
be
m
th
to
st

th
H
co
sp
T
pa
D
M
fu
in
co
W
pe
hi
2)
E
SE
pr
to
dr
re
hS
ch
ta
se
in
in

do
w
ex
th

C
In
cr
se
am
de

A
W
fo
W
A
tu
C
sl

C

A

do

R

[

[

[

[

[

[

Fi
ch
R
ce
im
in
re
w
tr
an
fo
si

Neoplasia Vol. 21, No. 6, 2019 H3K4me3 Is a Pediatric Ependymoma Target Lewis et al. 513
ildren, and relatively aggressive [42,43]. The current recommended
eatment for these tumors is localized adjuvant radiation following
tal resection. Understanding the changes in histone PTMs in these
mors may lead to new more effective treatment options.
Future studies need to further examine the role of histone PTMs in
morigenesis and cell proliferation in each subgroup of EPNs. For
ample, bivalent chromatin domains containing H3K4me3 and
3K27me3 silence developmental genes, while simultaneously keeping
em poised for activation following differentiation [14]. These same
mains may influence subsequent development of drug resistance and
mor progression in human cancers [45]. Chromatin domains
ntaining these two marks, as well their relationship with other
stone marks, such as H3K9Ac [37], must be examined in
mbination, rather than in isolation. Results for PTMs should also
related to isochromosome 1q status [44,46], another prognostic EPN
arker, and to molecular subgroups [47]. The majority of samples in
is study were collected and archived over 20 years, limiting our ability
determine the relationship between H3K4me3, subgroups and 1q
atus. Future use of fresh tumor samples will overcome this problem.
Enzymes that regulate histone PTMs are also of interest as
erapeutic targets and prognostic markers. Several enzymes regulate
3K4 methylation status. Six SET1-COMPASS methyltransferase
mplexes methylate H3K4, including human SETD1A/B, which
ecifically regulates trimethylation at the promoter region near the
SS. Jumonji (JmjC) domain-containing histone demethylases, in
rticular, the JARID1 family of histone demethylases (JARID1A −
) remove methyl groups from tri- and di- methylated H3K4 [14].
ethylases and demethylases are widely expressed and have unique
nctions in vivo that, when altered, can contribute to disease
itiation and progression. WDR82, a subunit of SETD1A/B
mplexes, increases following chemotherapy [45], suggesting
DR82-SETD1A/B complex activity contributes to chemothera-
utic resistance. In this study human SETD1A was shown to be
ghly expressed in WHO grade III EPNs (Figure 2, D and E, Table
. Elevation of SETD1A increased H3K4me3 promoter frequency at
RBB2 and CCND1 genes (Figure 3D), while down-regulation of
TD1A reduced H3K4me3 occupancy at ERBB2 and CCND1
omoters (Figure 3H), two genes that influence tumor cell response
chemotherapy and affect EPN cell response to chemotherapeutic
ugs, CPL and VCR (Figure 3, E and I). Taken together, these
sults demonstrate that H3K4me3 alterations mediated by
ETD1A influence multiple cancer cell characteristics including
emosensitivity, and that SETD1A warrants consideration as a
rget for cancer treatment. SETD1A has been shown to act through
veral pathways. It modulates cell cycle progression through
duction of a miRNA network to suppress P53 in human cancers
dependent of H3K4me3 [48,49]. It also has a non-catalytic
gure 3. Reduction of H3K4me3 via down-regulation of hSETD1
emosensitivity. A, Western blots showing hSETD1A, ERBB2, CCND
eal-time PCR (B) and western blots (C) show increased ERBB2 and CCN
lls following treatment with pET28-SETD1A-MHL (pET-SETD1A
munoprecipitation with H3K4me3 IgG antibodies coupled with real-t
pediatric primary cultured EPN cells following treatment with pET-SET
sponse to CPL or VCR following treatment with pET-SETD1A or pET2
estern blots (G) show decreased ERBB2 and CCND1 expression an
eatment with siSETD1A (pET-SETD1A), compared to control siRNA
tibodies coupled with real-time PCR (ChIP-PCR) using CCND1 and E
llowing treatment with siSETD1A and siCtrl. I, MTS assays showing
Ctrl or siSETD1A in pediatric primary EPN cells. Error bars show the
main, “FLOS” (functional location on SETD1A), which interacts
ith CYCLIN K and regulates DNA damage response gene
pression [50]. In the work presented in this study we hypothesize
at the response is primarily through direct alteration of H3K4me3.

onclusions
conclusion our results added to the literature [12,13] support a

itical role for histone PTMs in influencing EPN chemotherapeutic
nsitivity. Future studies should focus on investigating relationships
ong distinct EPN molecular variants and histone PTMs in
fining their characteristic gene expression profiles.
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