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Abstract: Genetic histone variants have been implicated in cancer development and progression.
Mutations affecting the histone 3 (H3) family, H3.1 (encoded by HIST1H3B and HIST1H3C) and H3.3
(encoded by H3F3A), are mainly associated with pediatric brain cancers. While considered poor
prognostic brain cancer biomarkers in children, more recent studies have reported H3 alterations in
adult brain cancer as well. Here, we established reliable droplet digital PCR based assays to detect
three histone mutations (H3.3-K27M, H3.3-G34R, and H3.1-K27M) primarily linked to childhood
brain cancer. We demonstrate the utility of our assays for sensitively detecting these mutations in
cell-free DNA released from cultured diffuse intrinsic pontine glioma (DIPG) cells and in the cerebral
spinal fluid of a pediatric patient with DIPG. We further screened tumor tissue DNA from 89 adult
patients with glioma and 1 with diffuse hemispheric glioma from Southwestern Sydney, Australia, an
ethnically diverse region, for these three mutations. No histone mutations were detected in adult
glioma tissue, while H3.3-G34R presence was confirmed in the diffuse hemispheric glioma patient.
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1. Introduction

Histones act as spools around which eukaryotic DNA is organized and are critical for
regulating access to DNA for replication, transcription, and repair. As such, histones are
associated with epigenetic regulation of the genome, and it is not surprising that muta-
tions/alterations are implicated in cancer development and progression. Indeed, histone
mutations are common in tumors affecting children and adolescents and are associated with
poorer overall survival (OS) [1–3]. Histone 3 (H3) is the most frequently mutated histone in
cancer, initially identified in pediatric high-grade glioma in 2012 [4,5]. Subsequently, these
mutations have been identified in a spectrum of other cancer types, including chondroblas-
toma, head and neck squamous cell carcinoma, and acute myeloid leukemia [6–8]. Notably,
most of these point mutations are predominantly found in histone variant H3.3 (encoded
by H3F3A/B), while mutations in the canonical histone H3.1 (primarily on HIST1H3B) are
less common in kids and are rare in adults. Specific histone mutations are found at a higher
frequency in certain tumors [6,9] predominantly affecting children and young adults, such
as the K27M alteration in both H3.1 and H3.3 and the G34R/V mutations in H3.3. These
alterations have, since their discovery, given rise to classifying two types of distinct tumor
entities: “diffuse midline glioma (DMG), H3-K27-altered” and “diffuse hemispheric glioma
(DHG), H3-G34-mutant” [10]. While traditionally linked to pediatric brain cancer, recently,
histone alterations in adult brain cancer have been increasingly recognized [11–13].

Being the most common histone mutation, H3.3-K27M is detected in approximately
80% of pediatric diffuse midline glioma (DMG), while the less frequent H3.1-K27M mu-
tation accounts for most of the remaining DMG cases. The H3 mutations display distinct
clinical characteristics. For instance, H3.1-K27M tumors are primarily enriched in the pons,
typically manifesting at an earlier age (5 years), and correlate with an increased overall
survival (15 months) compared to the other H3 tumors. In contrast, H3.3-K27 mutations
are predominantly restricted to midline regions with an age of onset typically between
7 and 10 years, and shorter overall survival (10 months) [14]. Studies undertaken thus
far indicate that the clinical characteristics caused by histone mutations differ for adult
brain cancer [15], such as the primary tumor site, which is most commonly located in the
brainstem of pediatric patients while being most commonly found in the thalamus and
spinal cord in adults [16]. Adult brain cancer histone mutations are also generally identified
in younger patients. Lowe et al. found that the median age of diagnosis was 32 years (age
range 18–82) [9]. Similarly, Bonner et al. found adult central nervous system (CNS) cancer
histone alterations predominantly in adolescent and young adult (AYA) patients, including
those with glioblastoma (GBM) [17]. AYA patients are generally defined as those between
15 and 39 years of age [18].

DHG, characterized by the H3.3-G34R/V mutation in the cerebral hemisphere, is
mostly found in slightly older pediatric patients (around 15 years) but is rare among adults.
Consequently, data on these tumors in adults are scarce, yet reports suggest that both
pediatric and adult patients with this alteration generally have better OS compared to
H3-K27M mutation carriers, possibly due to the more amenable locations of the associated
tumors for surgical resections [1,19]. Overall, uncertainties remain regarding histone
mutations in adult brain cancer.

In brain cancer, the accurate identification of biomarkers poses challenges, primarily
attributed to the intricate location of brain tumors, which often makes it difficult or even
impossible to obtain tissue biopsies for analysis. Considering these difficulties, researchers
have turned their attention to a promising non- or less-invasive alternative known as liquid
biopsy, which allows access to tumor-derived information and material from body fluids.
Tumors release both whole cells and parts thereof, such as circulating tumor DNA (ctDNA),
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into body fluids, such as blood and cerebrospinal fluid (CSF), which can be used to monitor
tumor evolution and treatment response without exposing the patient to the unnecessary
risks that standard tissue biopsies can entail [20].

We recently developed three highly sensitive and specific droplet digital PCR (ddPCR)
assays, shown to detect as low as one mutant DNA template in a background of≥1000 wild-
type molecules (assay sensitivity of mutation detection: 0.1%), designed to detect the most
common histone H3 mutations, H3.1-K27M, H3.3-K27M, and H3.3-G34R, in tumor tissue
or liquid biopsies. Since distinct adult glioma mutations may affect patient prognosis and
because mutation status may vary depending on the patient’s ethnicity, we decided to
screen a cohort of 89 glioma patients plus a young H3-G34-mutant DHG patient from our
ethnically diverse Southwestern Sydney Local Health District in Australia for these histone
mutations previously linked to childhood brain cancer.

2. Materials and Methods
2.1. Patient Samples

Surgical tissue samples from 90 adult glioma patients (89 most diagnosed with GBM
prior 2021 WHO classification [10], 1 diagnosed as H3-G34-mutant DHG), treated at Liv-
erpool Hospital in the period from 2013 to 2021 were acquired from the Centre of On-
cology Education and Research Translation (CONCERT) biobank. Written consent was
obtained from all patients. The study was conducted under research protocols approved
by the Southwestern Sydney LHD Human Ethics Committee (HREC13/LPOOL/158 and
HREC12/LPOOL/252). DNA was isolated from fresh frozen tissue using QIAamp DNA
mini kit (Qiagen, Clayton, Australia) following manufacturer’s instructions and eluted
in 200 µL of TE buffer. A Qubit fluorometer was used to determine the purity and con-
centration of DNA. Liquid biopsies for two patients diagnosed with DIPG (aged 2.5 and
3.3 years) and collected at the Children’s Hospital at Westmead under research protocols
approved by the Sydney Children’s Hospitals Network Human Research Ethics Committee
(HREC/17/SCHN/302) were also included, with patients’ parents consent, to be part of
the study. Histone mutation profiling had been performed for DIPG Patient 1 as a part
of the Biomede study (ClinicalTrials.gov Identifier: NCT02233049), which identified the
H3.1-K27M variant. Three mL blood samples were collected in 10 mL Cell-Free DNA Streck
tubes (Cell-Free DNA BCT®, STRECK, La Vista, NE, USA, catalog No. 218997) for both pa-
tients at diagnosis and post-treatment (radiotherapy alone or in combination with erlotinib).
Blood samples were double spun: 1600 g for 10 min followed by plasma supernatant
aspiration into new tubes without disturbing the buffy coat layer, then 15,500 g for 10 min
followed by aspirating the top phase into new tubes without disturbing the pellet and
storing at −80 until DNA isolation. Two 100–200 µL CSF samples without additives were
also collected for DIPG patient 1, two days apart during treatment. The first CSF sample
was taken during stereotactic insertion of a ventriculoperitoneal shunt (and processed in
the lab within 15 min), the second, during the ventriculoperitoneal shunt revision and
catheter change, was processed within 35 min. CSF samples were also double centrifuged,
first at 300× g for 10 min, then at 15,500× g for 10 min, followed by top phase aspiration
into new tubes and storage at −80 ◦C until DNA isolation. Cell-free DNA (cfDNA) was
extracted from 1 mL plasma or 100–200 µL CSF using the QIAamp nucleic acid extraction
kit (Qiagen, Clayton, Australia) and eluted into 100 µL elution buffer. A 2 µL sample of
cfDNA was used per reaction as a ddPCR template.

2.2. DIPG Cell Culture

Primary brain tumor cultures were grown in stem cell media containing DMEM/F12
and Neurobasal medium (Invitrogen, Waltham, MA, USA) (50:50) supplemented with
glutamax, pyruvate, non-essential amino acids, HEPES buffer, and antibiotic/antimycotic
(Invitrogen). During culture passage, stem cell media were freshly supplemented each time
with heparin (Stem Cell Technologies, Tullamarine, Australia), human EGF, and human
basic FGF (Stem Cell Technologies). DIPG cultures were also supplemented with PDGF-AA
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and PDGF-BB (Stem Cell Technologies). In some cultures, 5% of fetal calf serum was
added. Cultures were maintained at 37 ◦C in a humidified atmosphere with 5% CO2.
HSJD-DIPG007 and HSJD-GBM2 were kindly provided by Dr. A. Montero-Carcaboso (St
John of Hope Hospital, Barcelona, Spain), whereas SU-DIPG cultures and VUMC-DIPG10
were generously given by Prof M. Monje (Stanford University, Stanford, CA, USA) and
Prof E. Hulleman (Amsterdam University Medical Center, Amsterdam, The Netherlands),
respectively. The remaining cultures were established as part of the Zero Childhood
Cancer/PRISM personalized medicine clinical trial using the described culture conditions.

2.3. Cell-Free Conditioned Media

Since cfDNA is also released by cultured cells, conditioned media can be used as a
surrogate for liquid biopsy for the validation of ddPCR assays. Cell-free media, conditioned
by use for culture of DIPG cell lines with known histone mutation status, was harvested
from primary DIPG cells that were undergoing expansion and were then processed similar
to the CSF processing: 300× g for 10 min to remove any residual cells. The supernatant was
spun again at 15,500× g for 10 min to remove cell fragments and debris. All centrifugation
steps were performed at room temperature. DNA was extracted from 3 mL media using
the QIAmp Circulating Nucleic acid extraction kit (Qiagen, Clayton, Australia) according
to the manufacturer’s instructions and eluted in 50 µL elution buffer. Samples were diluted
between 1:50 and 1:500 for sensitivity testing and 2 µL was used as a template for the
ddPCR assays.

2.4. Primers, Probes and Synthetic gBlock DNA

Forward and reverse primer sequences, probes, and synthetic DNA fragments were
designed for assay optimization and are listed in Table 1 (purchased from Integrated DNA
Technologies, Singapore).

Table 1. Primers, probes, and gBlocks.

Primers and Probes

H3.1-K27M H3.3-K27M H3.3-G34R

Forward primer 5′-AACAGACAGCTCGGAAATC-3′ 5′-AAATCGACCGGTGGTAAAGC-3′

Reverse primer 5′-TAACGGTGAGGCTTTTTCA-3′ 5′-AATACCTGTAACGATGAGGT-3′

Wild-type probe 5′-HEX-CTCGCAAGAGCGCGCCG-
BQ1-3′

5′-HEX-
CACTCTTGCGAGCGGCTT-
BQ1-3′

5′-HEX-
TCTACTGGAGGGGTGAAGAA-
BQ1-3′

Mutant probe 5′-FAM-CTCGCATGAGCGCGCCG-
BQ1-3′

5′-FAM-
CACTCATGCGAGCGGCTT-
BQ1-3′

5′-FAM-
TCTACTGGAAGGGTGAAGAA-
BQ1-3′

gBlock Sequence (NIH Nucleotide GenBank ID)

H3.1-K27M AF531275.1 Range 391–537; base 493 changed (A to T)
H3.3-K27M NG065173.1 Range 6638–6809; base 6729 changed (A to T)
H3.3-G34R NG065173.1 Range 6638–6809; base 6749 changed (G to A)

Note: base alterations are highlighted in bold with underscore. Abbreviations: HEX—Hexachloro-Fluorescein
fluorescent dye; BQ1—Black Hole Quencher-1; FAM—Carboxyfluorescein fluorescent dye; gBlock—Synthetic
double-stranded DNA fragments.

2.5. H3.3-K27M, H3.3-G34R and H3.1-K27M ddPCR Assays

Synthetic double-stranded DNA fragments (gBlocks of 147–172 base pair length (see
Table 1) from Integrated DNA Technologies, Singapore) carrying the studied mutations
were used for ddPCR assay optimization. As templates, 2 × 10−4 pg of gBLock DNA
was mixed with 2 µL of 1 ng/µL genomic DNA (gDNA), extracted from healthy donor
human peripheral mononuclear cells, mimicked heterozygous DNA. Each ddPCR reaction
contained 250 nM probes and 500 nM primers and 2X ddPCR Supermix for probes, no
dUTP (Bio-Rad, South Granville, Australia) and ddPCR reactions were performed using
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the QX200 ddPCR set up (BioRad). PCR conditions were as follows: 10 min 95 ◦C, plus
40 cycles of 30 s 94 ◦C, 1 min 57 ◦C; followed by 10 min 98 ◦C; and data were analyzed
using the QuantaSoft software, version 1.7.4.0917, to detect mutations (FAM) and wild-type
(HEX) droplets. Thresholds to allow for specific mutation and wild-type detection were
set manually.

3. Results

We developed ddPCR assays that achieved successful distinction of mutant and wild-
type alleles for H3.3-K27M, H3.3-G34R, and H3.1-K27M, initially using synthetic DNA
fragments containing the relevant mutations and a mix of these mutant template DNAs
within gDNA from healthy donor PBMCs (Figure 1). The assays were further validated and
demonstrated highly specific mutation detection in DNA isolated from conditioned media
(as cfDNA equivalent) of established DIPG/brain cancer cell lines with known mutation
status (Table 2).
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Figure 1. ddPCR histone mutation assay. Mutant synthetic gBlock DNA mixed with genomic DNA
from healthy donor PBMCs was used as a template for ddPCR. Clear separation of the various
indicated mutant and wild-type alleles is demonstrated. Green dots define droplets with wild-type
template detected, blue dots define droplets with the indicated mutant detected.

Table 2. Validation of mutation detection from cell line conditioned media.

Cell Line Mutation Detected *

SU-DIPG21 H3.1 H3B K27M
HSJD-GBM2 H3.3 H3F3A G34R
SU-DIPG24 H3.3 H3F3A K27M

HSJD-DIPG007 H3.3 H3F3A K27M
P00208 H3.3 H3F3A K27M
RA055 H3.3 H3F3A K27M

SU-DIPG17 H3.3 H3F3A K27M
SU-DIPG6 H3.3 H3F3A K27M

RA021 wild-type
VUMC-DIPG10 wild-type

P000106 wild-type
P001003 wild-type
P001105 wild-type
P001302 wild-type
P001802 wild-type
RA034 wild-type

* All detected mutations validated known cell line mutation data; wild-type was found regarding all three
tested variants.
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Since histone mutations are frequently present in pediatric diffuse intrinsic pontine
glioma (DIPG, or diffuse midline glioma as reclassified by the World Health Organiza-
tion [10]), we tested available liquid biopsies from two DIPG patients. For DIPG patient 1
(Biomede study had detected the H3.1-K27M mutation), we tested cfDNA extracted from
plasma collected at diagnosis and post treatment with erlotinib and radiotherapy, as well
as two CSF samples collected during the same treatment regime two days apart. Wild-type
was detected in all plasma samples, suggesting successful quality cfDNA extraction; how-
ever, mutant DNA was not detected in either of the plasma cfDNAs. Further, while the
H3.1-K27M mutation was readily detectable and validated in the first CSF sample, this
mutation was not detected in the CSF sample taken two days later. Of note, the assay
only detected minimal amounts of wild-type DNA in this specific sample, suggesting that
technical issues had caused overall severely reduced DNA concentration (see Figure 2). In
the two plasma cfDNA (collected at diagnosis and post radiotherapy) from DIPG patient 2,
there were no detectable histone mutations.

Biomedicines 2023, 11, x FOR PEER REVIEW 6 of 13 
 

P001105 wild-type 
P001302 wild-type 
P001802 wild-type 
RA034 wild-type  

* All detected mutations validated known cell line mutation data; wild-type was found regarding 
all three tested variants. 

Since histone mutations are frequently present in pediatric diffuse intrinsic pontine 
glioma (DIPG, or diffuse midline glioma as reclassified by the World Health Organiza-
tion [10]), we tested available liquid biopsies from two DIPG patients. For DIPG patient 1 
(Biomede study had detected the H3.1-K27M mutation), we tested cfDNA extracted from 
plasma collected at diagnosis and post treatment with erlotinib and radiotherapy, as well 
as two CSF samples collected during the same treatment regime two days apart. 
Wild-type was detected in all plasma samples, suggesting successful quality cfDNA ex-
traction; however, mutant DNA was not detected in either of the plasma cfDNAs. Fur-
ther, while the H3.1-K27M mutation was readily detectable and validated in the first CSF 
sample, this mutation was not detected in the CSF sample taken two days later. Of note, 
the assay only detected minimal amounts of wild-type DNA in this specific sample, 
suggesting that technical issues had caused overall severely reduced DNA concentration 
(see Figure 2). In the two plasma cfDNA (collected at diagnosis and post radiotherapy) 
from DIPG patient 2, there were no detectable histone mutations. 

 
Figure 2. H3.1-K27M detection in DIPG patient 1. (A) 1D graphical data of a H3.1-K27M assay is 
shown for ctDNA samples from DIPG patient 1, extracted from plasma and cerebral spinal fluid 
(CSF) alongside synthetic gBlock template H3.1-K27M DNA (positive control) concentrated at 2 × 
10−4 pg (POS2) or 1000-fold diluted (POS1), genomic DNA from healthy donor PBMCs (negative 
control) was used independently to demonstrate wild-type (WT) allele detection. Visual separation 
of samples by dotted line. Plasma 1—at diagnosis; Plasma 2—post erlotinib and radiotherapy 
treatment; CSF1—during erlotinib and radiotherapy treatment; CSF2—during erlotinib and radi-
otherapy treatment, two days after CSF1; POS1—positive control 1, 1:1000 diluted; POS2—positive 
control 2 1:1; NEG—negative control (healthy donor PBMCs); NTC—non-template control. (B) 2D 
graph of H3.1-K27M detection in the CSF1 sample taken during erlotinib and radiotherapy treat-
ment. Green dots define droplets with wild-type template detected, blue dots define droplets with 
the indicated mutant (H3.1-K27M) detected. 

Next, we screened for the presence of H3 mutations in our cohort of 90 adult pa-
tients, utilizing these now-validated highly sensitive ddPCR assays. The clinical param-
eters of the 89 analyzed adult glioma patients are summarized in Table 3. The additional 

Figure 2. H3.1-K27M detection in DIPG patient 1. (A) 1D graphical data of a H3.1-K27M assay is
shown for ctDNA samples from DIPG patient 1, extracted from plasma and cerebral spinal fluid (CSF)
alongside synthetic gBlock template H3.1-K27M DNA (positive control) concentrated at 2 × 10−4 pg
(POS2) or 1000-fold diluted (POS1), genomic DNA from healthy donor PBMCs (negative control)
was used independently to demonstrate wild-type (WT) allele detection. Visual separation of sam-
ples by dotted line. Plasma 1—at diagnosis; Plasma 2—post erlotinib and radiotherapy treatment;
CSF1—during erlotinib and radiotherapy treatment; CSF2—during erlotinib and radiotherapy treat-
ment, two days after CSF1; POS1—positive control 1, 1:1000 diluted; POS2—positive control 2 1:1;
NEG—negative control (healthy donor PBMCs); NTC—non-template control. (B) 2D graph of H3.1-
K27M detection in the CSF1 sample taken during erlotinib and radiotherapy treatment. Green dots
define droplets with wild-type template detected, blue dots define droplets with the indicated mutant
(H3.1-K27M) detected.

Next, we screened for the presence of H3 mutations in our cohort of 90 adult patients,
utilizing these now-validated highly sensitive ddPCR assays. The clinical parameters of the
89 analyzed adult glioma patients are summarized in Table 3. The additional DHG patient
was 26 years of age at diagnosis and his cancer was diagnosed as CNS embryonal tumor
(NOS) of right parietal lobe, WHO grade IV.

Notably, we confirmed the presence of wild-type DNA in all tissue samples, confirming
that the assays performed well. However, our screen did not detect any of the assayed
histone mutations within the 89-patient adult glioma cohort while readily confirming
H3.3-G34R mutation status for the DHG patient (Figure 3). Given the absence of detectable
histone mutations for the adult glioma patients, we opted not to pursue liquid biopsy
testing for these mutations in this patient cohort.
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Table 3. Clinical characteristics of 89 glioma patients.

Characteristics Patients, n (%)

Age group 18–39 years 40–65 years 66–85 years Total
No. of patients 8 41 40 89
Mean age in years at diagnosis [Range] 30 [18–36] 55 [43–65] 73 [66–85] 61 [18–85]
Sex

Male 8 (100) 26 (63.4) 25 (63.5) 59 (66.3)
Female 0 (0) 15 (36.6) 15 (37.5) 30 (33.7)

Grade
WHO grade 4 7 (87.5) 40 (97.6) 40 (100) 87 (97.8)
WHO grade 2 or 3 1 (12.5) 1 (2.4) 0 (0) 2 (2.2)

Surgical Resection
GTR 3 (37.5) 16 (39) 12 (30) 31 (34.8)
STR 5 (62.5) 23 (56.1) 22 (55) 50 (56.2)
Biopsy 0 (0) 2 (4.9) 6 (15) 8 (9)

Radiation
Yes 8 (100) 35 (85.4) 24 (60) 67 (75.3)
No (0) 6 (14.6) 16 (40) 22 (24.7)

Concurrent TMZ
Yes 8 (100) 36 (87.8) 21 (52.5) 65 (73)
No (0) 5 (12.2) 19 (47.5) 24 (27)

Tumour Location
Frontal 4 (50) 19 (46.3) 11 (27.5) 34 (38.2)
Parietal 2 (25) 5 (12.2) 6 (15) 13 (14.6)
Temporal 1 (12.5) 10 (24.4) 15 (37.5) 26 (29.2)
Other 1 (12.5) 7 (17.1) 8 (20) 16 (18)

Mean overall survival in days [Range] 1067 [429–2100] 602 [23–2879] 300 [27–1430] 493 [23–2879]

GTR—gross total resection; STR—subtotal resection; TMZ—temozolomide.
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Figure 3. Histone mutation testing of adult patient tissue DNA. Depicted are histone mutation
assay 2D graphs for the one DHG patient validating H3.3-G34R status and for a patient from the adult
glioma cohort with no mutations detected, representative of the overall negative histone mutation
status of the 89 glioma patients. Green dots define droplets with wild-type template detected. Blue
dots define droplets with the indicated mutant detected. Orange dots define droplets with both
mutant and wild-type template detected.
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4. Discussion

The aim of this study was to establish highly sensitive assays capable of detecting the
most prevalent histone mutations traditionally associated with childhood brain cancer and
conduct a screen for these mutations in a substantial cohort of age-ranged adult glioma
(mainly GBM) patients to establish the prevalence of these relatively rare adult brain cancer
mutations in our patient population.

ddPCR was used to ensure the generation of accurate and reliable assays, as it has been
reported to be highly sensitive and reliable for the detection of even low mutant copy num-
bers in a high wild-type DNA background for various cancer-associated mutations [21,22].
Our assays were developed using synthetic gBlock DNAs and validated using cfDNA
equivalents isolated from condition media of cell lines with known histone mutation status.
The evaluation of cell-line mutation in “cfDNA” showed 100% specificity with complete
mutation detection. Overall, in this study, we assayed 18 patient-derived samples (cell line,
CSF, or tissue) with prior established mutation status. The resulting sensitivity/specificity
data for these patient samples are as follows: H3.1-H3B-K27M: 100% (CI 15–100%)/100%
(CI 79–100%), H3.3-H3F3A-K27M: 100% (CI 54–100%)/100% (CI 75–100%), H3.3-H3F3A-
G34R: 100% (CI 15–100%)/100% (CI 79–100%). Additionally, we demonstrated that our
assays were able to detect the H3.1-K27M mutation in cfDNA extracted from only 200 µL
of CSF from a pediatric patient with DIPG. Other studies tend to use higher volumes
(0.5–2 mL) of CSF, if accessible, with one comparable study having an average of 1.74 mL
(SD = 1.5) available. The lowest CSF volume in which a mutation was successfully con-
firmed was 0.7 mL [23–27]. Although we did not detect the mutation in another CSF sample
from the same patient, that specific sample was considered of low quality, as we did not
detect the wild-type allele either. This indicates that sampling and sample treatment during
processing is crucial to maintain high-quality cfDNA. Unsurprisingly, our assay did not
detect the mutation in matched plasma samples. As previously reported, and as we confirm
here, plasma may be a less promising liquid biopsy for brain cancer due to the blood–brain
barrier impeding release of tumor entities into circulation [20]. Instead, our very limited
data indicate CSF is a more promising liquid biopsy for this patient group, which is often
accessible with an acceptable risk for the patient to obtain important diagnostic information.
Notably, this agrees with other reports that CSF is the more reliable liquid biopsy to validate
mutations known from brain cancer tumor tissue [28]. Other reports show vastly varying
mutation detection efficiency in glioma-patient-plasma-derived cfDNA. One study found
TERT promoter (TERTp) mutations in 4.3% of their cfDNA samples [29], while another
reported validation of tissue TERTp mutations for 7.3% of patients. Interestingly, that study
validated TERTp mutations in 100% of patients using CSF cfDNA [30]. A third study, by
implementing technical optimizations of plasma volumes, cfDNA extraction, and ddPCR
detection managed to validate TERTp status in the plasma cfDNA of 68% and 76% of two
patient cohorts, respectively [31]. IDH1 mutation status was validated for 60% of patients
using plasma cfDNA [32]. It has been proposed to temporarily disrupt the BBB to improve
the cfDNA content of plasma, and a clinical trial assessing this option is currently under
way (ClinicalTrials.gov Identifier: NCT05383872).

Of note, we cannot rule out that plasma quality may have been affected, as we had
only 10 mL Streck tubes available for the drawing of 3 mL pediatric blood samples and the
ratio of preservative to blood may have been too high, as stipulated in the manufacturer’s
documentation. However, since wild-type cfDNA was readily detectable in these samples,
we consider it unlikely that cfDNA was affected and, in our experience, we extract high-
quality cfDNA with Streck tubes even if circumstances lead to underloading [33].

Having proven that our assays reliably detect H3.3-K27M, H3.3-G34R, and H3.1-
K27M mutations, we showed that these mutations were not present in the glioma tissue
of our adult patient cohort, apart from confirming H3.3-G34R for our DHG patient. This
may not be surprising, given that other studies found histone mutations in only small
proportions of adult patients. Recently, Bonner et al., in a study of various cancers including
12,743 pediatric and adult tumors, found that 10% of AYA GBM patients, but no older
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ones, had histone mutations [17]. Thus, if assuming similar numbers, our cohort with
only eight AYA patients was too small. However, although age distributions favor histone
mutation occurrence in younger patients, there are several reports of older glioma patients
with histone mutations [12,34], and H3-K27 mutations in non-midline locations including
frontal and temporal lobe [11,13,35–37]. The patients in our cohort had a median age of 61
(ranging from 18–85 years) and had tumors primarily localized to the frontal, temporal,
and parietal lobes. However, overall, H3 mutations in adult CNS tumors are still relatively
understudied, and insufficient data are available to help predict if mutation rates differ
for certain ethnic patient populations. Our data give some advance to the hypothesis
that histone mutation frequencies may not be related to ethnic background, but larger
ethnically diverse cohorts are needed to clarify any ethnic correlation. Regardless, a better
understanding of histone mutation frequencies in real-world patient cohorts such as ours
remains important, not only to consider patient testing regarding prognostication, but also
in case relevant clinical trials emerge in the future.

Interestingly, a recent international survey study which aimed to identify patterns of
care in adult histone mutant gliomas in Australia and the United States reported that only
33% of responders tested all glioma patients for histone mutations routinely, and 26% did
not test at all [38]. Further, if these mutations were detected in adult brain cancer, patients
were usually diagnosed at a relatively young median age of 32 [39,40], with anatomical tu-
mor localization to the midline (H3-K27) or hemispheric region (H3-G34) [12,40,41]. While
this practice has been reported in certain institutions [38], it is crucial to emphasize that
solely considering patient age and tumor location, even though they are important factors,
falling outside typical ranges may not provide sufficient grounds to exclude the potential
presence of histone mutations [38]. The detection of histone mutations may prove important
for adult as well as pediatric patients, as histone mutation status appears to co-exist with
specific molecular types of cancer, and common co-existence with other biomarkers may
open the door for better diagnosis and prognosis, and potentially stratify patients for better
targeted therapies and emerging future clinical trials. For instance, H3-K27M mutations are
reportedly associated with higher frequencies of NF1 and PIK3CA/PIK3R1 mutations, while
G34 mutations more commonly co-exist with CDK4/6 amplification or CDKN2A/B loss [34].
The molecular understanding of glioma has recently changed. Mutation screening of IDH1
is now critical for classification and TERT promoter mutations have been strongly impli-
cated as predictive poor outcome biomarkers [10,42,43]. As mentioned, TERT promoter
mutations can also be successfully screened in blood liquid biopsy [31]. Histone alterations
via mutations or modifications, as well as direct DNA modifications, have critical epige-
netic consequences and may allow for future development of targeted therapy. Histone
modifications have been linked to higher grade glioma [44], while DNA methylation of
the MGMT gene promoter remains the best predictive biomarker of better response to
current adult glioma treatment regimens which include temozolomide [45]. More recently,
a seven-gene promoter panel DNA methylation test was proposed to improve the diagnosis
of gliomas and may help their molecular characterisation [46]. Given the heterogeneity
and better understanding of disease-related molecular pathway hubs [47,48], the emerging
evidence points to the value of screening a biomarker signature rather than only alterations
of individual molecules to best diagnose glioma. This is also important as certain markers
may affect each other. For instance, co-existence with MGMT promoter methylation may
override the poor prognosis associated with TERT promoter mutations [49].

5. Conclusions

In summary, we have generated reliable tests for H3.3-K27M, H3.3-G34R, and H3.1-
K27M mutations, designed for the testing of tumor tissue and liquid biopsies. We confirmed
that these mutations are detectable in cfDNA equivalents from cultured cells as well as
from patient CSF, while our limited data confirm poor ctDNA content within cfDNA
isolated from brain cancer patient plasma. We further confirmed the rarity of histone
mutations in adult brain cancer patients, with none found in our Southwestern Sydney
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cohort of 89 glioma patients. Our data add to the current body of literature and have
implications for developing biomarker testing for glioma patients. The future likely lies
in the development of prognostic and predictive panels of glioma biomarkers, and due to
the lower costs associated with better technologies, testing for rare histone mutations may
remain a relevant component of such testing, even in adult patients, to provide the best
possible care to each patient.
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