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Abstract

Brain tumors are the leading cause of cancer-related death in children. Tazemetostat is an FDA-

approved enhancer of zeste homolog (EZH2) inhibitor. To determine its role in difficult-to-treat 

pediatric brain tumors, we examined EZH2 levels in a panel of 22 PDOX models and confirmed 

EZH2 mRNA over-expression in 9 GBM (34.6 ± 12.7-fold) and 11 medulloblastoma models 

(6.2 ± 1.7 in group 3, 6.0 ± 2.4 in group 4) accompanied by elevated H3K27me3 expression. 

Therapeutic efficacy was evaluated in 4 models (1 GBM, 2 medulloblastomas and 1 ATRT) 

via systematically administered tazemetostat (250 and 400 mg/kg, gavaged, twice daily) alone 

and in combination with cisplatin (5 mg/kg, i.p., twice) and/or radiation (2 Gy/day × 5 days). 
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Compared with the untreated controls, tazemetostat significantly (Pcorrected < 0.05) prolonged 

survival times in IC-L1115ATRT (101% at 400 mg/kg) and IC-2305GBM (32% at 250 mg/kg, 

45% at 400 mg/kg) in a dose-dependent manner. The addition of tazemetostat with radiation was 

evaluated in 3 models, with only one [IC-1078MB (group 4)] showing a substantial, though not 

statistically significant, prolongation in survival compared to radiation treatment alone. Combining 

tazemetostat (250 mg/kg) with cisplatin was not superior to cisplatin alone in any model. Analysis 

of in vivo drug resistance detected predominance of EZH2-negative cells in the remnant PDOX 

tumors accompanied by decreased H3K27me2 and H3K27me3 expressions. These data supported 

the use of tazemetostat in a subset of pediatric brain tumors and suggests that EZH2-negative 

tumor cells may have caused therapy resistance and should be prioritized for the search of new 

therapeutic targets.

INTRODUCTION

Brain tumors are the leading cause of cancer-related deaths in children. Despite aggressive 

treatment with surgery, radiation (XRT), and chemotherapy, the 5-year survival rates remain 

suboptimal at 60–70% in children with group 3 or 4 medulloblastoma (MB), although >70% 

in children with non-metastatic group 4 MBs, and drop to <10% after relapse1-4. Similarly, 

the clinical outcome for pediatric glioblastoma (pGBM) and atypical teratoid/rhabdoid 

tumor (ATRT) are poor as well5,6. While analysis of gene mutations7-13 has provided new 

hope for expedited translation of target therapies into clinical application, there remain 

frustrating challenges in translating personalized genomic analysis into effective therapies 

for pediatric brain tumors. Unlike adult cancers, pediatric brain tumors (MB and GBM) 

have fewer mutated genes and very scarce recurrent mutations that are druggable “driver/

survival-critical mutations”14, although ATRT is defined by inactivation of the SMARCB1 

tumor suppressor gene. Such “silent” mutation profiles make it difficult to develop mutation-

targeted therapies. New therapeutic target(s) and alternative novel strategies are needed.

Enhancer of zeste homolog (EZH2) represents an attractive target for brain tumors. EZH2 

is the catalytic subunit of polycomb repressive complex 2, a 3-component protein complex 

which catalyzes the trimethylation of histone 3 at lysine 27 (H3K27). H3K27 trimethylation 

causes epigenetic silencing of target gene transcription, including genes that regulate cellular 

proliferation, differentiation, and self-renewal15-26. Elevation of EZH2 expression occurs 

in numerous cancers and correlates with chemotherapy resistance, tumor aggressiveness, 

and poor prognosis11,15-23,25,27,28. Similarly, overexpression of EZH2 has been observed in 

multiple pediatric brain tumors. Group 3 and 4 MBs are shown to express high levels of 

EZH27-9,29, whereas in ATRTs the absence of SMARCB1 protein is well documented to 

promote higher EZH2 repressive activity and dependence. In H3K27M-mutant pediatric 

gliomas, EZH2 has been identified as a potential therapeutic target30. Aberrant EZH2 

activities result in increased H3K27 trimethylation (H3K27me3) and consequently decrease 

tumor suppressor gene expression and promoting tumorigenesis29. Targeting EZH2 has led 

to strong anti-tumor activities. Indeed, multiple EZH2 inhibitors have been developed31. 

Tazemetostat is an orally available EZH2 inhibitor that has entered clinical trials both in 

pediatric and adult patients. It has exhibited activities in adult cancers with SMARCB1 

loss32 and is recently approved by FDA for patients with epithelioid sarcoma and relapsed/
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refractory follicular lymphoma (FL)33. However, its capacity in passing through the blood 

brain barrier and in targeting pediatric brain tumors remains incompletely understood.

In vivo examination of therapeutic efficacy of new treatments is often delayed by the lack 

of clinically relevant and molecularly accurate animal models. To overcome this barrier, 

we directly implanted patient tumor specimens into the matching locations in the brains of 

SCID mice and established a panel of patient-derived orthotopic xenograft (PDOX) mouse 

models, including group 3 and 4 MBs, pGBMs, and ATRT. These models were shown to 

have replicated the histology, invasion/metastasis and preserved major genetic abnormalities 

of the original patient tumors34-36. They have thus provided a useful platform for the 

preclinical drug testing of new therapeutic modalities37,38. Since all the xenografts were 

implanted in mouse brains, these models can also help determine if investigational drug(s) 

can be effectively delivered into orthotopic xenografts.

In this study, we examined the expression of EZH2 in a panel of 22 PDOX mouse models 

of pediatric MBs, GBMs and an ATRT. We analyzed the levels of H3K27me3 in tumor 

tissue to better understand the potential of EZH2 as a therapeutic target and then analyzed 

the anti-tumor activities of the EZH2 inhibitor tazemetostat in vivo in PDOX models. 

Recognizing the limitations of single agent and intra-tumoral heterogeneity, we further 

examined if combining tazemetostat with fractionated radiation and/or clinically relevant 

chemotherapies, which are part of the standard of care, would further improve animal 

survival times in PDOX models of different pediatric brain tumors. The mechanisms of 

therapy resistance were subsequently analyzed in the recurrent/remnant tumors of the treated 

PDOX models. Our aim is to provide detailed preclinical evidence to support the use of 

EZH2 inhibitors in childhood malignant brain tumors.

MATERIALS AND METHODS

EZH2 inhibitor

Tazemetostat was supplied by Epizyme (Cambridge, MA). It is a potent and selective 

EZH2 inhibitor (MW 572.74) with Ki and IC50 of 2.5 nM and 11 nM in cell free-assays, 

respectively.

PDOX mouse models

SCID mice, (NOD.129S7(B6) -Rag1tm1Mom/J, Stock No: 003729, Jackson Laboratories), 

5–8 weeks of both male and female were house and breed in the animal facility of 

Texas Children’s Hospital and Lurie Children’s Hospital animal facility. This strain of 

mice is radiation-resistant and can tolerate fractionated radiation therapy as we described 

previously39. All the animal experiments were performed following Institutional Animal 

Care and Use Committee (IACUC) approved protocols. A total of 22 PDOX mouse models 

were developed and characterized as we described previously34,35,37-40. Nineteen models 

were established from freshly resected brain tumor specimens collected from patients after 

the signed informed consent obtained prior to sample acquisition in accordance with our 

local Institutional Review Board approved protocol. Three additional models (2 DIPGs and 
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1 ATRT) were established from autopsied tumor tissues. All animal experiments with NOD/

SCID mice were conducted under an IACUC-approved protocol34,41.

Immunohistochemistry (IHC)

IHC was performed using a Vectastain Elite kit (AK-5001, Vector Laboratories, Burlingame, 

CA) as described previously34,42,43. Primary antibodies included the human-specific 

Ki67 (1:50) (Thermo Fisher, Waltham, MA), and rabbit anti-EZH2 (1:50) (Thermo 

Fisher, Waltham, MA) and H3K27me2 (1:100) (ABCAM INC, Cambridge, CA), and 

H3K27me3(1:50) (Thermo Fisher, Waltham, MA).

Western hybridization

To analyze the changes of histone methylation, histones were prepared by acid extraction43. 

Primary antibodies (1:1000 dilution) against H3K27me3 were incubated.

In vivo treatment in PDOX models and Statistical analysis

Cryopreserved xenograft tumor cells were injected into the brains of SCID mice as we 

described previously34,42. Tazemetostat was administered through oral gavage, twice daily 

at 250 and 400 mg/kg on days 14–41 post tumor implantation as single agent or at 250 

mg/kg in combination with chemo- or radiation. Fractionated radiation (XRT) was delivered 

locally at 2 Gy/day × 5 days (on days 21–25), and Cisplatin was given at 5 mg/kg, i.p., 

once daily on day 21 and 24 post tumor implantation. For ATRT and GBM models, 50 

mice per model were divided into five groups (n = 10 per group), i.e., control, tazemetostat 

(250 and 400 mg/kg groups), XRT only and tazemetostat 250 mg/kg + XRT. For MB 

models, 80 mice per model were divided into 8 groups (n = 10 per groups), i.e., control, 

tazemetostat (250 and 400 mg/kg groups), XRT only, Cisplatin only, tazemetostat (250 

mg/kg) + XRT, tazemetostat (250 mg/kg) + cisplatin, and tazemetostat (250 mg/kg) + 

XRT + cisplatin. Differences in event-free survival (EFS) between the treatment groups 

were analyzed using the Peto and Peto modification of the Gehan-Wilcoxon test. P values 

were Bonferroni-corrected for multiple testing, based on 4 treatment groups tested with 

IC-2305GBM and IC-L1115ATRT and 7 treatment groups tested with ICb-1078MB and 

ICb-1572MB, except where ad hoc pairwise comparisons between treatment groups are 

denoted Pnominal.

RESULTS

EZH2 is overexpressed in pediatric brain tumors

The expression levels of EZH2 mRNA of PDOX and matching patient tumors were 

extracted from gene expression profiling data completed with Affymetric U133 arrays. 

To further evaluate the generalizability of our data from brain tumors to other types of 

pediatric cancers, we also extracted RNAseq data from a panel of >270 xenograft tumors 

of pediatric cancers assembled by the NIH/NCI Pediatric Preclinical Testing Consortium 

(PPTC)36. High levels of EZH2 mRNA expression were detected in a majority of the 

pediatric cancers, including leukemia, sarcomas, neuroblastoma, and various types of brain 

tumors (Fig. 1). To identify brain tumor models that replicate EZH2 overexpression and 

to determine if the preservation of EZH2 expression status was broadly recapitulated in 
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multiple PDOX models during serial subtransplantations, we examined the changes of EZH2 

expression in a set of 22 PDOX models of pediatric brain tumors and directly compared with 

their matching patient tumors. Remarkably increased (>10 fold as compared with normal 

childhood cerebral tissues) EZH2 mRNA expression was detected in 9/9 pGBM models and 

medium level (>2 fold but <10 fold) were detected in 2/2 DIPG models (Fig. 2A). When 

compared with the original patient tumors, the matching PDOX tumors expressed similar 

(n = 1) or higher (n = 6) levels of EZH2 mRNA that were maintained during serial in vivo 

subtransplantations in mouse brains. Similarly, elevated EZH2 mRNA (~2–10 fold) were 

detected in 11 MB PDOX models that represented group 3 (n = 4), group 4 (n = 3), SHH 

(n = 2) and WNT (n = 2) when compared with the childhood normal cerebral and cerebellar 

tissues. The increased EZH2 mRNA expression was maintained during PDOX tumor serial 

subtransplantations (from passage I to V) and slightly higher than the matching patient 

tumors (n = 9) (Fig. 2B). Protein expression of H3K27me3, which is frequently increased in 

tumors with aberrant activation of EZH2, was examined in MB PDOX tumors although its 

expression status has not been well examined in GBMs (outside brain stem), MB and ATRT 

tumors. Immunohistochemical staining showed strong (+++) to medium (++) positivity in 

the nuclei of tumor cells in both group 3 and 4 MB xenograft tumors (Fig. 2C). When 

compared with three normal childhood cerebellar tissues that expressed low/no H3K27me3, 

the MB xenografts (3/3 group 3 and 3/4 group 4) expressed high levels of H3K27me3 (Fig. 

2D). These findings identified a panel of PDOX models bearing the activated EZH2 gene.

Targeting EZH2 with tazemetostat acting alone and in combination with chemotherapy 
and/or radiation therapy

The therapeutic efficacy of EZH2 inhibitor tazemetostat32,44 was examined in PDOX 

models, including one ATRT, one pGBM and two MBs, that expressed high levels of EZH2 

mRNA (Table 1). All the xenograft tumors were implanted into the matching locations in 

the mouse brains, i.e., supra-tentorial ATRT and pGBM to mouse cerebra (intra-cerebral, 

IC), and MBs to mouse cerebellar (intracerebellar, ICb) with identical cell numbers (1 × 105 

cells/mouse). To determine the dose effects, two doses of tazemetostat, 250 and 400 mg/kg, 

were gavaged twice daily from day 14-41 (total 28 days) post tumor cell implantation. 

To determine the efficacy of combination therapy, low dose of tazemetostat (250 mg/kg) 

was selected to combine with fractionated radiations to avoid excessive toxicity potentially 

associated with the high dose (400 mg/kg). Changes of body weight were used as surrogate 

marker of therapy-related toxicities.

The ATRT model, IC-L1115ATRT, was derived from an autopsied supratentorial ATRT with 

confirmed SMARCB1 deletion. Treatment with tazemetostat (Fig. 3A) for 28 days at 250 

mg/kg increased the median animal survival times from 70.5 days in the control group to 98 

days, but the difference was not significant (Pcorrected = 0.927). Increasing the dose to 400 

mg/kg, however, significantly prolonged the animal survival times to 141.5 days (Pcorrected 

= 0.024). Combining tazemetostat (250 mg/kg) with chemotherapy agent cisplatin (5 mg/kg, 

once daily, i.p., on day 21 and 24) increased animal survival times to 142.5 days (Pcorrected 

= 0.003 vs. control) which was actually shorter than mice treated with cisplatin alone (150 

days, Pnominal = 0.272 between treatment groups), revealing no therapeutic enhancement 

from the combination (Supplemental Table 1).
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The pGBM model, IC-2305GBM, expressed high levels (>20 folds) of EZH2 mRNA (Fig. 

2A). When treated with tazemetostat as single agent at 250 mg/kg, the median animal 

survival times extended from 46 days in the control group to 60.5 days (Pcorrected = 0.004) 

(Fig. 3B); increasing the dose to 400 mg/kg further prolonged the survival times to 66.5 days 

(Pcorrected = 0.001), exhibiting a dose-dependent therapeutic efficacy. Fractionated radiation 

(2 Gy/day for 5 days starting from day 14) was active as well, extending animal survival 

times to 77.5 days (Pcorrected = 0.004). Combining tazemetostat with radiation, however, did 

not further increase survival times beyond those achieved by tazemetostat or radiation acting 

alone, indicating a lack of additive or synergistic activities (Supplemental table 1).

Two MB models, ICb-1572MB (group 3) and ICb-1078MB (group 4), with elevated 

EZH2 mRNA (5–6 fold) and protein expression were selected for a combinatory treatment 

regimen. For each model, 80 mice were implanted with PDOX cells (completed within 2 h) 

and divided into 8 groups (n = 10), including control, 4 single agent groups (tazemetostat 

at 250 mg/kg and 400 mg/kg, cisplatin at 5 mg/kg, radiation 2 Gy/day × 5 days), two drug-

combination (tazemetostat at 250 mg/kg + XRT, tazemetostat at 250 mg/kg + cisplatin), and 

three drug combination (tazemetostat at 250 mg/kg + XRT + cisplatin) (Supplemental Table 

1). In the group 3 MB model, ICb-1572MB (Fig. 3C), only treatment with tazemetostat 

+ XRT + cisplatin significantly prolonged survival time (Pcorrected = 0.026) from 25 to 32 

days. However, without a separate treatment group of XRT + cisplatin, the contribution 

of tazemetostat cannot be ascertained. In the group 4 MB model, IC-1078MB (Fig. 3D), 

tazemetostat at 250 mg/kg alone was able to prolong the median animal survival times 

from 49.5 days to 68.5 days (38% increase, Pcorrected = 0.010 vs. control), while the higher 

dose at 400 mg/kg resulted in a shorter survival time of 60 days (Pcorrected = 0.282). XRT 

as a single treatment, however, prolonged animal survival times to 77 days (Pcorrected = 

0.015 vs. control). Combining the two active single treatments, tazemetostat (250 mg/kg) 

and XRT (2 Gy/day × 5 day), more than doubled (118% increase) the animal survival 

times to 108 days (Pcorrected = 0.010 vs. tazemetostat, Pcorrected = 0.028 vs. radiation 

alone). The chemotherapy agent, cisplatin, was not able to cause significant improvement 

of animal survival time as single agent (70.5 days, Pcorrected = 1.000) nor in combination 

with tazemetostat (250 mg/kg) (67.5 days, Pcorrected = 1.000). Adding cisplatin to the 

tazemetostat + XRT combination did not enhance the anti-tumor activities but reduced 

survival time from 108 days to 76 days (Supplemental Table 1). In summary, tazemetostat at 

250 mg/kg was active in one of the two MB models as single agent and combination with 

fractionated radiation prolonged animal survival times;increasing tazemetostat dose to 400 

mg/kg did not improve therapeutic efficacy;cisplatin was not active either as a single agent 

or in combination with other agents.

Histological changes induced by tazemetostat

Despite significant extension of animal survival time, all the treated mice died. Histological 

analysis of whole mouse brains following in vivo treatment (Fig. 4A) often revealed large 

orthotopic PDX tumors (Fig. 4B, C). Overall growth pattern was similar between the 

control and the treated mice. Although EZH2 inhibitors were postulated to suppress tumor 

invasion19, our detailed histological analysis of whole mouse brains did not find major 

suppressions in IC-L1115ATRT (although the number of invasive satellite foci was slightly 
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decreased) (Fig. 4B) nor in the ICb-1078MB (Fig. 4C). Compared with the untreated groups, 

the remnant tumors exhibited similar levels of cell proliferation as detected by Ki-67 (Fig. 

4B, C). Altogether, these data suggested that the recurrent tumors maintained histological 

features after tazemetostat treatment.

Assess the underlying biological changes mediating the resistance of EZH2 inhibition

Since previous studies have examined extensively the mechanism of EZH2 inhibition 

induced cell killing20,25,27-30, we focused on the mechanism of tumor resistance. We 

first examined the molecular target EZH2 in the remnant PDOX tumors in a responsive 

ATRT model (IC-L1115) and a MB model that was less responsive to tazemetostat acting 

alone (ICb-1078MB). We did not attempt to analyze the remaining two models, because 

ICb-1572MB was not responsive to any treatments; and IC-2305GBM was less responsive 

than XRT acting alone and combining tazemetostat with XRT resulted in reduced animal 

survival times. In IC-L1115ATRT remnant tumors (n = 3), the overall expression of EZH2 

was remarkably reduced both in the tumor mass and in the invasive front (Fig. 5A). There 

was a noticeable increase of EZH2 negative cells (Fig. 5A) with occasional formation of 

large circular areas of low cell density pouches distinct from the surrounding EZH2 positive 

cells (Supplemental Fig. 1). In ICb-1078MB remnant tumors, the overall levels of EZH2 

protein expression were reduced from high (+++) to low or medium (+ ~++), and EZH2 

negative cells increased from <1% in the untreated tumor to 5-10% (Fig. 5B). These data 

suggested that many of the tumor cells with strong (+++) EZH2 cells were eliminated, and 

it was the tumor cells with no or reduced EZH2 expression that survived and repopulated 

tumor formation.

As the mechanism of action for EZH2 inhibitors is through EZH2 inhibition with passive 

removal of the H3K27 methyl mark by histone turnover, we next examined the changes of 

H3K27 both as bi- and tri-methylations (H3K27me2 and H3K27me3). In IC-L1115ATRT, 

tumor cells positive for H3K27me2 and H3K27me3 were reduced from medium (++) to 

low (+) and from strong (+++) to medium (++), respectively. Similar trends were found 

both in the tumor core and in the invasive front (Fig. 5A). In IC-1078MB, the changes 

of H3K27me2 and H3K27me3 were less prominent as their levels in the untreated control 

tumors were low to medium (+~++) (Fig. 5B), much lower than that in the ARTR model. 

These data indicated that the changes of H3K27me2 and H3K27me3 were consistent with 

EZH2 suppression, particularly in the ATRT model.

DISCUSSION

Tazemetostat is an EZH2 inhibitor that is approved by FDA for patients aged 16 years 

and older with metastatic or locally advanced epithelioid sarcoma not eligible for complete 

resection. It is also approved for adult patients with relapsed or refractory (R/R) FL whose 

tumors are positive for an EZH2 mutation as detected by an FDA-approved test and who 

have received at least 2 prior systemic therapies, and for adult patients with R/R FL who 

have no satisfactory alternative treatment options. Clinical trials in children with cancer 

have been initiated45. Given the genomic and epigenetic complexity of cancer, a single 

therapeutic agent may show some degree of activity, but optimal therapeutic benefit may be 

Qi et al. Page 7

Lab Invest. Author manuscript; available in PMC 2023 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



found in combination with other active agents. To provide preclinical evidence to support its 

use in pediatric brain tumors, we utilized 4 PDOX models of three different diagnoses and 

designed a strategy to test single agent (at different doses) and comprehensive combinations 

with radiation and/or chemotherapy.

Identifying EZH2 as a therapeutic target is the first step for the development of new 

therapies. EZH2 expression have been detected and correlates with chemotherapy resistance, 

tumor aggressiveness, and poor prognosis11,15,17-23,27,28. Similar to these findings, we 

showed that the over-expressed EZH2 in the original patient tumors of MB and high 

grade glioma was well preserved in the matching PDOX models even during serial in vivo 

subtransplantations. This set of data is important not only to confirm the molecular fidelity 

of PDOX models but also to provide a key set of model system to support the preclinical 

drug testing of EZH2 inhibitors. However, the EZH2 expression in our ATRT model was 

not significantly elevated and past work by the Pediatric Preclinical Testing Program showed 

that tazemetostat was effective only for rhabdoid tumors and not for other pediatric solid 

tumors46. Therefore, caution has to be exercised when using EZH2 over-expression as 

sole indicator of tumor selection, particularly as clinical activity of tazemetostat (outside 

of lymphomas) has been observed almost exclusively in patients with genomic alterations 

leading to SMARCB1 (or SMARCA4) loss.

Treatment with tazemetostat as a single agent significantly prolonged animal survival times 

in an ATRT model (IC-L1115ATRT) and a GBM model (IC-2305GBM) in a dose-dependent 

manner, and in a MB model (ICb-1078MB) at low (250 mg/kg) dose. Radiation therapy 

significantly (P < 0.05) prolonged survival time for 2/3 models tested (IC-2305GBM and 

ICb-1078MB, but not ICb-1572MB). Cisplatin as a single agent significantly prolonged 

survival for only L115ATRT, but not for either of the MB models. Analysis of combination 

therapies of tazemetostat (at 250 mg/kg) with clinically-relevant fractionated radiation 

therapies in three PDOX models identified the group 4 MB ICb-1078MB as the one that 

exhibited extension of animal survival times compared to the radiation-alone group (40% 

increase), though statistical significance was not achieved. For both IC-2305GBM and 

IC-L115ATRT, the addition of tazemetostat to radiation was without benefit. The addition of 

tazemetostat to cisplatin did not improve survival compared to single agent cisplatin for any 

of the three models studied (two MB and one ATRT). While the triple therapy (tazemetostat 

and radiation and cisplatin) significantly prolonged survival in comparison to the control 

group, it was not superior to the doublet combinations. Although the 4 models shared 

high-level expression of EZH2 mRNA, they each carried additional and different genetic 

abnormalities. Such heterogeneities may have played a role in the differential responses 

of these models and should be taken into consideration in future experimental design of 

preclinical drug testing.

Combining novel targeted therapy with existing standard of care treatments has the 

advantage of rapid integration into clinical applications. However, to establish an in vivo 

treatment protocol of complex combination therapies that can be safely administered 

to animal models is still a challenge. In the field of brain tumors, standard therapy 

typically involves the use of radiation. Unfortunately, most strains of SCID mice 

(immunocompromised animals) involved in orthotopic xenograft model development are 
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unable to tolerate radiation. After a search of the available literature and experimental 

testing39, we confirmed that the SCID mice, (NOD.129S7(B6) -Rag1tm1Mom/J, Stock No: 

003729, https://www.jax.org/strain/003729), can tolerate fractionated radiation therapy very 

well, thereby providing an important host animal resource for testing radiation therapies 

in brain tumors. Our successful completion of the complex combination (tazemetostat + 

fractionated radiation and/or chemotherapy) treatment in the four PDOX models without 

serious toxicities also established the feasibility and supports future examination of multi-

drug combinations.

Many efforts have been made to understand the mechanisms of action of tazemetostat47-49. 

Since all our treated mice eventually died of disease, we analyzed the remnant/recurrent 

tumors to understand the potential mechanisms of resistance/relapse. While we did not find 

major differences in tumor growth pattern, invasion and cell proliferation before and after 

tazemetostat treatment, our analysis of the remnant tumors revealed remarkable increase 

of the tumor cells with no or low EZH2 expression and reduced levels of H3K27me2 an 

H3K27me3. Since such cells were initially present in the untreated PDOX cells at very 

low abundance, this finding suggested that intra-tumoral heterogeneity need to be carefully 

addressed in future. Recent advancement of single cell sequencing50 and spatial single cell 

analysis should provide a novel technology to facilitate the understanding of drug resistance 

at the single cell level.

In summary, we demonstrated that EZH2 overexpression is present in pediatric cancers and 

well preserved in a panel of PDOX models of brain tumors. The FDA-approved EZH2 

inhibitor, tazemetostat, prolongs survival in an ATRT and a GBM model when acting alone 

and exhibited a trend to increase XRT efficacy in a group 4 MB, although combination 

with cisplatin did not improve animal survival times. Although overexpression of EZH2 

has been frequently detected in multiple human cancers, our data suggested tumors with 

EZH2 over-expression, particularly examined from bulk tissues, do not always respond to 

EZH2 inhibitor. The inter-tumoral heterogeneity, particularly the cell with low or no EZH2 

expression, may have caused the tumor recurrence in the current study. Our data support the 

evaluation of tazemetostat in a subset of pediatric brain tumors.
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Fig. 1. Expression of EZH2 mRNA in a panel of xenograft mouse models of pediatric cancers.
Data were extracted from RNAseq analysis of PPTC xenograft tumors (see ref. 36) and 

presented as FPKM (Fragments Per Kilobase of transcript per Million mapped reads). 

Models with truncating (black filled circle) or missense (green filled circle) mutations were 

shown.
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Fig. 2. EZH2 overexpression in pediatric brain tumors.
A, B. High levels of EZH2 mRNA expression in high-grade glioma (upper panel) and 

MB (lower panel) patient tumors (Pt tum) and PDOX models during serial in vivo 

subtransplantation from passage I (Xeno-I) up to passage VIII (Xeno-VIII). Normal brain 

tissues were included as references. The data from glioma were extracted from gene 

expression profiling using Affy 133 array, and MB from illumine array. C Representative 

immunohistochemical staining images showing increased expression of H3K27me3 in MB 

models. D Western hybridization showing elevated H3K27me3 expression in xenograft 

tumors of PDOX models. Normal human cerebellar tissues obtained from warm autopsy 

were included as references.
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Fig. 3. In vivo therapeutic efficacy of tazemetostat in PDOX models of childhood brain tumors.
SCID mice were implanted with xenograft cells from the four models, IC-L1115ATRT 

(A), IC-2305GBM (B), group 3 (ICb-1572MB) (C) and group 4 (ICb-1078MB) (D) MBs, 

were allowed to grow for 14 days to form solid intra-cerebral (IC) or intra-cerebellar (ICb) 

xenograft tumors before being treated with tazemetostat alone and in combinations with 

chemo- and/or radiation as highlighted in the figures. Kaplan-Meier estimate of median 

time-to-event, ratio in median time to event between the treated and control groups (EFS 

T/C), and EFS p values were calculated and compared between the treatment groups.
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Fig. 4. Histological changes induced by tazemetostat.
A Schematic illustration of the timing of mouse brain collection after in vivo treatment. B 
H&E staining showing the in vivo growth of PDOX tumors (*) from low (4×) to high (40×). 

Compared with the untreated control, the remnant tumor of IC-L1115ATRT remained highly 

invasive although the number of satellite foci (red arrowhead) was slightly reduced (upper 
panel). The local invasion of IC-1078MB was not significantly affected (lower panel). Cell 

proliferation (Ki-67) in the remnant tumor was similar to the untreated controls.
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Fig. 5. Immunohistochemical staining of molecular targets of tazemetostat in vivo.
A In IC-L1117ATRT, strong positive staining (arrow) of EZH2, H3K27me2 and H3K27me3 

were significantly reduced in the tumor core (upper panel) and in the remaining invasive foci 

(lower panel) accompanied by increased number of cells with low or no expression. Note 

that the same foci surround a micro-blood vessel (red circle) from the consecutive sections 

of the same tumor (arrow) were imaged and shown. B In IC-1078MB, the reduction of 

EZH2 strong positivity (arrow) was accompanied by the decrease of H3K27m3 expression 

in the remnant tumor.
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