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ABSTRACT 

Of all childhood cancers, brain tumors account for more than 20% of malignancies 

and remain the primary cause of death in children. The past decades have seen an 

improvement in the diagnosis and treatment of most childhood brain tumors; 

however some subtypes fail to follow this trend. Among them is pontine glioma, or 

DIPG, a rare type of brainstem glioma defined by its very dismal prognosis of 

approximately 9 months and survival rate below 1%. In 2012, the discovery of a 

driver mutation on histone H3 variants (H3.1/3.3-K27M mutation in DIPG) paved the 

way towards a better understanding of the disease. DIPG’s narrow occurrence 

peaking between 6-9 years of age, and the prevalence of H3.3 mutations suggests 

a temporal window in the development of the pons where the H3.3 variant is 

specifically required, and therefore more prone to oncogenic events.  

In this study, we aimed at identifying the developmental time point at which 

the putative cell-of-origin is prone to undergo such mutations. To this purpose, we 

first mapped the histone usage landscape across the neonatal and early postnatal 

mouse hindbrain. We uncovered the pons to preferentially make use of the histone 

variant H3.3 in early neonatal time points. Subsequent isolation and culture of the 

corresponding pontine neural stem cells showed maintenance of this histone usage 

phenotype in vitro; as well as retainment of pontine positional markers and SHH 

responsiveness described by others.  

Altogether, our data demonstrate differential histone H3 variant usage in the 

developing hindbrain and show for the first time that mouse pontine neural stem cells 

can be cultured in vitro. Importantly, these neural stem cells retain their original core 

transcriptional and behavioral characteristics. This makes neonatal pontine neural 

stem cells a promising tool to model DIPG initiation in vitro.  
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INTRODUCTION 

In the past eight years, huge efforts to unfold the genomic landscape of all childhood 

brain cancers revealed a far more complex collection of diseases than previously 

appreciated1–4. For instance, only within the subgroup of high-grade gliomas (HGG), 

six molecularly and epigenetically distinct entities have been identified3. Pediatric 

HGG are now considered a collection of different diseases rather than variations of 

a single type. Each subtype is defined by unique recurrent oncogenic drivers, clinical 

characteristics and specific neuroanatomical localizations, raising the hypothesis of 

a multiplicity of cells-of-origin for pediatric HGGs3.  

In 2012, the key discovery of a novel oncogenic mutation in histone genes 

in a striking 50% of pediatric HGG  imposed a re-evaluation of disease classification 

with addition of the entity to  the 2016 WHO classification3,5–9. This K27M mutation 

(which substitutes the lysine 27 by a methionine on the histone H3 tail) is the first 

reported histone mutation associated with human cancers. Since then, multiple 

histone (H3) mutations have been identified, all somatic, heterozygous and mutually 

exclusive3,10. The K27M substitution is the most frequent histone H3 mutation (85% 

of histone mutant gliomas). Albeit affecting all histone H3 variants, it is predominantly 

found on the histone H3.3 variant. The substitution of Glycine 34 by a Valine or 

Arginine (G34R/V) has only been described in histone variant H3.3 and accounts for 

8% of pediatric HGG3. 

Interestingly, the different histone mutations correlate strongly with 

anatomical localizations of the tumors. G34 mutant gliomas are selectively 

hemispheric and affect older children. K27M gliomas arise mostly in the 

midline/brainstem region of the brain (thalamus, pons or medulla) and are found in 

younger patients 3. Within the K27M subgroup, H3.1-K27M is localized only in the 

ventral pons, whereas H3.3-K27M mutations may be found all along the midline. 

Gliomas of the pons, also known as Diffuse Intrinsic Pontine Gliomas (DIPG) 

represent 80% of midline gliomas.   

Within the DIPG subgroup, 78% will harbor a K27M histone mutation. Three 

out of four will affect histone variant H3.38,11–13. Interestingly, the age of diagnosis 
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can be further split depending on the histone variant affected: H3.1-K27M is found 

in younger children than H3.3-K27M (mean age of 5.1 years and 7.4 years 

respectively), suggesting both subtypes originate from a different pontine precursor9. 

Moreover, the age and location-specific nature of DIPG indicates that the underlying 

pathogenesis involves dysregulated developmental processes. It is therefore clear 

that increasing our knowledge of the development of the pons will enlarge our 

understanding of this devastating disease. Thus, approaching DIPG pathobiology 

from the angle of neural stem cell biology might shed light on many unanswered 

questions. In addition, it is essential to identify the cell-of-origin for the different DIPG 

subtypes. Due to the scarcity of healthy human brainstem tissue available to study 

how DIPG initiation relates to brainstem development, cortical neuroepithelial cells 

have been used to model the pathways of DIPG oncogenic initiation14,15. However, 

it is now known that stem cells derived from different brain areas differ substantially 

at the transcriptomic level and therefore might not respond similarly to the same 

oncogenic drivers, thus questioning if the real DIPG cell-of-origin would respond 

similarly to oncohistone transformation16,17.  

Interestingly, a postnatal population of progenitor cells was found in the 

human and mouse pons and has been proposed as a putative cell-of-origin for 

DIPG17,18. Monje et al. showed that its temporal and spatial distribution correlates 

with DIPG incidence in childhood19. This finding was later confirmed in another 

publication20. Those two studies reveal a high proliferative spurt of the neural 

progenitor lineage which leads to an important expansion of the pontine region, 

peaking at postnatal day 4 (P4) in mice20. These studies suggest a postnatal 

transformation of a pontine precursor cell. However, it remains unclear why postnatal 

pontine progenitors would be particularly sensitive to histone mutations, and why 

they predominantly select for histone variant H3.3.  

We propose that over the course of postnatal pontine development, histone 

H3.3 usage differs. Pontine progenitor cells may exhibit increased addiction to 

histone H3.3 variant at a certain time point of postnatal development. Therefore, this 

precursor lineage would exhibit greater sensitivity to H3.3 oncohistone dependent 

transformation. To address this, in this study we assessed histone H3 variants usage 
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during postnatal brainstem development in mice. We compared histone variant 

expression in the neonatal midbrain, medulla, pons and cerebellum. We uncovered 

that all brain regions do not make use of the same histone H3 variants pool over the 

course of postnatal development. We observed a higher usage of H3.3 variant in 

neonatal mouse pons compared to cerebellum, a phenotype maintained in cultured 

pons neural stem cells. Further, we were able to isolate the putative cell-of-origin for 

DIPG and show that it retained its brain patterning in an in vitro setting. This 

establishes neonatal pons neural stem cells as a promising tool to further model and 

therefore possibly unravel the molecular pathogenesis underlying DIPG initiation.  
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RESULTS 

Expression of histone H3 genes in mouse postnatal brainstem and 

cerebellum 

To unravel why a given histone H3 variant would be mutated in a specific brain area, 

we looked at the usage of histone H3 variants in the developing mouse brain at the 

transcript and protein levels. Hereto, we isolated postnatal mouse brains ranging 

from postnatal day 2 (P2) to adulthood, including postnatal days 7 and 14 (P7 and 

P14, respectively). Samples were subjected to mRNA isolation as well as histone 

extraction in order to draw a histone usage landscape throughout the brainstem and 

cerebellar postnatal development (Fig 1A). First, we sought to define histone usage 

at the transcript level. We performed quantitative reverse PCR of histone variant 

genes to assess gene expression at different postnatal time points. Non-canonical 

histone H3.3 is encoded by two independent genes, H3f3a (Chromosome 1) and 

H3f3b (Chromosome 11), whereas canonical histones H3.1 and H3.2 are each 

encoded by one cluster of 10 (Chromosome 13) and 3 (Chromosome 3) genes, 

respectively21. We assessed the contribution of H3f3a and H3f3b genes to H3.3 

histone expression separately, whereas canonical histone H3.1 and H3.2 

expressions were detected simultaneously due to primers recognizing the conserved 

region of the H3.1/H3.2 gene cluster22. We were therefore able to draw H3f3a, H3f3b 

and canonical histone gene expression in the postnatal brainstem and cerebellum 

(Fig 1B). Interestingly, we could separate the midbrain and medulla from the pons 

and cerebellum by postnatal histone gene expression patterns. Whereas histone 

gene expression did not vary over postnatal development in the midbrain and 

medulla, the pontine region and the cerebellum seem to be in the midst of chromatin 

remodeling at the nucleosomal level (Fig 1B and 1C). We could further differentiate 

cerebellar and pontine patterns in terms of early postnatal histone usage: at early 

time points, cerebellum seemed to require more of the canonical replication 

dependent histones H3.1 and H3.2, while the pons used the H3.3 variant in majority 

and steadily from P2 to P14 (Fig 1C).  

Next, we sought to validate key time points in the developing cerebellum and 

pons at the protein level. We performed histone acid extractions on cerebellar and 
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pontine samples at P4, P7 and P14 (Fig 1D and 1E). Normalization of H3.3 content 

to histone H4 enabled to quantify H3.3 nucleosomal content over development (Fig 

1E). Western blot analysis revealed a pattern of H3.3 protein usage similar to the 

gene expression data (Fig 1B). In the mouse pons, H3.3 nucleosomal usage was 

higher compared to cerebellum and peaked at P7 (Fig 1E).  

Altogether, these data provide a first observation as to why histone H3.3 

mutations might occur preferentially in pontine precursor cells. These data also 

provide us with a deeper information on a putative time point where we would be 

more likely to isolate the DIPG cell-of-origin in mice.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Histone H3 variants show age dependent and regional specific expression profiles 

(Figure on next page) 

(A) Schematic overview of the experimental workflow. Mouse midbrain, pons, medulla and cerebellum 

were dissected at different time points between P2 and Adult. Histone proteins and RNA were isolated 

and processed for further experiments to determine histone variant usage during brain development. (B) 

Histone variants gene expressions as function of time. Both H3f3a (upper panel) and H3f3b (middle panel) 

genes encode the histone variant H3.3. One set of primers was used to assess H3.1 and H3.2 (referred 

to as canonical histone H3 variants) gene expression. Colors depict the various regions of the brain 

(Green: midbrain; Blue: pons; Pink: medulla; Orange: cerebellum). (C) Graph showing the histone variant 

gene usage as of total histone H3 pool. Data are represented per time point. D-E Validation of the gene 

expression data at the protein level. (D) Western blot analysis of histone extracts at three developmental 

time points in cerebellar and pontine regions. (E) Densitometry quantification from panel (D) of the protein 

levels of H3.3 in cerebellum and pons at P4, P7 and P14.  
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Figure 1. Histone H3 variants show age dependent and regional specific expression profiles 

(Legend on previous page) 
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Neonatal pons neural stem cells can be cultured in vitro, are SHH responsive 

and sensitive to SHH pathway inhibition. 

Next, we wanted to isolate the putative DIPG cell-of-origin for further 

characterization. We dissected the pontine region of neonatal mice aged P2, as well 

as P14, to look at age-related differences in pontine neural stem cells (pNSCs) 

behavior (Fig 2A). Cultured DIPG tumor cells have been studied for some time, and 

shown to be SHH responsive and sensitive to PDGFRα signalling19. Therefore, we 

looked at SHH responsiveness in pNSCs and investigated if this response could be 

modulated over time. We established cultures of pNSCs with varying culture 

conditions including the standard growth factors (EGF and bFGF) supplemented with 

PDGF-AB or SHH, or both agonists together (Fig 2B). Surprisingly, while P14 pNSCs 

did not show neurosphere growth over time regardless of the growth factors used, 

neonatal NSCs clearly showed an increase in NSC expansion with the addition of 

SHH as assessed by the size of the neurospheres (Fig 2B, panel three).  To a milder 

extent, addition of PDGF-AB also led to improved neurosphere growth (Fig 2B, panel 

two). To test the functionality of the SHH signaling pathway, we modulated the SHH 

response using different concentrations of the SHH ligand and looked at SHH 

pathway activation at the mRNA level. When secreted SHH ligand binds to its 

transmembrane receptor Patched-1, it alleviates its inhibition of Smoothened and 

activates the transcription of pro-proliferative genes such as Mycn and Gli1. This 

also triggers a negative feedback loop via overexpression of Patched-123–26.  We 

could observe a threshold activation from 0.75 ug SHH where Gli1 expression 

started to rise. However, the threshold for Mycn and Patched-1 expression required 

twice as much ligand as we observed an increase in expression only with 1.5 ug 

SHH ligand (Fig 2C). Next, we tested if SHH pathway activation could be 

antagonized by a selective inhibitor of the pathway, Cyclopamine-KAAD. 

Cyclopamine acts by inhibition of transmembrane receptor smoothened, which 

precludes the activation of the downstream transcription of pro-proliferative genes27. 

Treatment of neonatal pNSCs with Cyclopamine in addition of SHH for 24 hrs 

reduced the transcription of Mycn, Gli1 and Patched-1 (Fig 2D). Thus, we observe a 

cyclopamine-dependent antagonizing activity of the SHH pathway (Fig 2D). This 
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result validates the functionality of the SHH pathway in murine neonatal pNSCs. 

Subsequently, we compared pathway activation of P2 pNSCs to their older 

counterparts (P14) (Fig 2E). We observed a stronger response to SHH stimulation 

in P2 pNSCs, corroborating our first observation on neurosphere expansion in Fig 

2B. Altogether, these results demonstrate an intrinsic ability to respond to SHH 

stimulation in early neonatal pNSCs (Fig 2D). A SHH-responsiveness that seems to 

be lost as these progenitors age (Fig 2B and 2E).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Neonatal pons neural stem cells (NSC) can be cultured in vitro, are SHH responsive, 

sensitive to SHH pathway inhibition and maintain their histone H3 usage landscape in vitro (Figure 

on next page) 

(A) Schematic overview of the experimental workflow. Mouse pons was dissected at P2 and P14 and 

neural stem cells were isolated and cultured in vitro as neurospheres. Panel (B) shows pictures of cultured 

P2 and P14 pons NSCs in four different culture conditions (EGF=Epidermal Growth Factor; bFGF=basic 

Fibroblast Growth Factor; PDGF-AB=Platelet Derived Growth Factor AB; SHH=Sonic Hedgehog). (C) 

Characterization of the response levels after SHH stimulation in pons P2 NSCs by quantitative RT-PCR. 

(D) Quantification of the response to SHH pathway inhibition by Cyclopamine in neonatal pons NSC by 

expression of specific SHH target genes. (E) Characterization of the P14 pons NSCs response to SHH 

stimulation compared to neonatal P2 pons NSCs. (F) Schematic overview of the experimental workflow. 

Mouse neural stem cells were isolated form the pontine and subventricular regions (forebrain) and 

cultured in vitro. (G) Gene expression of the histone H3 variants genes was assessed in cultured pons 

and SVZ NSCs by quantitative RT-PCR. This graph shows the histone variant genes usage as of total 

histone H3 pool. Data are represented per time point. 
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Figure 2. Neonatal pons neural stem cells (NSC) can be cultured in vitro, are SHH responsive, 

sensitive to SHH pathway inhibition and maintain their histone H3 usage landscape in vitro 

(Legend on previous page) 
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Neonatal pons neural stem cells maintain their histone H3 landscape and 

positional identity in culture 

To further characterize pNSCs as a tool to model DIPG in vitro, we looked at the 

maintenance of their in vivo characteristics under cell culture conditions.  To this end, 

we first looked at histone variant usage at the level of gene expression in comparison 

to subventricular zone (SVZ) NSCs, neonatal and adult (Fig 2F). Interestingly, 

pNSCs maintained the same ratios of histone variant usage observed in the pons 

tissue (Fig 2G and Fig 1C). Furthermore, neonatal and adult SVZ NSCs had similar 

ratios with a higher usage of canonical histones H3.1 and H3.2 (Fig 2G).   

Because it is known that in vitro culturing of NSCs tends to induce a shift in 

positional identity towards a forebrain pattern, we sought to test how pNSCs behave 

in in vitro settings in terms of maintenance of positional/regional identity28. We again 

isolated subventricular and pontine NSCs from a postnatal day P4 mouse brain and 

cultured them under the same culture conditions including EGF and bFGF growth 

factors (Fig 3A). We made use of the Allen Brain Atlas repository to find regional 

markers for the pons and forebrain in postnatal mouse brain (Fig 3B). We identified 

Pax6 as a forebrain marker, Pax3 as a pre-pontine marker and Irx2 as a pontine 

marker (Fig 3B). To validate these candidates in our developmental time points of 

interest, we looked at tissue sections of postnatal P4 mouse brains (Allen Brain 

Atlas), which confirmed the regional specificity of Pax6 in the forebrain, Pax3 in the 

pre-pontine region and Irx2 in the basal pons (indicated by arrow-heads) (Fig 3C). 

Finally, to profile the lineage specificity of the cultured pNSCs, we performed 

quantitative reverse PCR for Pax6, Pax3 and Irx2 and compared their expression to 

SVZ NSCs. In agreement with in situ expression, we observed low Pax6 expression 

in pNSCs compared to SVZ NSCs, with increased Pax3 and strong Irx2 expression 

confirming the maintenance of a pontine positional identity in our candidate NSCs 

(Fig 3D). 
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Figure 3. Pons Neural stem cells maintain their positional identity in vitro  
(A) Schematic overview of the experimental workflow. The mouse brain image depicts the conventional 
regionalization scheme of a neonatal mouse brain (adapted from the Allen brain database). Every colored 
region is named as specified in the legend. Mouse neural stem cells were isolated form the pontine and 
subventricular regions (forebrain) and cultured in vitro. (B) Heatmap depicting the gene expression 
profiles of three regional markers: Pax6 (forebrain), Pax3 (pre-pontine region) and Irx2 (pontine region) 
as a function of age in mice (from embryonic day E11.5 to postnatal day P28) (yellow represents low 
expression and red represents high expression) (extracted and adapted from the Allen Brain Atlas). (C) 
RNA in situ hybridization images from the Allen brain atlas showing the regional specificity of the three 
markers Pax6, Pax3 and Irx2 in neonatal mouse brain (P4). Arrows indicate positive areas. (D) Gene 
expression of the regional markers Pax6, Pax3 and Irx2 were assessed in cultured pons and SVZ NSCs 
by quantitative RT-PCR.  
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DISCUSSION 

In this study, we show that each brain region exhibits a unique histone usage 

landscape that varies over developmental time, which could explain the different 

neuroanatomical susceptibility to oncohistones. We were also able to isolate and 

culture a candidate cell-of-origin for DIPG, a pontine neural stem cell derived from 

early postnatal mouse pons. We showed that these stem/progenitor cells retain both 

their histone H3 variant expression pattern and their positional identity in vitro, 

suggesting that they also retain other pons-specific characteristics. Thus, these cells 

are a promising tool to study oncohistone driven transformation.  

Pronounced postnatal growth of the pons 

It is conceivable that oncogenic transformation is most likely to occur in (rapid) 

proliferating cells. Since proliferation takes place in waves in the developing brain 

and becomes increasingly rare in maturing brain, it is important to assess 

proliferation patterns in the developing hindbrain/midline. Therefore, a better 

understanding of the brain midline and pons development is crucial to unravel 

oncohistone driven DIPG initiation.  Developmental studies in human pons samples 

have shown a continuous growth of the pons during childhood. As the number of 

proliferative cells began to decline already after birth (7 months) with only a small 

proliferative fraction remnant throughout childhood, the authors attributed the 

volumetric expansion of the ventral pons mostly to its extreme myelination process18.  

On the contrary, Monje et al. identified a stem population (Nestin+) in the ventral pons 

with a characteristic bimodal proliferation pattern peaking first at birth and again at 

6-8 years of age. The second proliferative wave strikingly mirrors the incidence age-

peak of DIPGs19. 

Another parallel study in mice showed a peak of proliferation between P0-

P4 that preceded the myelination phase, confirming the idea of Monje et al. that 

proliferating progenitors continue to divide postnatally. They also appointed the pons 

as the most proliferative region in the brainstem before the midbrain and medulla, 

however below the cerebellum20. This has been confirmed in human midbrain but 

not medullar samples18,19. Interestingly, the existence of a pontine progenitor 
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proliferating prior to myelination correlates with the histone usage data we generated 

in this study. The above described proliferative peak correlates with that of the 

histone usage in the pons20. Indeed, we were able to see increased histone usage 

at the transcriptional level in the pons compared to midbrain and medulla at neonatal 

stages in mice (Fig 1). Thus, it is likely that the increased histone usage is connected 

to the progenitor pool expansion as DNA replication and histone synthesis, 

displacement and exchange are associated processes29. Indeed, increased histone 

usage might be a proliferation dependent effect where the cerebellum and pons 

experience a major wave of growth postnatally and therefore the chromatin would 

shape accordingly. Thus, one would expect a preferential usage of the replicative 

dependent histone variants H3.1 and H3.2 over the replication independent histone 

variant H3.3, as seen in the developing cerebellum where when proliferation ceases 

(after P7), replication independent histone variant H3.3 accumulates (Fig 1C). 

However, despite a similar expansion course, the pons seems to use more of the 

H3.3 variant also during the intense replication phase (Fig 1C), which might point 

towards a specific role of H3.3 during proliferation in these pontine progenitors, which 

might be transcriptional or structural. In this regard, high proliferation in the 

developing brain has been linked to increased endogenous DNA damage30,31. In 

consequence, adaptive DNA damage responses have been described in the 

developing brain32. In this context, histone variants are the sites and platform for 

these chromatin-based processes of DNA damage repair33. Various roles have been 

attributed to the histone H3 variants, and H3.3 seems to have a preponderant 

function in the DNA damage response. Indeed, beyond its role in chromatin 

architecture and its described role in mammalian development34,35, H3.3 is also an 

important player in the maintenance of genome integrity by participating in non-

homologous end-joining (NHEJ), homologous recombination (HR) and UVC-DNA 

damage repair 22,36–40. From our understanding, during pontine development H3.3 

might be specifically required during this high neuronal proliferative spurt. This 

enables to maintain the genome in check and better protect and prime chromatin to 

respond in case of endogenous DNA damage. 
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Last but not least, because the lysine 27 (K27) residue on the histone N 

terminal tail is selectively mutated in DIPG, it remains unanswered what particular 

role this histone residue has in the DNA damage response and how its mutation 

affects these maintenance pathways. Beyond its role in regulation of gene 

expression, diverse lines of evidence have begun to shed light on a putative role in 

DNA damage repair38,41,42. Further deciphering these mechanisms will help 

understand how DIPG may form and importantly pave the way towards the 

identification of new actionable therapeutic targets. 

Towards a more accurate identification of a DIPG cell-of-origin 

Developmental studies of the pons revealed two distinct pontine regions -- the 

tegmentum (dorsal pons) and the basis pontis (ventral pons) -- both exhibiting 

different courses of expansion over time18–20,43. It is also believed that dorsal and 

ventral pons are populated by two distinct neural stem cell populations19. Hence, 

potential candidate cells-of-origin for gliomas located in the pons (DIPG), H3.1 or 

H3.3 mutated, include precursor cells of the ventral pons (Nestin+/Vimentin+/Olig2+) 

or precursor cells lining the wall of the fourth ventricle (Nestin+/ Pax3+)19,44. 

Because DIPG are often located at the ventral side of the pons, one might 

postulate that ventral neural stem cells would be preferentially at the root of DIPG 

initiation. Hence, an important caveat to our model is that we isolated the entire 

pontine region including a mixture of dorsal and ventral progenitors. This might 

hamper accurate characterization of the DIPG cell-of-origin. Indeed, single cell 

sequencing of human and mouse pons revealed almost two-hundred different cell 

types present throughout embryonic/neonatal pontine development17. Nonetheless, 

some of the data we provide correlate with previous findings: namely the SHH-

responsive phenotype we observe in Figure 2 has also been described by Monje et 

al. in DIPG cancer stem cells 19. Furthermore, previous findings in several 

transcriptome studies -- bulk and at the single cell level -- identified the transcription 

factors Pax3 and Irx2 to be overexpressed in H3.3K27M gliomas specifically, 

suggesting conserved transcriptional programs, which we also found enriched in our 

candidate cell-of-origin (Fig 3)17,45. Conversely, a low expression of Pax6 was 
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observed in H3.3K27M HGGs compared to other tumor types, and we also find this 

in our pNSCs17. Interestingly, during embryonic development Pax3 is expressed 

throughout the entire brainstem correlating with the localization of H3.3K27M all 

along the midline with a second wave of expression occurring postnatally in the 

pontine region only (Fig 3B)46, making an interesting connection between Pax3+ 

pontine progenitor, DIPG incidence and H3.3 histone usage that warrants further 

investigation. Furthermore, RNA-seq data found H3.1K27M DIPGs to be enriched 

within the group of low-expressing Pax3 tumors, further reflecting a separate origin 

from the H3.3 mutated counterpart46. H3.1K27M DIPGs might therefore originate 

from the ventral pontine progenitors Nestin+/Vimentin+/Olig2+19. Altogether, this 

might suggest the embryonic Pax3+ counterpart as a more plausible candidate cell-

of-origin for H3.3 mutant DIPGs. Thus, our isolated progenitors seem to share core 

behavioral and transcriptional programs with DIPG cells making them a promising 

tool to study the origins of this malignancy. 

It is important to note that, even though most research on the DIPG cell-of-

origin focuses on the postnatal pons, an earlier origin should be considered as well. 

For instance, a recent in vivo study from Pathania et al. showed that only embryonic 

(and not postnatal) pontine progenitors were vulnerable to oncohistone driven 

transformation when H3.3K27M was introduced47. Therefore, it remains plausible 

that DIPG originates from the transformation of an embryonic neural progenitor cell. 

Therefore, it is interesting to pursue this work on embryonic pontine progenitors, also 

suggested by a study by Sun et al. Indeed, the authors describe the isolation of 

hindbrain progenitor from human fetuses providing the community with a novel tool 

for in vitro modelling of DIPG48. 

Conclusion 

Altogether, our study raises the need for a more thorough study of pons 

development. This will considerably help understand what core processes underly 

oncohistone-driven DIPG initiation. Developmental biologists have already 

suggested that a change in the nomenclature of the brainstem might be required – 

from an anatomical based nomenclature to a gene expression based – with the aim 
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of better understanding the genetic programs of this brain region and their 

relationship to the co-related malignancies49. 

With a deeper understanding of key developmental and tumorigenic 

processes, which are highly intertwined in DIPG initiation, we will be able to identify 

novel therapeutic targets that could help improve the current lack in specific 

treatments for DIPGs.  

 

 

MATERIALS AND METHODS 

Mice husbandry and timed pregnancies  

Timed mattings were performed overnight, with the following morning considered 

E0.5. Pregnancies were detected by measuring female weight gain at E13.5. For the 

collection of postnatal time points (Four, seven or fourteen days after birth P2-4, P7, 

P14 or >P56), neonatal mice until the age of P7 were killed by decapitation whereas 

older mice were sacrificed by asphyxiation (CO2). Mice were conventionally housed 

and fed ad libitum. All mice were bred in the Central Animal Facility (University 

Medical Centre Groningen [UMCG], Groningen, The Netherlands) and were kept in 

conventional housing. Animal protocols were approved by the UMCG Committee on 

Animal Care (DEC-16465-02-002). 

Isolation and culture of Pontine Neural Stem Cells (pNSCs) and Subventricular 

Zone Neural Stem Cells (SVZ NSCs)  

Neural stem cells (NSCs) were harvested from postnatal days P2, P4, P7, P14 and 

adult cerebella, subventricular (SV) and pontine regions. Samples were kept on ice 

throughout the isolation procedure unless otherwise stated. In short, the brain 

regions were dissected, meninges removed and washed with cold PBS. Cerebella 

and pons were dissociated into single cells with a papain dissociation kit according 

to the manufacturer’s instructions (Worhtington). Briefly, cerebella and pons were 

incubated at 37C in papain/DNAse solution, 15min for cerebella/pons younger than 
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7 days and 20-30 min for 14- and 30-days old cerebella/pons. After incubation, 

samples were further dissociated by trituration and filter quenched in an ovomucoid 

solution. Finally, samples were spun down at 4C and resuspended in neural stem-

cell media containing DMEM-F12 Glutamax (Gibco), 1% N2-supplement (Thermo 

Fisher), 2% B27-supplement (Thermo Fisher), human-EGF (20ng/ml, PeproTech), 

bFGF (20ng/ml, PeproTech), human-PDGFAB (20ng/ml, PeproTech), mouse-SHH 

(1.5 or 1.0 ug/ml, R&D systems). 

To isolate SVZ NSCs, a slice encompassing the hypothalamic region was cut 

sagitally in mouse forebrains to let appear the subventricular regions of the first 

ventricule. The SVZ were isolated with thin tweezers, dissociated into single cells by 

mechanical shearing with a pipette and plated in NSCs media. NSCs were grown as 

neurospheres, dissociated at every passage by trituration with Accutase (Gibco) to 

form a single cell suspension and further replated.  

Quantitative RT-PCR 

For analysis of mRNA expression in mouse tissue, total RNA was isolated with Trizol 

(Thermo Fisher). Briefly, immediately after tissue dissection, all samples were 

dounced in 1ml trizol on ice with a tissue grinder (pestle A followed by pestle B) until 

a homogenized trizol-tissue solution was obtained. Homogenized tissue in trizol was 

stored overnight at -80C and the isolation procedure was continued on the following 

day according to manufacturer’s specifications. For analysis of RNA expression from 

cultured cells, total RNA was isolated using the RNeasy Micro Kit (Qiagen) according 

to the manufacturer’s specifications. Either ways, At the end of the procedure, RNA 

was eluted in DEPC water, treated with DNAse and final RNA concentration was 

determined with a NanoDrop™ 1000 Spectrophotometer (Thermo Fisher). cDNA 

was synthetized from 1 µg RNA and amplified using the primers described in Table 

1. Thermocycling steps were performed on a CFX96 Connect Real-Time PCR 

Detection System (Bio Rad) with SsoAdvancedTM universal SYBR green supermix 

(Bio Rad)  
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Table 1. Primers for q RTPCR 

Quantitative RT PCR 

Primer name Sequence 

18s_rRNA-F1 GCTACCACATCCAAGGAAGG 

18s_rRNA-R1 ATTACAGGGCCTCGAAAGAG 

H3f3a-Ex1-F CAGCGCCGCCTCTCGCTTG 

H3f3a-Ex2-R CAGTCTGCTTTGTACGAGCCATGGTA 

H3f3a-Ex2-F CTACAAAAGCCGCTCGCAAGAGT 

H3f3a-Ex3-R TTCTGATAGCGTCTGATTTCACGG 

H3f3b-Ex1-F CGATTGCGGCTCTTGTTCGAG 

H3f3b-Ex2-R TTCCCACCGGTGGACTTCCTA 

H3f3b-Ex2-F CCAAGGCGGCTCGGAAAAGC 

H3f3b-Ex3-R GGTAACGACGGATCTCTCTCAGA 

H3.1/3.2-F CGGCGCTACCAGAAGTCGACC 

H3.1/3.2-R GTCTTGAAGTCCTGCGCGATCTCG 

Pax6 Fw TGAGAAGTGTGGGAACCAGC 

Pax6 Rev AAGTCTTCTGCCTGTGAGCC 

Irx2 Fw-2 TTCCCGTCCTACGTGGGCT 

Irx2 Rev-2 GGTACGGGTTCTTTCGGTGT 

Pax3 Fw-2 CAAACCCAAGCAGGTGACAA 

Pax3 Rev-2 TTTACTCCTCAGGATGCGGC 

mMycn Fwd-1 ACCTTGAGCGACTCAGATGATG 

mMycn Rev-1 TCTTGGGACGCACAGTGATC 

mPatch1 Fwd-1 attgcatctgttggcatcgg 

mPatch1 Rev-1 agaacgggagcaaacatgtg 

mGli1 Fwd-1 Acaagtgcacgtttgaaggc 

mGli1 Rev-1 Tcactggcattgctaaaggc 

mBactin Fwd-1 CCTCATGAAGATCCTGACTGA 

mBactin Rev-1 TTTATGTCACGAACAATTTCC 

 

Histone acid extraction 

Histones form tissues were acid extracted following a protocol described previously 

(reef). All procedures were performed on ice, and all solutions were chilled to 4°C 
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prior to use unless otherwise indicated. All centrifugation steps were performed at 

4°C. Briefly, dissected pons and cerebella were dounced in 1ml ice cold hypotonic 

lysis buffer (10mM tris-Cl pH8.0, 1mM KCl, 1.5mM MgCl2, 1mM DTT, protease 

inhibitors and phoSTOP cocktail) on ice with a tissue grinder (20 strokes of pestle A 

and pestle B) until a homogenized tissue solution was obtained. Homogenized 

samples were transferred to a 1.5 ml tube and the intact nuclei were pelleted by 

spinning in cooled centrifuge (10.000g, 10min, 4C). The nuclei pellet was 

resuspended in 100 µl of 0.2 M HCl and vortexed to avoid clumping. Histones were 

extracted for 1 hour on a rotator at 4C. Samples were centrifuged at 16,000 x g for 

10 min at 4°C. The histone containing supernatant was transferred to a fresh 1.5ml 

tube. Histones were precipitated by adding drop by drop 30 µl of 100% trichloroacetic 

acid containing 4 mg/ml deoxycholic acid (deoxycholicacid was added before use). 

The tubes were inverted several times to mix the solutions and incubated 15-30min 

on ice. Histones were pelleted (16,000 x g for 30 min 4°C) and the pellet was washed 

with 100 µl of ice-cold acidified acetone (0.1% HCl) two times. After second wash, 

supernatant was carefully removed histone pellet air-dried for 20min at room 

temperature. The pellet was dissolved in ddH2O and stored at –80 °C. 

Total protein isolation and Western blot 

Total proteins were extracted from neural stem cells pellets in RIPA buffer 

supplemented with protease inhibitors and phoSTOP cocktail. Total protein 

concentration or histone concentration was determined by BCA assay (Pierce). A 

total of 10 ug proteins per sample or 5ug of extracted histones were boiled in sample 

buffer and loaded on Mini-PROTEAN TGX™ precast gels (Biorad). Proteins were 

transferred onto a PVDF membrane (Trans-Blot Turbo Transfer System, Biorad), 

and probed for the following antibodies: anti-histone H3.3 (Rabbit, 1/1000, clone 

RM190, RevMab Biosciences 31-1058-00), anti-H4 (Mouse, 1/1000, Active motif 

61521). HRP labelled Goat anti-Mouse or Rabbit secondary antibodies were used to 

visualize protein expression using chemiluminescence substrate (SuperSignal™ 

West Dura Extended Duration Substrate, Thermo #34076) on a ChemiDoc imaging 

system (Biorad). Analysis and densitometry of the protein bands was performed with 

ImageLab (V5.0) software. 
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Allen Brain Atlas Immunohistochemistry and RNA-seq Databases 

The Allen Brain Atlas data repository (www.allenbrainatlas.org) was used to find 

transcriptional specificities of mouse pontine region at neonatal time points. In short, 

we selected the most enriched transcription factor at the designated time point that 

specifically localized in the pontine region. Using the mouse development navigator, 

we were able to look back into the gene expression of the selected transcription 

factors across all brain regions and ages. The immunohistochemistry repository 

allowed us to visualize and corelate the protein expression of these selected markers 

in the neonatal mouse brain.   
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