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Abstract 

The majority of diffuse midline gliomas, H3 K27-altered (DMG-H3 K27-a), are infiltrating pediatric brain tumors that 
arise in the pons with no effective treatment. To understand how clonal evolution contributes to the tumor’s inva-
sive spread, we performed exome sequencing and SNP array profiling on 49 multi-region autopsy samples from 11 
patients with pontine DMG-H3 K27-a enrolled in a phase I clinical trial of PDGFR inhibitor crenolanib. For each patient, 
a phylogenetic tree was constructed by testing multiple possible clonal evolution models to select the one consistent 
with somatic mutations and copy number variations across all tumor regions. The tree was then used to deconvolute 
subclonal composition and prevalence at each tumor region to study convergent evolution and invasion patterns. 
Somatic variants in the PI3K pathway, a late event, are enriched in our cohort, affecting 70% of patients. Convergent 
evolution of PI3K at distinct phylogenetic branches was detected in 40% of the patients. 24 (~ 50%) of tumor regions 
were occupied by subclones of mixed lineages with varying molecular ages, indicating multiple waves of invasion 
across the pons and extrapontine. Subclones harboring a PDGFRA amplicon, including one that amplified a PDGR-
FAY849C mutant allele, were detected in four patients; their presence in extrapontine tumor and normal brain samples 
imply their involvement in extrapontine invasion. Our study expands the current knowledge on tumor invasion pat-
terns in DMG-H3 K27-a, which may inform the design of future clinical trials.
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Introduction
Diffuse midline glioma, H3 K27-altered (DMG-H3 K27-
a) is a newly recognized pediatric tumor entity in the fifth 
edition of WHO Classification of Tumors of the Cen-
tral Nervous System that includes the majority of brain-
stem tumors previously termed diffuse intrinsic pontine 
glioma [1]. DMG-H3 K27-a is a lethal disease with a 
median overall survival of approximately 10 months [2]. 
DMG-H3 K27-a accounts for nearly 10–15% of all pedi-
atric brain tumors and 60–80% of all pediatric brain 
stem gliomas [3, 4]. Surgical intervention is not possible 
due to the infiltrative nature of the tumor. Diagnostic 
biopsies are controversial and, at the time this study was 
initiated, were rarely performed due to the anatomical 
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location of the tumor [5]. Radiotherapy remains the only 
standard treatment, improving life expectancy by several 
months [6]. While over 200 clinical trials have been con-
ducted using chemotherapy, none has proven effective in 
improving life expectancy [5].

Genomic profiling of tumor samples collected from 
individual or multiple tumor regions of DMG-H3 K27-a 
patients has identified major genetic drivers. The most 
prevalent and earliest event is the acquisition of somatic 
K27M mutation of histone H3 proteins [7–9] most com-
monly encoded by H3F3A and HIST1H3B. Mutations in 
TP53, PPM1D and ACVR1 are also reported to be pre-
sent from diagnosis to end-stage disease, while those 
affecting the PI3K pathway are late and often subclonal 
events [7, 8, 10–12].

Aberrant activation of platelet-derived growth fac-
tor receptor (PDGFR) signaling is another common 
event with 20–30% prevalence. Activation occurs via 
gene amplification or acquisition of point mutations 
in subclones of DMG-H3 K27-a, and has been directly 
implicated in driving pediatric glioma formation in vivo 
[13–16]. Despite the known intratumoral heterogene-
ity of its somatic alterations, PDGFRA is considered a 
therapeutic target based on abated growth upon treat-
ment with PDGFRA inhibitors and reduced viability after 
genetic knockout of PDGFRA in models of DMG-H3 
K27-a glioma [14, 16]. In a recently completed phase I 
clinical trial of crenolanib, a selective inhibitor of PDGFR 
activity, no significant difference in overall survival was 
observed in comparison to historical controls in pedi-
atric patients with newly diagnosed DMG-H3 K27-a or 
recurrent DMG-H3 K27-a [17]. To gain insight into con-
vergent evolution and patterns of tumor cell invasion, 
we performed whole exome sequencing (WES) followed 
by ultra-deep sequencing and SNP array profiling on 
49 tumor samples acquired at autopsy from 11 patients 
enrolled in this trial. Our interest in studying the invasion 
pattern was motivated in part by a serendipitous find-
ing: while examining tumor-in-normal contamination 
in DMG-H3 K27-a as part of a clinical pilot study, we 
discovered an invasive subclone in a histologically nor-
mal brain sample distant from the primary tumor [18]. 
Consequently, we profiled multiple histologically normal 
brain samples from the same patient in this study so that 
these samples could serve the dual purpose of providing 
normal controls for somatic variant analysis and mapping 
rare subclones involved in extrapontine invasion. These 
rare subclones can be identified by employing our newly-
developed method for in-silico error suppression in deep 
sequencing data [19].

Mapping of subclonal composition and prevalence 
at each tumor region is a prerequisite for understand-
ing tumor cell invasion patterns. Such analysis has not 

been carried out systematically in published multi-
region tumor studies including those of DMG-H3 K27-a 
[20–25]. As a result, there is limited knowledge about 
subclonal population admixture, which can be caused 
by migration of tumor cells descending from different 
phylogenetic branches. To overcome this limitation, we 
developed a new approach which tests multiple possible 
clonal evolution models, selecting the one that is con-
sistent with somatic variants (including SNVs/indels and 
CNVs) across all tumor regions. The resulting data not 
only showed interesting patterns of convergent evolution, 
but also revealed co-occupancy of tumor cells descending 
from different evolution branches in ~ 50% of the tumor 
regions. The admixed subclonal populations were found 
in both pontine and extrapontine tumor samples, and 
intriguingly, in rare tumor populations detected in histo-
logically normal brain tissues. These results indicate mul-
tiple waves of DMG-H3 K27-a invasion within the pons 
and across multiple extrapontine regions. This process of 
continued clonal evolution and invasion poses a consid-
erable challenge to therapeutic advancement which must 
be considered during the design of targeted therapy for 
this deadly disease.

Materials and methods
Patient samples and clinical information
Eleven patients with clinical and radiologic diagnosis of 
diffuse intrinsic pontine glioma with H3 K27M muta-
tion, now classified as H3 K27-altered diffuse midline 
glioma (DMG-H3 K27-a), were enrolled in a clinical trial 
of the PDGFR inhibitor crenolanib and analyzed for this 
study. Median age at diagnosis was approximately 8 years 
(range 5.7–12.3  years). 49 tumor samples and 19 nor-
mal samples were acquired by autopsy and subjected to 
genomic analysis (Fig. 1). Demographical and histopatho-
logical characteristics of all specimens are presented in 
Additional file  3:  Table  S1. The tumor sample positions 
were based on the fractional location (e.g. 0.5 corre-
sponds to 6-clock position) within the transverse plane 
of the pons as reported by the pathologist performing 
the autopsy. The study was approved by the Institutional 
Review Board of St. Jude Children’s Research Hospital 
(protocol XPD-09-018) using patient samples banked 
with informed consent.

Somatic variant analysis
WES at ~ 100X coverage for tumor and normal sam-
ples was performed as described previously [26] and 
the sequencing data were aligned to GRCh37-lite with 
BWA [27]. Somatic SNVs and insertion/deletion (indels) 
were first identified by Bambino [28] followed by a post-
processing process to filter alignment artifacts, sequenc-
ing errors, and paralogs as previously described [29]. We 
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were able to design targeted capture for 78% of curated 
somatic variants which were subjected to capture-based 
deep sequencing on tumor and normal samples at the 
average coverage of > 2500X and the overall validation 
rate was ~ 94%. To improve the accuracy of detection of 
mutations with very low variant allele fraction (VAF), 
we performed computational error suppression using 
CleanDeepSeq [19] to remove reads likely containing 
sequencing errors. The cleaned BAM files were used to 
calculate reference and the mutant allele read counts for 
targeted SNVs and indels. The indel read counts were 
based on indelPost, which improves indel allele counts by 

harmonizing ambiguities via realignment and read-based 
phasing [30].

Copy number analysis
We profiled 45 tumors and 11 normal samples by Affym-
etrix SNP 6.0 array, and somatic copy number variations 
(CNVs) were derived by incorporating optimal reference 
normalization and circular binary segmentation [31]. For 
the four tumor samples that lacked SNP array data (i.e. 
326_A1, 324_A1, 325_A1 and 756_A5), we ran CNVkit 
[32] on paired tumor-normal WES to obtain somatic 
CNVs.
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Fig. 1 Somatic alterations in multi-region tumor samples acquired from DIPG patients treated with a PDGFR inhibitor. A Somatic alterations 
affecting known DIPG driver genes in 49 tumor samples from 11 DIPG patients treated with crenolanib under stratum A (for newly diagnosed DIPG) 
or stratum B (for progressive DIPG). Each column represents a single tumor sample from a tumor region in the numeric order of A1, A2, etc.; tumor 
samples from the same patient are grouped together and labeled by patient ID at the top. Patient and sample metadata are shown at the top while 
somatic alterations colored by their variant type are shown at the bottom. Within the same patient, presence of a different mutation in the same 
gene is marked by an asterisk “*” while admixture of multiple mutations in the same sample is marked by “#”. Treatment duration varies broadly 
ranging from 15 to 658 days. B Somatic SNV/indel burden of each patient stratified by their presence in multi-region tumor samples including 
truncal (detected in all samples), shared (detected in multiple but not all samples) and private mutations (detected in a single sample) shown as the 
count (top panel) and percentage (bottom panel) of mutations in each patient. C Somatic arm-level or whole-chromosome CNVs of each patient 
shown in the same style as B. Only samples profiled from SNP arrays are included and BAF-adjusted CNVs were used for plotting
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With the exception of bi-allelic duplication, somatic 
CNV or copy-neutral loss-of-heterozygosity (LOH) 
causes a deviation of B-allele fractions (BAFs) of germline 
heterozygous single nucleotide polymorphisms (SNPs) 
from the expected BAF of 0.5 in autosomes. The extent 
of the deviation, referred to as allelic imbalance (AI), is 
dependent on the cellular prevalence (CP, representing 
the fraction of all cells—whether tumor or normal—in 
the sample with the somatic alteration) of the CNV. We 
used AI to calibrate CPs of somatic CNVs as shown in the 
example presented in Additional file 2: Fig. S1; details are 
described in Additional file 1: Supplementary Methods.

A general model for intra‑tumor heterogeneity
Our analysis is built on a core concept of cellular com-
position of a sample profiled by a molecular assay (e.g. 
genomic sequencing or SNP array). A tumor sample is 
comprised of tumor cells and normal cells with their frac-
tions defined as t (which corresponds to tumor purity) 
and 1−t, respectively. Tumor cells are heterogeneous as 
somatically acquired variants, including copy number 
variation and sequence mutations, are not always present 
in all tumor cells. At the sample level BAF-adjusted copy 
number variation (CNV) is a composite value contrib-
uted by the diploid normal cells (1−t fraction of diploid 
cells) and tumor cells (t fraction) with CNV (f) or with-
out CNV (1−f). Similarly, variant allele fraction (VAF) of 
a somatic mutation, under a scenario of being acquired 
after CNV, is affected by the same set of variables as well 
as the fraction (g) of CNV cells that harbor the mutant 
allele. We used this general model as a starting point for 
modeling intratumor heterogeneity and clonal evolution 
presented in subsequent sections.

Tumor purity estimation
Tumor purity (t) can be determined by the clonality of 
a founder mutation which is expected to be present in 
every cancer cell. In this study, we used the clonality of 
H3F3A or HIST1H3B K27M mutations for tumor purity 
estimation as these are the known founder mutations in 
DMG-H3 K27-a [9]. We also examined the cancer cell 
fraction (CCF) of truncal mutations and CNVs which are 
present in all tumor regions to ensure the absence of a 
“superclone” (i.e. having CCF > 1) due to underestimation 
of tumor purity [33]. An example is presented in Addi-
tional file  2: Fig. S2 and details are described in Addi-
tional file 1: Supplementary Methods.

To compare our founder mutation-based tumor purity 
estimate with alternative approaches, we ran two publicly 
available algorithms, ASCAT and ABSOLUTE. Germline 
SNPs were based on whole-exome analysis and ASCAT 
was run using the default setting [34]. We ran ABSO-
LUTE [24] following the online instructions (https:// 

softw are. broad insti tute. org/ cancer/ cga/ absol ute_ run). 
Copy number segments greater than 1 MB were included 
to reduce noise and to avoid an out of bounds error when 
the input data generate excessive segments.

Using allelic imbalance to model CNV evolution
Although most CNVs can be assigned to a phylogenetic 
tree based on their presence or absence in the multi-
region tumors profiled in each case, a few required 
focused analysis to evaluate different models. This pro-
cess is illustrated through the modeling of chr17p loss, 
which often accompanies TP53 mutation to cause bi-
allelic inactivation of TP53. An example is case 325 which 
is shown in Additional file 2: Fig. S3, details are described 
in Additional file 1: Supplementary Methods.

Calculating cancer cell fractions of somatic mutation 
clusters and CNVs
Under the general model, copy number variation (c) in 
an autosome is a composite value contributed by the dip-
loid normal cells (1−t fraction of diploid cells) and tumor 
cells (t fraction) with or without CNV:

where M is the integer representing CNV state 
(M ∊ {0,1,3,…}) and f is the CCF of tumor cells with a 
CNV, defined as follows:

Similarly, the VAF ( v ) of a somatic mutation acquired 
in g fraction of CNV-positive tumor cells, is determined 
by tumor purity (t), fraction of tumor cells with CNV (f), 
fraction of CNV-cells with the mutation (g), and multi-
plicity of the mutant allele (n) normalized by the regional 
copy number state as follows:

And this leads to:

Note the following condition: f,g ∊  < 0;1 > must be satis-
fied or the model will be rendered incorrect and an alter-
native model should be considered. In this analysis, we 
assume that one mutation belongs to a single lineage, as 
re-mutation must be extremely rare given a median back-
ground mutation rate of 7 ×  10−7 per base pair in this 
cohort. Consequently, we require that a correct model be 
consistent with empirical data in all tumor regions that 
harbor the mutation.

The CCF of a mutation (SNV or indel) can be derived 
subsequently as follows:

c = (1− t)2+ t
[(

1− f
)

2+ fM
]

f =
c − 2

(M − 2)t

v = tfgn/c

g = vc/tfn

https://software.broadinstitute.org/cancer/cga/absolute_run
https://software.broadinstitute.org/cancer/cga/absolute_run
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An example of calculating CCF of a PDGFRA amplicon 
harboring  PDGFRAY849C is presented in Additional file 2: 
Fig. S4 and the details are described in Additional file 1: 
Supplementary Methods.

Construction of phylogenetic trees and clonal 
decomposition for each tumor sample
For each patient, somatic mutations across all tumor 
regions were clustered by running PyClone [35] using 
VAFs of SNVs and indels derived from deep sequenc-
ing after error suppression, BAF-adjusted somatic CNVs 
and tumor purity derived from histone H3 K27M muta-
tions. Phylogenetic trees were constructed using the CCF 
of mutation clusters following two principles described 
previously, namely the sum’s rule (or the pigeonhole 
principle) to account for CCFs of mutation clusters in 
each tumor, and the crossing rule to account for CCFs 
across all tumor samples [25, 36]. For a mutation clus-
ter detected in multiple tumor regions, the tumor sam-
ple likely to produce the most accurate measure of CCF 
(high tumor purity and high VAF) was prioritized for lin-
eage construction. Additional modeling was performed 
to further refine the phylogenetic trees as described in 
Additional file 1: Supplementary Methods.

Clonal composition of each tumor region was mapped 
based on the CCFs of mutational clusters on each node 
of the phylogenetic tree. A founder clone consisting only 
of truncal variants was added if the summed clonal com-
position derived from its descending nodes was < 1.0. It 
should be noted that under this circumstance a founder 
clone can also represent a rare descendant subclone 
whose lineage-specific mutations were not detectable by 
WES.

The tumor samples with low purity (< 5%) were not 
included for phylogenetic tree construction. Their clonal 
compositions were inferred from matching mutation 
clusters determined from high purity samples, which can 
lead to an underestimate of the real clonal diversity in 
these regions.

Assessment of residual tumor content in normal brain 
samples
To determine whether anatomically-normal brain sam-
ples contained residual tumor, we first assessed the pres-
ence of the founder mutation H3F3A K27M using the 
deep sequencing data generated from normal samples of 
the 9 patients that had H3F3A K27M. This was followed 
by performing FDR tests of the founder mutation and the 
relevant mutation clusters. The details are described in 
Additional file 1: Supplementary Methods and the results 
are presented in Additional file 2: Fig. S5. 

CCF = gf Directional allelic imbalance in CNV
The maternal/paternal allele imbalance was calculated 
by The REpeat Chromosomal changes Uncovered by 
Reflection (RECUR) software which compares BAF shifts 
across multiple tumor samples in two possible directions, 
reflecting an increased or decreased abundance of the 
maternal haplotype, relative to the paternal [37]. Tumor 
BAFs with increased or decreased abundance of the 
maternal haplotype (relative to the paternal haplotype) 
were visualized using a two-color scheme and by a shift 
in the directions of the expected BAF values [37].

Statistical analysis
Statistical analysis was carried out using R (www.r- proje 
ct. org) [38] and python with scipy, numpy, and pandas 
libraries from https:// numpy. org/ and python data analy-
sis library (pydata.org) [39].

Results
Mutational profile of DMG‑H3 K27‑a patients treated 
with PDGFR inhibitor
A total of 68 autopsy samples, 49 tumor (45 pons and 4 
extrapontine) and 19 normal, were obtained from eleven 
patients; a median of 4 tumor samples (range 3–7) per 
patient was analyzed. The patient cohort was comprised 
of 6 newly diagnosed and 5 progressive DMG-H3 K27-a 
patients enrolled under stratum A and B, respectively, in 
a phase I clinical trial investigating the efficacy of creno-
lanib (Fig.  1A, Additional file  3: Table  S1). The median 
treatment duration is 79  days (range 15–658  days), and 
approximately half (55%) of the patients had a relatively 
short treatment duration of < 100  days. A total of 1,359 
somatic SNVs and indels were identified from paired 
tumor-normal WES data, 80% of which had their vari-
ant allele fraction (VAF) determined across all samples 
by targeted deep sequencing at an average coverage 
of > 2500X. Three tumor regions had very low purity 
(< 0.05 based on the VAFs of somatic mutations) and 
were thus excluded from the data summary.

Across the 46 tumor samples with tumor purity > 0.05, 
the median mutation rate was 0.7/Mb (range 0.3–1.58/
Mb; Additional file 3: Table S2), slightly higher than the 
0.5/Mb (range 0.1–0.9/Mb) reported in previous studies 
[40]. Somatic copy number variations (CNVs), identi-
fied by SNP array or exome analysis, also exhibit intra-
tumor heterogeneity (Additional file 2: Fig. S6). Somatic 
variants identified in each patient were classified as trun-
cal (i.e. present in all sequenced tumor regions), shared 
(i.e. in ≥ 2 tumor regions but not all regions), or private 
(i.e. exclusive to a single tumor region). Truncal SNV/
indel mutations had the lowest percentage across all 
patients (median of 18%, range 1.8–88%) (Fig. 1B) while 
truncal CNVs are more frequent (median of 44%, range 

http://www.r-project.org
http://www.r-project.org
https://numpy.org/
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13–100%) (Fig.  1C). Interestingly, patients with longer 
treatment duration (> 100  days) have higher proportion 
of truncal CNVs compared with those with shorter treat-
ment duration (median 0.85 versus 0.22, p value is 0.03 
by Fisher’s exact test), indicating possible selection for 
specific CNV-defined lineages during treatment.

Considering previously reported driver genes discov-
ered by genomic landscape mapping of DMG-H3 K27-a 
[21], all 11 patients had truncal histone mutations in 
H3F3A (n = 9) or HIST1H3B (n = 2), which co-occurred 
with mutations in TP53 (n = 6 patients), ACVR1 (n = 1), 
PTPN11 (n = 2), or PPM1D (n = 2) (Fig.  1A). These co-
occurring mutations were truncal except in case 325 
which had two non-truncal TP53 mutations (R248W, 
R273H) in different tumor regions. PI3K/MAPK path-
way alterations occurred in every patient such as through 
activating mutations in PIK3CA, PIK3R1, and PDGFRA; 
loss of function mutations in PTEN and NF1; and focal 
amplification of PDGFRA and MET. All except for a focal 
amplification of MET in a single case were non-truncal 
variants, suggesting that activation of these pathways is 
a late event. Overall, the temporal order of mutational 
acquisition, inferred in our cohort was consistent with 
previous multi-region studies of DMG-H3 K27-a evolu-
tion [21–23, 41].

High mutational prevalence and convergent evolution 
leading to activation of the PI3K pathway
Eight of 11 (72%) cases harbored at least one mutation in 
PIK3CA or PIK3R1, significantly higher (p value = 0.04 by 
Fisher’s exact test) than the 28–44% prevalence reported 
in previous studies [22, 23, 41]. Convergent evolution 
leading to activation of the PI3K pathway was found in 
four patients as different PI3K mutations were present in 
different tumor regions or co-existed in the same tumor 
region of the same patient (Fig.  1A; see asterisks and 
hash marks). The most striking pattern was found in case 
756 where four distinct PI3K mutations were detected 
amongst the five tumor regions, including two SNVs in 
PIK3CA (H1047R and E545G) and two hotspot in-frame 
indels (D569ED and N453del) in PIK3R1. Interestingly, 
convergent evolution was observed only in patients with 
relatively short treatment duration (< 100 days) although 
the association was not significant due to small sample 
size (p value is 0.14 by Fisher’s exact test).

Phylogeny and clonal diversity across multiple tumor 
regions
Tumor purity, estimated from the clonality of H3F3A or 
HIST1H3B K27M mutations, had a median of 0.8 across 
all 49 tumor regions (Additional file  3: Table  S1) and 
was not significantly correlated with mutation burden 
(p value 0.15 by Pearson’s r test). Copy gain of histone 

H3.3 (H3F3A) via gain of chromosome 1 (chr1) or 1q, the 
chromosome arm where H3F3A is located, was present in 
5 patients (i.e. cases 325, 311, 756, 309 and 313 in Addi-
tional file  2: Fig. S6), all duplicating the K27M mutant 
allele (see Additional file  2: Fig. S2 A-C for an example 
of modeling). 1q gain was also detected in the two cases 
(310 and 160) with a H3.1 (HIST1H3B) mutation.

For each patient, a phylogenetic tree was constructed 
based on CCF of somatic mutations and CNVs across 
all tumor regions. An overview of phylogenetic trees 
for all patients is shown in Fig. 2A, where the lengths of 
branches are proportional to the number of point muta-
tions representing their molecular age. Truncal variants 
(represented by thick lines in Fig. 2A) are present ubiq-
uitously at all tumor regions, and form the genetic basis 
of a founder clone, a.k.a. the most recent common ances-
tor. These founders may spawn one or more child nodes 
(or branches) representing the major lineages (thin lines 
in Fig.  2A) of subclonal populations detected in each 
patient. Multiple lineages were found in all except one 
patient, case 312, who had the longest treatment duration 
and harbored a H3.1 mutation (Fig. 2A). Strikingly, there 
is a positive correlation between the average CCF and the 
molecular age (as defined by the number of mutations) of 
major lineages (R = 0.68, p value = 0.00016 by Pearson’s 
correlation test, Fig. 2B).

Amongst the 49 tumor regions, 25 were occupied by 
subclones descending from the same lineage while the 
remaining 24 were co-inhabited by those descending 
from admixed lineages. Amongst regions with multi-
lineage occupancy, the predominant lineage accounted 
for 50–95% of CCF, indicating a high variability in 
the admixed subclonal populations (Additional file  3: 
Table  S3). The median number of clones in each tumor 
region was 4 (range: 2–7, Fig. 2C). Considering all clones 
identified across multiple tumor regions for each patient, 
the median number of clones was 12 (range 4–15). The 
two patients with H3.1 mutations (160 and 312) had 
the lowest overall clonal diversity, with only 4 clones 
detected across the tumor regions. Interestingly, these 
two patients also lacked mutations in TP53 and PPM1D. 
To further investigate this observation, we analyzed a 
larger cohort of published data [21] and found that the 
number of clones in a tumor sample was lower in H3.1-
mutant cases with marginal significance (median 4.5 in 
H3.1 versus 6.0 in H3.3-mutant patients, p value = 0.056). 
This trend was not detected in samples with the TP53/
PPMID mutation status.

Clonal invasive patterns, extrapontine invasion 
and convergent evolution
By superimposing the clonal compositions onto the ana-
tomical locations of each tumor region, we were able 
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to depict the spatial occupancy pattern in each case, 
unveiling invasion of tumor cells within the pons and 
into extrapontine regions. Prominent patterns of inva-
sion projected from admixed subclonal population in 
three representative cases are presented below (Figs. 3, 4, 
5), with tumor samples acquired at autopsy from differ-
ent regions of the same patient labeled arbitrarily as A1, 
A2, etc., and the histologically normal samples labeled as 
G1, G2, etc. Four extrapontine normal samples from two 
cases (311 and 326) bore low-level H3.3 (H3F3A) K27M 
mutations, which were further assessed for their tumor 
clonal composition (Additional file  1: Supplementary 
Methods, Additional file 2: Fig. S5).

Patient 325: early divergence defined by convergent 
evolution of TP53 mutations
Patient 325 was under crenolanib treatment for 27 days 
and was the only patient with two distinct somatic TP53 
mutations, R273H and R248W, which were identified in 
the five autopsy samples analyzed. The presence of these 

different mutations was distinct spatially and associated 
with highly divergent CNV patterns (Additional file  2: 
Fig. S7A, B). Specifically, tumor regions A1 and A3 had 
clonal  TP53R273H accompanied by extensive copy number 
gain affecting > 50% of the cancer genomes. By contrast, 
the other three regions had an admixture of  TP53R273H 
and  TP53R248W mutations; one of these regions (A2) had 
a dominant clone of  TP53R248W (CCF > 0.80) accompa-
nied by absence of aneuploidy.

The phylogenetic tree of this patient had a very short 
trunk comprised of only two founder mutations in 
H3F3A and KIT as well as loss of 14q and 17p (Fig.  3). 
While 14q loss was omnipresent with an estimated clon-
ality matching the tumor purity in each region (Addi-
tional file  2: Fig. S2D, E), CNVs on chromosome 17 
had varying patterns of gain and loss at different tumor 
regions. Therefore, the timing of 17p loss was inferred 
based on fitting the empirical data against models for 
early versus late acquisition of this event (Additional 
file 1: Supplementary Methods, Additional file 2: Fig. S3). 
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The tree had two divergent branches bearing  TP53R273H 
and  TP53R248W (shaded blue and pink, respectively in 
Fig.  3A), representing two lineages resulting from an 
early divergence in tumor evolution. The  TP53R273H line-
age (labeled as lineage 1 in Fig. 2A) was twice as long as 
that of  TP53R248W (labeled as lineage 2 in Fig. 2A) indicat-
ing an older molecular age. This inferred molecular age is 
consistent with the overall dominance of the  TP53R273H 
lineage (marked in blue in Fig. 3B) as its average CCF is 
thrice as high as that of  TP53R248W lineage (0.75 versus 
0.25) in this patient.

Tumor regions A1 (location unknown) and A3 were 
occupied exclusively by the  TP53R273H lineage. The pre-
dominant clone in A3 (clone C in Fig.  3, CCF 0.7) had 
acquired additional PI3K/MAPK pathway mutations 
 (PIK3CAH1047R and a focal PDGFRA amplification, 
Additional file 2: Fig. S7C) evolutionarily late. The PDG-
FRA amplicon was estimated to have a CCF of ~ 0.20 
with ~ 5-copy gain based on modeling of VAF of the 
co-amplified KIT truncal mutation. The other three 
regions, A2, A4, and A5, were co-occupied by tumor 
cells from both  TP53R273H and  TP53R248W lineages with 
varying CCFs (Fig. 3B). A2, located opposite A3, was the 

only region dominated by the  TP53R248W lineage; it also 
had ~ 5% of admixture of tumor cells from the  TP53R273H 
branch. A4 and A5 were predominantly occupied by 
descendants of the  TP53R273H branch but had 25% 
and ~ 5% of  TP53R248W admixture, respectively; and the 
level of admixture was correlated with regional proximity 
to A2. The admixed subclonal populations in these tumor 
regions suggest two waves of occupation—one by the 
 TP53R273H branch and another by the  TP53R248W branch 
likely initiated at or near A2. The molecular age, inferred 
from the lineage-specific mutation count, indicates that 
 TP53R273H lineage occupation within the pons may have 
preceded the  TP53R248W lineage.

Patient 311: extrapontine invasion to cerebellum and spinal 
cord involving tumor cells from different lineages
Patient 311 was treated for 192  days and had the high-
est number of samples profiled which included 7 tumors 
(A1-A7) and 3 normal samples (G1-G3). The anatomical 
sites of tumor samples included the pons (A1-A4) and 
cerebellum (A5-A7 representing right cerebellum, vermis 
and left cerebellum, respectively) while the normal sam-
ples were collected from the frontal cortex, cerebellum 
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and upper spinal cord. Extensive aneuploidy was present 
in all tumor samples, some of which was caused by a bi-
allelic duplication resulting an admixture of 2-copy and 
4-copy chromosomes, including a gain of chromosome 4 
(Additional file 2: Fig. S8).

The phylogenetic tree had a trunk with a substantive 
number of somatic alterations including 15 point muta-
tions (e.g.  H3F3AK27M,  TP53R248Q, and  METP657T), MET 
amplification, 17p LOH and copy number gains of 6 
chromosomes or chromosome arms (Fig. 4A, Additional 
file 2: Fig. S8B). Eight truncal variants were subclonal in 
all tumor regions (0.5 ≤ CCF < 1.0, Additional  file 1: Sup-
plementary Methods), none of which were in known 
DMG-H3 K27-a driver genes (cluster L in Fig. 4A, Addi-
tional file 2: Fig. S8B). The tree had three major branches, 
two of which were long branches separated from the 
trunk by > 30 point mutations (colored blue and yellow in 
Fig. 4) while the third was a short branch with < 10 point 
mutations (colored pink in Fig. 4). Lineage-specific CNVs 
were detected in all three major branches; notable events 
included independent 7p gain in the two long branches 
with contrasting allelic specificity (Additional file 2: Fig. 
S8B, inset 1) and gross copy-loss of 4 chromosomes (full 
or at arm’s level) seeding the short branch.

Within the short branch, one sub-branch was estab-
lished by a mutation cluster, denoted cluster B, which 
contained a  PDGFRAY849C mutation altering the known 
phosphorylated tyrosine residue Y849 in PDGFRA[42] 
(Additional file  2: Fig. S8A). By an integrated modeling 
(Additional file  1: Supplementary Methods, Additional 
file 2: Fig. S4), we found that the focal amplification, an 
event occurring later than  PDGFRAY849C, is in fact an 
amplicon of  PDGFRAY849C which increased the dosage 
of the mutant allele by sevenfold (Additional File 2: Fig. 
S8D). A node B’ was added to this branch to mark this 
late amplification event.

Tumor cells of the two long branches showed different 
patterns of spatial occupancy. The one bearing  C7E69K 
(colored yellow in Fig. 4) had extensive sub-branches and 
was found to dominate all three extrapontine regions 
(i.e. A5-7 of left/right cerebellum and vermis), but only 
1 out of the 4 regions within the pons (i.e. A2). This pat-
tern indicates that the branch likely initiated at A2 within 
the pons followed by an invasion leading to clonal occu-
pancy and continued evolution in the three extrapontine 
regions (Fig.  4B). By contrast, the  THBS4D558fs bearing 
long branch (colored blue in Fig, 4) was present exclu-
sively within the pons but admixed with tumor cells from 
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the other branches. The short branch (colored pink in 
Fig. 4) was primarily present within the pons with tumor 
cells from the  PDGFRAY849C sub-branch (denoted B) 
accounted for a CCF of ~ 0.4 in A3 and A4. Interestingly, 
a subclone comprised entirely of tumor cells containing 
the  PDGFRAY849C amplicon (marked B’ in Fig.  4) was 
admixed with subclones of  C7E69K branch at the extra-
pontine sample A7 (left cerebellum) indicating that an 
extrapontine invasion occurred after clone B acquired 
the  PDGFRAY849C amplicon. Therefore, two waves of 
extrapontine invasion likely occurred—one by the long 
 C7E69K branch and another by a descendant of the short 
branch carrying the  PDGFRAY849C amplicon.

Two of the three normal samples, G2 (normal cer-
ebellum) and G3 (normal upper spinal cord), also har-
bored truncal mutations and were estimated to contain 
2% and 12% tumor cells, respectively, based on the VAF 
of H3F3A K27M mutation from deep sequencing data 
(Additional file 2: Fig. S5A, Additional file 1: Supplemen-
tary Methods).  PDGFRAY849C cells (mutation cluster B in 
Fig. 4) were detected at G2 and G3 with a high (0.50) and 
a low (0.10) CCF, respectively. G3 also contained admixed 
tumor cells from the  C7E69K branch (mutation cluster C 
in Fig. 4) at the CCF of 0.10 (Fig. 4B, Additional file 2: Fig. 

S5B, C). Therefore, these “contaminating” tumor-in-nor-
mal cells corroborated the extrapontine invasion patterns 
detected in the extrapontine tumor regions.

Patient 756: extensive PI3K convergent evolution in primary 
tumors but monoclonal in PDX models
Patient 756 was treated for 24 days, and the phylogenetic 
tree of this patient was constructed from five tumor sam-
ples, four within the pons (A1–A4) and one extrapontine 
of unknown location (A5). In addition, we incorporated 
mutations from two PDX samples derived from A1 to 
verify and refine the clonal lineage and composition from 
the patient samples. The tree had a trunk comprised of 
11-point mutations (e.g.  H3F3AK27M, and  PPM1DL523fs) 
as well as copy gains of 1q, 2 and 17q, and copy loss of 
14q (Fig. 5A, Additional file 2: Fig. S9). The most striking 
feature of the tree is the presence of a distinct mutation 
in the PI3K pathway in each of its four major branches, 
thereby representing the most diverse example of PI3K 
convergent evolution in our cohort (Fig.  5A). Three of 
the four branches originated with a distinct PI3K path-
way mutation (i.e.  PIK3R1N453del,  PIK3CAE545G and 
 PIK3R1D569>ED for the branches colored blue, pink and 
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green, respectively, in Fig. 5) while the fourth (yellow in 
Fig. 5) had one sub-branch with  PIK3CAH1047R.

While the four pontine tumors had an admixture of 3 
out of the 4 branches, the extrapontine tumor A5 was 
occupied by tumor cells from a single lineage, i.e. those 
descending from the shortest (blue in Fig.  5) branch 
with a CCF of 0.80 along with a minor population of 
the founder clone. The shortest branch had two lineage-
specific mutations  PIK3R1N453del and  PTPN11E76K that 
are known to activate PI3K and RAS signaling pathways, 
respectively (Fig.  5). Notably, descendants from this 
branch were also present in all four pontine tumors as 
minor subclones (combined CCF ranging 0.10–0.15). The 
exclusive extrapontine-dominance of this branch implies 
a potential extrapontine origin, i.e. after an early escape 
of the ancestral clone from the pons. However, account-
ing for its broad prevalence within the pons implies a 
broad “reciprocal” invasion back into the pons, a phe-
nomenon not supported by published literature. Alter-
natively, the extrapontine dominance can be explained by 
escape of a subclone originated within the pons, but hav-
ing high migratory/invasive capabilities and an extraor-
dinary fitness in the extrapontine region. Interestingly, 
the fitness advantage of descendants from this branch 
can also be discerned through the mutation profile of the 
two PDX models established from A1: a minor subclone 
with an estimated CCF of < 0.10 at A1 from this branch is 
the predominant clone accounting for > 0.90 CCF in both 
models (clone C in Fig. 5).

Other cases: extrapontine invasion, single‑lineage 
and PI3K evolution patterns
Extrapontine invasion to medulla and midbrain detected 
in normal brain samples
Case 326 is another patient whose normal samples (G3 
and G4 derived from medulla and midbrain, respectively) 
contained a low fraction (~ 10%) of the tumor cells (Addi-
tional file  2: Fig. S10). The lineage of the tumor cells in 
these normal samples could be tracked to the trunk and 
the short branch (Additional file  2: Fig. S10), indicating 
multiple waves of extrapontine invasion, to medulla (G3) 
and midbrain (G4).

Predominance of a single lineage across all tumor 
regions was identified in patients 309 (Additional file  2: 
Fig. S11) and 310 (Additional file 2: Fig. S12) while only 
a single lineage was detected in patient 312 who had the 
longest treatment duration (> 600  days) in our cohort 
(Additional file 2: Fig. S13). The predominant lineage in 
309 harbored  PIK3CAH1047R mutation while that of case 
310 had a sub-branch with a subclonal PDGFRA amplifi-
cation present in all tumor regions.

PI3K mutations were detected in four additional 
patients including single-lineage evolution in patients 

308 (Additional file 2: Fig. S14) and 324 (Additional file 2: 
Fig. S15), and convergent evolution in patients 160 and 
313. Patient 160, despite having the lowest clonal diver-
sity in the entire cohort (i.e. 3 clones identified amongst 
the three tumor samples profiled), had two independent 
PIK3CA mutations, including  PIK3CAQ546K in A1 and 
 PIK3CAE545K in A2 and A3 (Additional file  2: Fig. S16). 
One of the major branches of case 313 had two sub-
branches with distinct mutations in PIK3CA and PIK3R1 
(Additional file 2: Fig. S17).

Discussion
Our multi-region tumor profiling of DMG-H3 K27-a 
autopsy samples from 11 patients treated with crenolanib 
revealed a temporal order of mutational acquisition simi-
lar to previously published multi-region studies [21–23, 
41]. Several findings unique in our cohort unveil new 
insights on DMG-H3 K27-a intratumor heterogeneity. 
First, the > 70% prevalence of PI3K pathway mutations in 
our studies is significantly higher than prior studies. This 
suggests PI3K activation may be more prevalent in DMG-
H3 K27-a than previously recognized. Second, conver-
gent evolution of PI3K pathway mutations was detected 
in 4 patients (~ 40%), all of whom had short treatment 
duration (24–79 days). By contrast, 3 out of the 4 single-
lineage mutations were found in patients with long treat-
ment duration (174–191 days). This indicates a possibility 
for selecting a specific PI3K mutation under crenolanib 
treatment. However, significance of this pattern cannot 
be assessed due to the small size of the patient cohort. 
Third, the higher proportion of truncal CNVs in patients 
with long treatment history indicates selection for a spe-
cific lineage during treatment. Unfortunately, this could 
not be evaluated rigorously as all tumor samples profiled 
were obtained at autopsy of treated patients. Conse-
quently, we were not able to identify mutational profile 
and invasion patterns associated with crenolanib treat-
ment due to this limitation. Future studies designed to 
profile both untreated and post-treatment tissues would 
help to illuminate whether these mutations were pre-
existing or acquired during treatment.

Nearly half of the cases showed extensive aneuploidy 
with copy losses and gains affecting > 50% of the tumor 
genomes, making it imperative to incorporate CNV clon-
ality into our analysis of tumor purity and CCF of the 
mutational clusters (Additional file 2: Fig. S6). The result-
ing data also enabled tracking the lineage of subclonal 
CNVs, which we believe is an important component of 
DMG-H3 K27-a intratumor heterogeneity, as extensive 
CNV heterogeneity was previously unveiled by single-
cell RNA-seq of two DMG-H3 K27-a tumors [14]. We 
did not exclude any mutation clusters, as those of small 
size can be critical in constructing the phylogeny. For 
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example, the founder clone in patient 325 is comprised of 
two point mutations (Fig. 3) while a minor subclone dis-
tinguishable from its parent by only 1 SNV becomes the 
predominant population in the two PDX models estab-
lished from case 756 (Fig. 5).

We noted that the purity estimates incorporating the 
founder mutation H3 K27M differed from those analyzed 
by popular tools such as ASCAT [34] and ABSOLUTE 
[24] (Addition file 3: Table S4). This may reflect that the 
assumption of a uniformed ploidy implemented by these 
programs may not be robust when modeling admixtures 
of tumor cells with different ploidy profile (e.g. sample 
325_A4 in Fig.  3). Our model-based approach not only 
helps to resolve ambiguity in variants with uncertain lin-
eage (e.g. the 17p loss in case 325, Addition file 2: Fig. S7), 
it can also lead to interesting findings. For example, we 
identified copy gains of the H3F3A mutant allele, rather 
than the wild-type allele, in all five patients with both 
H3F3A mutation and chr1 or 1q gain, indicating that 
increasing the dosage of the H3F3A mutant allele may 
affect tumorigenesis or progression. Interestingly, 1q gain 
may have an impact beyond the H3F3A mutant allele, 
as it was also found in two patients who had HIST1H3B 
mutation (located on chromosome 6) instead of H3F3A 
mutation via single-copy gain (case 160) or bi-allelic 
duplication (case 312). Our modeling of PDGFRA ampli-
fication present in four cases showed that these are sub-
clonal events with high-level amplification reminiscent 
of those caused by extrachromosomal DNA (ecDNA) 
or homogeneous staining region (HSR). In patient 311, 
our modeling showed that PDGFRA amplification was a 
de facto  PDGRFAY849C amplicon (Additional file  2: Fig. 
S8)—similar amplification-associated resistance mecha-
nism was previously unveiled by in  vitro cell-line or 
in  vivo PDX model based experiments [43], suggesting 
this event may be relevant to therapeutic resistance.

Extrapontine tumor samples were profiled for two 
patients (311 and 756), and their clonal lineages can be 
tracked to at least one tumor region within the pons. 
Therefore, extrapontine invasion, previously considered 
an early event [21], can also involve late-evolving sub-
clones. This is best illustrated by the presence of a sub-
clone with the  PDGFRAY849C amplicon, projected to be 
a late event based on our modeling, in the cerebellum 
of patient 311 (Additional file  2: Fig. S8). Interestingly, 
two of the four normal brain samples from this patient 
contained tumor-in-normal contamination, and the 
subclonal identity of the “contaminants” matches those 
detected in the extrapontine tumor samples including the 
one containing  PDGFRAY849C. Therefore, the “contami-
nating tumor cells” in normal samples are analogous to 
trails of footprints left by extrapontine migration. Indeed, 
in all four such normal tissues not only founder clones 

but also their descendant subclones were detected, 
an observation consistent with a multi-wave invasion 
hypothesis (Fig. 4 and Additional file 2: Figs. S8 and S10). 
Overall, co-occupancy of tumor cells from different line-
ages was detected in ~ 50% (24/49) of the tumor regions 
profiled, indicating DMG-H3 K27-a invasion can be an 
ongoing process driven by continued clonal evolution 
and expansion.

Our study unveils important insights into DMG-H3 
K27-a evolution and invasion. The temporal order of 
tumor clone invasion was inferred from modeling of 
mutational acquisition (e.g.  PDGFRAY849C amplicon) as 
well as the relative molecular age of the major branches 
of the founder clone. The significant correlation between 
the average CCF and the molecular age in our cohort 
(Fig.  2A) provides support for this temporal inference, 
as a more expansive occupancy is likely driven by a line-
age with longer evolution time. Due to lack of informa-
tion on the precise location of the autopsy samples, we 
were unable to incorporate additional longitudinal data 
such as clinical imaging into our analysis, which could 
provide a definitive answer regarding invasions driven by 
multiple timepoints versus collaborative co-migration of 
clones from different lineages. Future studies designed 
with a goal of integrating longitudinal imaging data with 
genomics-based tumor clonal evolution analysis can 
potentially provide a more refined view of DMG-H3 
K27-a evolution in response to therapeutic treatment.
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