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Abstract

Gain-of-function mutations in the Type I Bone Morphogenic Protein (BMP) receptor ACVR1 have 

been identified in two diseases: Fibrodysplasia Ossificans Progressiva (FOP), a rare autosomal 

dominant disorder characterized by genetically driven heterotopic ossification, and in 20–25% of 

diffuse intrinsic pontine gliomas (DIPGs), a pediatric brain tumor with no effective therapies and 

dismal median survival. While the ACVR1 mutation is causal for FOP, its role in DIPG tumor 

biology remains under active investigation. Here, we discuss cross-fertilization between the FOP 

and DIPG fields, focusing on the biological mechanisms and principles gleaned from FOP that can 

be applied to DIPG biology. We highlight our current knowledge of ACVR1 in both diseases, and 

then describe the growing opportunities and barriers to effectively investigate ACVR1 in DIPG. 

Importantly, learning from other seemingly unrelated diseases harboring similar mutations may 

uncover novel mechanisms or processes for future investigation.
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1. Introduction

The bone morphogenetic protein (BMP) signaling cascade regulates diverse processes across 

multiple organ systems, including cell proliferation, tissue stem cell dynamics, 

organogenesis, tissue remodeling, and physiologic homeostasis[1]. Dysregulation of this 

signaling pathway has been implicated in a variety of human diseases, including vascular 

disorders, skeletal defects, congenital heart disease, and cancers[2, 3]. Of interest to this 

review is the rare autosomal dominant disorder Fibrodysplasia Ossificans Progressiva (FOP), 

a debilitating disease characterized by episodic and spontaneous heterotopic ossification 

(HO), the pathologic generation of bone in extraskeletal soft tissues. FOP is caused by 

moderately activating germline mutations in the Type I BMP receptor ACVR1[4]. To date, 

thirteen different ACVR1 mutations have been identified in FOP patients, the most common 

being the R206H amino acid substitution found in 95–97% of patients[5–10]. Since the 

identification of ACVR1 mutations in FOP over a decade ago, there has been remarkable 

progress in elucidating the mechanisms of mutant ACVR1 and its role in HO. These studies 

have highlighted the central role of dysregulated BMP signaling to FOP pathobiology and 

uncovered novel avenues for therapeutic intervention.

More recently, four independent studies reported seven somatic ACVR1 mutations in 20–

25% of pediatric diffuse intrinsic pontine gliomas (DIPGs), a fatal brainstem tumor with a 

median survival of 8–10 months and no effective therapies. Of the seven identified DIPG-

associated ACVR1 mutations, six have been described in FOP patients and the seventh also 

exhibiting moderate gain-of-function activity (Figure 1a)[11–14]. ACVR1 mutations 

previously have not been associated with other cancers, although recent reports reanalyzing 

The Cancer Genome Atlas (TCGA) noted that 3.4% of endometrial cancers harbored 

ACVR1 mutations and all endometrial cases with ACVR1 altercations appear mutually 

exclusive from other frequently mutated oncogenes[15, 16]. Notably, the frequency of 

discrete ACVR1 mutations differs between FOP and DIPGs. Whereas the R206H mutation 

is found in 97% of FOP patients, R206H mutations were found in only 20–25% of DIPG 

and instead there is a wider spectrum of ACVR1 mutations found in DIPG (Figure 1b)[17]. 

Interestingly, FOP patients have not been described to have a predisposition for cancer or 

display an increased incidence of brainstem gliomas, though there are reports of patients 

with neurological symptoms and asymptomatic brainstem lesions[18, 19]. These 

observations indicate that an ACVR1 mutation alone is not sufficient for oncogenesis. 

Nevertheless, given its prevalence in DIPGs, mutant ACVR1 likely provides a selective 

advantage to the brainstem tumor, though on which aspects of oncogenesis and tumor 

behavior is still under investigation.

Because ACVR1 mutations are found in both FOP and DIPG, there is growing collaboration 

and scientific cross talk between these two fields to gain insight into the shared mechanisms 
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driving ectopic bone formation and tumor growth. In addition, the prevalence of shared 

mutations raises hope that similar targeted therapies could be utilized in both diseases. Here, 

we highlight this cross-fertilization between these two seemingly disparate pediatric diseases 

related by a common mutation, primarily focusing on the insights gleaned from FOP to 

inform DIPG biology. We describe some of our mechanistic understanding and therapeutic 

approaches for ACVR1-driven HO in FOP, and then discuss the opportunities and challenges 

of applying these principles to DIPG tumor biology and therapeutic targeting.

1.1 Brief primer on ACVR1 and BMP signaling pathway

ACVR1 (also known as ALK2) and its closely related BMP Type I receptors BMPR1A 

(ALK3), BMPRR1B (ALK6), and ACVR1L (ALK1) are part of the larger TGFβ 
superfamily of growth factor receptors. Extracellular BMP cytokines recruit two Type I 

receptors (ALK 1/2/3/6) and two Type II BMP receptors, mainly BMPR2, ACVR2A, and 

ACVR2B, to form heterotetrameric structures[20, 21]. Upon ligand interaction, the 

constitutively active Type II receptors phosphorylate the Type I receptor in the glycine-serine 

domain (GS). This GS-domain phosphorylation activates the Type I kinase (PK) domain, 

leading to downstream phosphorylation of SMAD proteins, primarily SMAD1, SMAD5, 

and SMAD8. These SMADs interact with regulatory SMADs, such as SMAD4, before 

translocating into the nucleus to control BMP target genes, including the inhibitor of 

differentiation (ID) genes, ID1–3. Regulation of BMP signaling occurs at multiple levels, 

including different BMP cytokine subtypes, the tissue-specific expression of BMP cytokines 

and BMP receptors, the specific combinations of Type I and II heterotetramers employed for 

receptor signaling, adaptor proteins that regulate Type I receptor activity such as FKBP1A, 

downstream inhibitory SMADs (primarily SMAD 6, 7), and extracellular antagonists that 

bind cytokines[22]. Type I BMP receptors can also activate SMAD-independent signaling 

cascades, including the p38-mitogen activated protein kinase (MAPK) pathway, JNK, Rho-

like GTPases, and the PI3K/Akt pathway, in a cell type specific manner[23]. Overall, Type I 

BMP receptors like ACVR1 and its regulatory components coordinate a finely tuned 

complex network of intracellular signaling to regulate multiple phenotypes and cell types.

2. ACVR1 in Fibrodysplasia Ossificans Progressiva

2.1. Roles of ACVR1 in driving heterotopic ossification

Although BMPs are now considered multifunctional cytokines with wide-ranging effects, 

they were initially identified for their abilities to induce bone formation[24]. BMPs were 

shown to inhibit myogenic differentiation and promote osteogenic and chondrogenic 

differentiation of meschenymal progenitors[25–27]. Even prior to the identification of 

ACVR1 mutations, multiple studies examining FOP patient samples suggested deregulated 

BMP signaling as a candidate pathway[28–31].

Subsequent studies revealed that the R206H mutation moderately increased basal BMP 

pathway activation and enhanced chondrogenic and osteogenic differentiation when cells 

were exposed to BMPs or placed in permissive milieu[32–38]. A chimeric R206H knock-in 

mouse model reproduced many clinical features of FOP, such as the great toe congenital 

malformation and progressive and injury-induced HO, demonstrating the causality of mutant 
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ACVR1 to disease patogenesis [39]. Furthermore, mice expressing a humanized conditional-

on knock-in ACVR1-R206H allele under the control of Cre recombinase also develop 

spontaneous and injury-induce HO[40, 41]. Mechanistically, this mutation conferred leaky 

ligand independent BMP signaling and enhanced sensitivity to BMP ligands[4, 42]. A 

similar modest elevation in BMP signaling and enhanced responsiveness was observed 

across multiple ACVR1 mutations identified in both FOP and in DIPG[43]. Interestingly, 

ACVR1 appears to be required for early stages of chondrogenic differentiation of mouse 

embryonic fibroblasts, but becomes dispensable after initial chondrogenic induction[33]. 

This finding raises the possibility that therapy must target a particular window of 

opportunity in FOP and receptor inhibition after a particular time point during lesion 

formation will not halt/reverse disease progression. Together, these studies demonstrate a 

clear relationship between receptor activation, BMP signaling, and induction of HO.

More recently, the TGFβ related cytokine, activin A, was identified a critical regulator of 

HO in FOP. While wild-type ACVR1 was known to bind activin, its interaction does not 

induce BMP signaling and bone formation, but rather acts as a competitive antagonist to 

BMP cytokines[44]. The mutant receptor in contrast conferred novel responsiveness and 

aberrant activin-mediated BMP pathway activation and functional studies demonstrated that 

activin A was both necessary and sufficient for HO [40, 41, 45]. Additional studies from our 

group and others have found that aberrant responsiveness to activin A is shared across the 

spectrum of gain-of-function ACVR1 mutations found in DIPG and FOP[45, HJH and ACR 

unpublished data]. This novel mechanism highlights the growing number of ways by which 

gain-of-function ACVR1 mutations deregulate BMP signaling.

Beyond altered intrinsic receptor properties impacting mesenchymal cells, there are also 

significant interactions between local cells and the lesion microenvironment that further 

augment heterotopic ossification. Early lesions prior to chondrogenesis are hypoxic, leading 

to stabilization of HIF1α. Two recent studies noted that hypoxia and HIF1α contributes to 

HO through HIF1α-mediated regulation of ACVR1 endosomal trafficking [46, 47]. 

Importantly, inhibiting HIF1α reduced HO. In addition to hypoxia, the immune system also 

impacts ectopic bone formation. Inflammatory triggers, such as trauma, illness, or 

vaccinations, are often antecedents of FOP flares[48]. Patients receive symptomatic benefit 

from immunosuppressive therapies such as corticosteroids[48] and depletion of mast cells 

and macrophages reduced HO in a BMP4-overexpression FOP mouse model[49, 50]. 

Interestingly, clinical specimens and murine studies demonstrated significant immune 

infiltration in early lesion formation, including mast cells found at ten to hundred fold higher 

number in FOP lesions compared to ACVR1 wild-type specimens[51–53]. While the 

ACVR1 mutation in FOP is germline and present in all cell types, this exaggerated 

immunologic response raises the possibility that mutant immune cells display enhanced 

response to inflammation and/or that mutant mesenchymal cells themselves contribute to 

over-recruitment of immune cells to lesion sites. Finally, in animal studies, both ACVR1 

wild-type and mutant cells are recruited to ectopic cartilage and bone formation, indicating 

that mutant cells may also impact their neighboring wild-type cells [39, 40].
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2.2 Targeted therapeutic approaches

Currently, there are no curative treatments for FOP patients. Given the central role of 

ACVR1 and deregulated BMP signaling to FOP, current targeted strategies focus on 

dysregulated BMP signaling and mutant ACVR1. Dorsomorphin, and its more potent 

derivative LDN-193189, was initially identified as a small molecule inhibitor of the Type I 

BMP receptors ALK2, ALK3, and ALK6[54, 55]. Dorsomorphin specifically blocked 

SMAD-dependent BMP receptor signaling and did not inhibit p38-MAPK signaling. 

Derivative compounds DMH1, 1LWY (also known as ML-347), and LDN-212184, 

exhibited increased specificity towards ALK2 and nanomolar inhibition of SMAD 1/5/8 

phosphorylation with little effect on TGFβ signaling[56–58]. More recently, a new class of 

ALK2 inhibitors with a 2-aminopyridine backbone, such as K02288 and LDN-214117, 

emerged showing higher ALK2 specificity compared to dorsomorphin and LDN-193189, 

though their effects on SMAD-independent signaling remains unclear[59, 60]. Several of 

these inhibitors reduced HO in FOP patient-derived cells and in mouse models expressing 

either ACVR1-R206H or the artificial, constitutively active Q207D-ACVR1 mutation [35, 

54, 58]. However, some of the small molecule kinase inhibitors have off-target effects, 

particularly the vascular endothelial growth factor receptor (VEGFR) and receptor-

interacting serine/threonine kinase 2 (RIPK2). Furthermore, none of these agents are used in 

the clinic. Interestingly, several clinically available kinase inhibitors, such as mometinib, 

dasatinib, and saracatinib, exhibit off-target activity against ALK2, highlighting potential 

drug repurposing opportunities[61–63]. Beyond small molecules, allele specific siRNA and 

antisense oligonucleotides against ACVR1 have also been shown to be effective in cell based 

FOP model systems[64, 65]. Finally, approaches targeting other mediators of HO, such as 

hypoxia, immune cells, and downstream differentiation, have also been examined. In 

particular, inhibition of the retinoic acid receptor (RAR) signaling cascade is required for 

chondrogenesis. Palovarotene, an RARγ agonist, was efficacious at reducing HO in FOP 

animal models and is currently in Phase II/III clinical trials[66, 67].

3. ACVR1 in Diffuse Intrinsic Pontine Gliomas

3.1 Genomic analysis and co-mutations in DIPG

While ACVR1 in FOP is the causal mutation for HO in FOP patients, somatic ACVR1 

mutations in DIPGs often co-occur with other mutations, adding a layer of complexity for 

DIPG biology. The most common mutations identified in all DIPGs are somatic lysine-to-

methionine amino acid substitutions at residue 27 (K27M) in genes encoding Histone 3 

variants, most commonly H3F3A and HIST1H3B[68, 69]. K27M mutations were identified 

in ~80% of DIPG patient samples (60% harbor H3F3A and 18–20% harbor HIST1H3B). 

K27M mutations were associated with a worse prognosis compared to patients who were 

wild-type H3F3A/HIST1H3B[69–72]. Mutant Histone 3 alters the distribution of repressive 

H3K27 trimethylation across the genome, resulting in a global reduction in K27 

trimethylation on Histone 3 and widespread transcriptional dysregulation [73–75]. 

Epigenome modifying agents, like the histone demethylase inhibitor GSKJ4[76], Polycomb 

repressive complex 2 (PRC2) inhibitors [77, 78], and histone deacetylase inhibitor 

panobinostat[79] and agents that inhibit efficient RNA polymerase II transcription, such as 

the bromodomain and extra-terminal (BET) protein inhibitors[78, 80, 81] and the cyclin-
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dependent kinase 7 inhibitor THZ1[81], have been shown to be efficacious in DIPG 

preclinical models.

Importantly, H3K27M mutations alone are insufficient to promote oncogenic 

transformation[75, 82]. Instead, these oncohistones frequently co-occur with other 

mutations, including alterations in known cancer-associated pathways such as TP53 loss, 

PPMD1 mutations, and amplifications of the platelet-derived growth factor receptor alpha 

gene (PDGFRA)[14, 83–86]. Many of these mutations co-occur with specific histone variant 

subtypes, suggesting that these co-mutations require a specific cellular context and partner 

histone mutations to promote oncogenesis (Table 1).

ACVR1 mutations co-segregated more commonly with HIST1H3B K27M alterations 

instead of the more prevalent H3F3A variant[11–14]. These tumors did not have TP53 loss, 

rarely expressed amplifications in PDGFRA, and had mutations in PI3-kinase signaling 

pathway components in ~60% of cases. Clinically, patients with ACVR1-mutant tumors had 

an earlier age of diagnosis, longer survival time, and occurred more frequently in females. 

One study analyzing the clonal evolution of DIPGs found that ACVR1 mutations were 

present at the earliest tumor clone alongside HIST1H3B K27M mutations, suggesting that 

both mutations are needed for oncogenesis[87]. Given these discrete clinical and genomic 

associations, it is thought that ACVR1-mutant DIPGs form a distinct tumor subgroup that 

have a unique biology and oncogenic dependencies compared to ACVR1 wild-type tumors.

3.2 Current understanding of the functional role of ACVR1 in DIPG

Studies from the FOP field have laid significant groundwork for investigating the role of 

ACVR1 in DIPG. Recent studies demonstrate that ACVR1-mutant DIPGs have increased 

BMP signaling compared to control brain and ACVR1-WT DIPG, as evidenced by 

phosphorylated SMAD 1/5/8 immunohistochemical staining[12]. Furthermore, similar to 

FOP, these mutations increased p-SMAD 1/5/8 signal and downstream BMP target gene 

expression when compared to WT-ACVR1 patient-derived cultures in vitro or when the 

mutation is expressed in human or mouse astrocytes [11–14]. Finally, we have found that 

patient-derived ACVR1-mutant DIPGs, but not WT-ACVR DIPG cells, aberrantly activate 

the BMP signaling cascade upon activin exposure [HJH, ACR unpublished results]. These 

studies demonstrate that two signaling mechanisms that drive HO, elevated BMP signaling 

and aberrant responsiveness to activin, are also present in DIPG.

Yet, although both disorders share similar signaling responses, the functional role of ACVR1 

in DIPG remains limited and somewhat puzzling. Overexpression of ACVR1 mutations in 

normal human astrocytes increased BrdU incorporation and growth rate in vitro, but when 

expressed in p53-null mouse astrocytes implanted into brain parenchyma, ACVR1 mutations 

were unable to promote tumorigenesis, highlighting the requirement of co-mutations in the 

oncogenic process[11, 14]. Pharmacologic inhibition of ACVR1 using LDN-193189 

resulted in dose-dependent cytotoxicity across all tested DIPG cell lines, including WT-

ACVR1 tumor cells [13]. However, LDN-193189 was previously shown to have off-target 

effects[57, 88]. Our own preliminary studies using a panel of ACVR1 inhibitors in patient-

derived DIPG cell lines revealed a more heterogeneous effect in vitro where some inhibitors 

exhibited cytotoxicity whereas others displayed little cytotoxic activity [HJH, ACR 
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unpublished results]. Furthermore, while dasatinib exhibited an effect on DIPG cell viability 

in vitro, 72-hour incubation of saracatinib against a large panel of ACVR1 mutant cell lines 

did not show significant cytotoxic response[63, 79]. Notably, dasatinib also inhibits PDGFR 

signaling, a cascade associated with a known gene amplification in DIPGs, confounding the 

viability effect. Together, these latter findings indicate that inhibiting ACVR1 may not have 

a cytotoxic effect in vitro and raise the possibility that unlike in FOP where inhibition of 

ACVR1 appears effective in HO, targeting ACVR1 in DIPG may instead be limited. 

However, there are many caveats to the in vitro experimental approach used that should be 

considered, including the addition of growth factors to maintain in vitro cell lines and 

differences in oncogenic dependencies that emerge in vitro versus in vivo[89]. Nevertheless, 

these data indicate that unlike kinase activating mutations that can be effectively targeted by 

inhibitors with dramatic therapeutic response in other cancers such as BRAF V600E in 

melanoma, ACVR1 likely has a more complex role in brain tumorigenesis than simply 

activating a pathway to promote oncogenic growth.

4. The challenges of applying FOP principles to DIPG biology

Despite the foundation provided by FOP studies, applying principles from FOP to DIPG is 

not as straightforward as anticipated. Why might the FOP field have made tremendous 

progress in understanding the role of ACVR1 in disease pathogenesis while its function in 

DIPG remains unclear? While time likely plays a significant role (it has been ~3 years since 

the reports of ACVR1 in DIPG, ~11 years for FOP), there are additional challenges that 

impede our understanding of ACVR1 in DIPG, mainly the complexity of modeling DIPG. In 

FOP, clinically relevant and reproducible model systems span the full spectrum of FOP 

lesion progression and animal models develop congenital phenotypes[39–41]. Conversely, 

the reported DIPG model systems harboring ACVR1 mutations do not fully capture the 

entire tumorigenic process (Figure 2). Several established patient-derived DIPG cell lines 

harbor ACVR1 mutations, but many of these lines are derived from patients whom 

previously received chemotherapies and radiation[79]. In addition, patient-derived cell lines, 

though powerful tools, have their own caveats, including the addition of supplemental 

growth factors to maintain lines in vitro and differences in oncogenic dependencies 

compared to the original tumor in vivo. Furthermore, these patient-derived cells represent 

already-formed tumors and it is possible that the role of ACVR1 may be earlier in the 

tumorigenic timeline. A second approach is to develop cell-based models using 

immortalized astrocytes, NPCs, or human embryonic stem cells that express DIPG-

associated mutations and examine oncogenic transformation. However, there are no reported 

studies successfully generating heterologous cell-based tumor models with mutant ACVR1. 

Finally, while there are several genetically engineered mouse models of DIPG harboring a 

combination of H3K27M, PDGF-B, and/or p53−/− alterations[75, 90, 91], there are no 

reported animal models harboring ACVR1 mutations. As such, we currently do not have 

laboratory models that recapitulate the full spectrum of tumor formation and growth. This 

inability to effectively model DIPG stems from multiple factors: (1) heterogeneous response 

of central nervous system (CNS) derived cells to BMP signaling, (2) unclear role of ACVR1 

in the developing central nervous system, (3) additional mutations that co-occur with 

ACVR1, and (4) unclear phenotype and pathways for analysis.
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4.1 Heterogeneity of BMP signaling in CNS-derived cells

Cellular heterogeneity is seen across all organ systems, with the CNS being the most 

complex. Even within the main three CNS lineages, neurons, astrocytes, and 

oligodendrocytes, there is significant heterogeneity within each population[92–96]. CNS 

progenitors exhibit spatial and temporal diversity as they integrate the multitude of 

developmental signaling gradients, such as FGF, PDGF, Sonic hedgehog, Wnt, and BMPs, 

which regulate CNS patterning and the balance of neurogenesis, gliogenesis, and 

oligodendrogenesis[96–98]. Importantly, while BMP signaling promotes osteogenesis in 

mesenchymal precursors[99], how CNS-derived cells respond to BMP signaling depends on 

when during neural development and in which cell subtype the pathway is activated[97, 100, 

101]. For example, during early neurodevelopment, neural progenitor cells (NPCs) 

proliferate and self-renew upon BMP pathway activation. At later stages, NPCs differentiate 

into neurons and astrocytes in response to BMPs. The pleotropic response to BMP signaling 

is also seen in adult glioblastomas. Secreted BMPs have a tumor suppressive effect on the 

majority of patient-derived gliomas stem cells (GSCs) and BMPs are being considered as a 

potential therapeutic avenue for adult GBM[102–105]. However, a subset of adult GSCs 

(~20%) instead proliferate and display enhanced oncogenicity in response to BMPs[106]. 

Interestingly, this differential response seen in adult GSCs and during neurodevelopment is 

associated with the relative expression of the Type 1 BMP receptors ALK3 (BMPR1A) and 

ALK6 (BMPR1B) [100, 106, 107]. Given this heterogeneity towards BMP signaling seen in 

adult GSCs, a similar heterogeneous response may also occur in DIPG tumor cells where a 

particular tumor subgroup harboring specific mutations proliferate upon BMP pathway 

activation whereas another subgroup suppresses growth when the pathway is turned on. As 

such, different tumors may have unique responses to BMP cytokines. To circumvent this 

issue, it might be beneficial to compare DIPG tumor cells’ gene expression profile to 

temporally and spatially defined precursor populations as this might provide insight what 

“age” these cancer cells are and how they may respond to BMP cytokines.

The heterogeneous response of CNS cells to BMP signaling may also impact which cell 

types are more susceptible to oncogenic transformation. While the origin of DIPG remains 

unknown, several studies identified discrete proliferating populations in the postnatal pons 

that might serve as potential cells of origin. Monje and colleagues noted two Nestin+ NPCs 

populations, one in the pontine parenchyma and one located in the floor of the fourth 

ventricle in the dorsal pons[108]. Half of the pontine parenchymal NPCs expressed Olig2, a 

transcription factor in NPCs that primarily give rise to oligodendrocyte precursor cells 

(OPCs). Tate et al., found proliferating pontine cells during early postnatal life that 

dramatically decreased by age 2, of which 60% of cells were Olig2+[109]. Finally, using 

various Cre driver mouse lines and careful stereological analysis, Lindquist et al. identified 

Olig2+, Sox2+ OPCs and astrocytes as the proliferative populations in the mouse pons[110]. 

Olig2 is expressed in >90% of DIPGs[111] and was recently shown to be required for DIPG 

proliferation[112]. In addition, one recent study profiling DIPG super-enhancers (SEs), large 

clusters of enhancer elements that display high amounts of activation marks like H3K27ac 

and transcriptional complex binding, found that many SEs were associated with genes 

previously connected with oligodendrocyte lineage identity[81]. It is unclear how these 

different proliferating progenitor populations within the pons respond to BMP signaling. 
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Nevertheless, given their location and timing in relation to DIPG age of onset, it will be 

crucial to examine how each of these specific proliferating progenitor populations, in 

particular OLIG2+ cells and OPCs, are impacted by ACVR1 mutations and co-occurring 

alterations (discussed below). Furthermore, cell-based models using infected immortalized 

astrocytes, mouse neural stem cells, or directed differentiation of human embryonic stem 

cells may not represent the right “signaling and cellular milieu” to stimulate oncogenic 

transformation and growth. Identifying the cell origin will likely provide a platform to 

develop cell-based models that better represent the oncogenic process.

4.2 Unclear role of ACVR1 in the CNS

Studies examining the role of ACVR1 in the developing nervous system are limited. 

Knocking out ACVR1 impacts hippocampal dentate gyrus development[113] and ACVR1 

loss or expression of the constitutive active Q207D receptor within forebrain mouse neurons 

did not impact gross anatomic morphology or neuronal survival[114]. However, its role in 

the hindbrain remains unclear. Interestingly, although FOP patients do not have an increased 

prevalence of brain tumors, there is 20-times greater prevalence of neuropathic pain in FOP 

patients and these patients also report other sensory abnormalities, including numbness, 

tingling, allodynia, and temperature-dependent sensitivities[19]. Histologic analysis of the 

knock-in ACVR1-R206H mouse found increased demyelination throughout the brain and 

spinal cord. FOP patients have hyperintense T2 lesions in the dorsal pons, cerebellum and 

spinal cord on MRI, suggestive of demyelination[115]. During neurodevelopment, BMPs 

inhibited rodent neurospheres and oligodendrocyte precursor cells (OPCs) from 

differentiating into an oligodendrocyte lineage. Instead, BMPs skewed OPCs towards 

astrocytic differentiation in vitro and robustly increased astrocyte number with mild region-

specific oligodendrocyte loss[98, 116]. These findings support the hypothesis that ACVR1 

may regulate progenitor cell fate, similar to its role in chondrogenesis and osteogenesis.

4.3 Additional mutations that co-occur with ACVR1

Unlike FOP where ACVR1 is the clear causal genetic alteration, for DIPG there are two or 

more collaborating mutations that appear to be essential for oncogenesis: ACVR1, 

HIST1H3B K27M, and possibly PI3K pathway alterations. How does each mutation 

independently impact the CNS and how do they synergize in promoting tumorigenesis and 

tumor growth? K27M mutations are thought to act as an epigenetic differentiation block as 

the gene expression profiles of H3.3 K27M mutant cells reflect a primitive earlier progenitor 

state when compared to their Histone 3.3 WT cells[82]. In addition, although H3K27M 

mutations are not sufficient to form overt tumors, they do increase proliferation in vivo[75]. 

Is it possible that these two mutations together collaborate and trap glioma precursors in a 

“progenitor” state that are primed for oncogenic transformation? Additionally, how might 

the microenvironment, including secreted cytokines such as BMPs and activin, vasculature, 

immune cells, and hypoxia, impact progenitor behavior? Like BMPs, activin also have 

multiple roles in cell fate, including regulation of OPC differentiation and maturation, 

cortical interneuron differentiation, and NPC viability [117–119]. Given that activin alone 

can activate both the BMP and TGF beta cascades in mutant ACVR1 DIPGs, how might this 

combination of signaling pathways impact glioma precursors in vivo compared to single 

pathway activation? Thus, understanding if ACVR1 alters progenitor cell fate decisions and 

Han et al. Page 9

Bone. Author manuscript; available in PMC 2021 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



how this decision is perturbed when H3K27M is co-expressed is a excellent starting point to 

investigate the developmental origins of DIPG.

4.4 Unclear phenotypes, pathways, and processes for analysis

Finally, whereas there is a clear reproducible phenotype in FOP model systems (bone 

formation and HO in permissive media in vitro or in vivo), the DIPG field has yet to identify 

a phenotype impacted by mutant ACVR1. Current studies examining ACVR1 in DIPG, 

including our own, have focused on the mutant receptor’s role in promoting proliferation in 
vitro, its inhibition as a therapeutic target in vitro, or its ability to form tumor by co-

expressing multiple mutations in discrete NPC populations in vivo. Though promoting 

oncogenic growth is one selective benefit that the mutation could provide to DIPGs, ACVR1 

and BMP signaling can also contribute to other tumor-associated phenotypes (Figure 3). 

While proliferation and cytotoxicity are relatively easy to examine, ACVR1 and BMP 

signaling might also regulate cancer stem cell self-renewal as seen in adult gliomas. 

Inhibition of ACVR1 may not cause cytotoxicity, but rather cellular senescence and slowed 

growth. For example, while a prior study noted no significant cytotoxicity of the EZH2 

inhibitor Tazemetostat after three days, more recent studies noted its potential therapeutic 

value against DIPG, though the inhibitory effects required >6 days to show a significant 

difference [77, 78, 120]. Rather than promoting apoptosis and cell death, EZH2 inhibition 

instead induced senescence. In addition to proliferation and tumor initiation in specific 

progenitors as discussed above, we should also consider ACVR1’s role in regulating the 

invasive behavior of DIPG cells, in mediating resistance to therapies, and in its protective 

effects against the microenvironment (i.e. nutrient availability, immune surveillance). In 

other cancers, BMP signaling enhances migration and invasive capabilities[121, 122]. 

Furthermore, increased BMP pathway activation through increased BMPRII expression 

made lung squamous cell carcinomas resistant to an EGFR targeted kinase inhibitor[123]. 

Whether these same mechanisms occur within DIPG remains to be investigated.

In addition to SMAD-dependent ACVR1 signaling, we should also consider the potential 

role of SMAD-independent signaling pathways. Several recent studies identified efficacy of 

PI3K inhibition and MAPK targeting both as single agent and in combination against DIPG 

in vitro[79, 81, 124] and genes in several key signaling cascades were enriched for H3K27ac 

enhancer peaks, including TGF-beta, p38-MAPK, and Hedgehog signaling[81]. Is it 

possible that ACVR1 mediates tumorigenic effects through these alternative pathways? 

Furthermore, while the role of BMPs in gliomas has been explored, activin has not been 

extensively investigated. Activin A promoted cell proliferation in the human glioma U87 cell 

line that was blocked using the naturally occurring inhibitor Follistatin[125], but its role in 

GSCs, transformed CNS glioma cell or murine models has not been characterized. TGFβ 
and its associated downstream signaling has been implicated in multiple glioma phenotypes, 

including angiogenesis, invasion and migration, and proliferation. Finally, we should also 

consider the receptor’s interactions with its microenvironment, including cell-extrinsic 

processes that modulate HO such as hypoxia and immune cells[126]. Macrophage and 

microglia infiltrate DIPGs, similar to the catabolic inflammatory response seen in FOP 

lesions[127, 128]: do these cells cross-talk with ACVR1 mutant tumor cells and how do they 

influence tumor activity? Similarly, do we see upregulation of BMP signaling in DIPG 
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tumor cells under hypoxic conditions as we do with hypoxic mesenchymal cells? These 

processes that contribute to HO are also associated with cancers and present additional 

avenues for investigation into DIPG tumor biology.

4.5 Additional challenges translating targeted ACVR1 therapies into the CNS

Beyond the challenges of studying the functional role of ACVR1 in DIPG, we also need to 

investigate delivery and poor penetrance of drugs into the relatively protected CNS. The 

blood-brain barrier (BBB) limits the influx of 98% of small and 100% large molecules into 

the CNS[129]. Given this highly selective barrier, we need to ensure a balance between 

reaching sufficient drug concentration in the CNS with systemic side effects and toxicities. 

Modulating the integrity of the BBB through ultrasound or hydrophobic disruption or 

engineering molecules that can better penetrate the CNS through modifications in solubility 

or liposome packaging, are under active investigation[130, 131]. Alternatively, direct 

infusion into the CNS or local tumor, such as convection-enhanced delivery, is emerging as a 

promising means of bypassing the BBB and directly treating the tumor[132].

5. Perspectives and Conclusions

Overall, DIPG research has greatly benefitted from the lesson learned in FOP pathogenesis, 

including potential new mechanisms, signaling cascades, and processes that could contribute 

to DIPG biology. Currently, data suggest that although DIPG cells share similar biochemical 

responses with FOP, receptor inhibition may not impact tumor cell viability, raising initial 

questions about the role or clinical efficacy of receptor targeting. Although the data thus far 

are inconclusive, ACVR1 remains a viable target given the wide range of mechanisms and 

processes that still require investigation. Despite the challenges of investigating DIPG in the 

laboratory, there is a lot the field can glean from the mechanisms driving endochondral bone 

in FOP, in particular potential pathways, processes, and signaling mechanisms that can 

influence tumor behavior.

More broadly, transdisciplinary studies across FOP and DIPG presage untapped 

opportunities for shared data-driven discovery that both harness and empower the rare 

disease research community. Especially in pediatric cancer where developmental biology 

serves as the substrate for shared research interests, the growing collaboration and cross talk 

between FOP and DIPG, two seemingly unrelated pediatric diseases, represents just one 

example highlighting the value of Mendelian disorders informing cancer biology and vice 

versa. Recent studies overlaying datasets from Mendelian disorders and cancer genomics 

have uncovered novel candidate driver mutations that would likely not emerge without 

increased sample size[15, 16, 133]. However, overlying these datasets is only the entry point. 

To fully understand the role of ACVR1 in DIPG, we must integrate the lessons learned from 

FOP with the complex role of BMP signaling within neurodevelopment. Furthermore, we 

should also recognize other phenotypes besides tumor growth and proliferation could 

provide a selective benefit for DIPG, such as susceptible cell type origin, invasive capacity, 

and collaboration with other signaling cascades. Not until we determine what selective 

benefit ACVR1 provides DIPG can we truly understand whether ACVR1 is a viable 
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therapeutic target for this deadly tumor. Nevertheless, the expanded platform of 

collaboration across FOP and DIPG can only help in these efforts.
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HIGHLIGHTS

• Fibrodysplasia Ossificans Progressiva (FOP) and Diffuse Intrinsic Pontine 

Gliomas (DIPGs) share ACVR1 mutations.

• While ACVR1 mutations underlie FOP, their functional role in DIPG remains 

unclear.

• Developmental biology provides a context of shared biology among diverse 

diseases.

• Intersecting Mendelian disorders and cancer genomics can elucidate potential 

cancer genes.
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Figure 1. Differences in ACVR1 mutations identified in Fibrodysplasia Ossificans Progressiva 
(FOP) and Diffuse Intrinsic Pontine Gliomas (DIPG)
(A) ACVR1 mutations found in FOP (black), DIPG (green), or both diseases (red). All are 

located in the intracellular receptor domains, either the glycine-serine rich (GS, purple) or 

protein kinase (blue) domain. Of the seven DIPG-associated ACVR1 mutations, six have 

been identified in FOP. (B) Prevalence of ACVR1 mutations in FOP and DIPG taken from 

the four initial studies identifying ACVR1 in DIPG. While the R206H mutation occurs in 

95–97% of FOP patients, the spectrum of ACVR1 mutations in DIPG is more varied.
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Figure 2. Model systems for Fibrodysplasia Ossificans Progressiva (FOP) and Diffuse Intrinsic 
Pontine Gliomas (DIPGs) to study ACVR1
(A) In FOP, lesions initially undergo muscle breakdown and infiltration of immune cells 

prior to the formation of a chondrogenic scaffold and subsequent bone formation. 

Genetically engineered mouse models expressing the R206H mutation recapitulate this full 

lesion progression. Furthermore, in vitro R206H cell-based models faithfully recapitulate the 

chondrogenic and osteogenic phases of heterotopic ossification when placed in permissive 

differentiation media. Thus, the full spectrum of lesion progression is recapitulated in 

laboratory model systems. (B) In contrast, current DIPG models that harbor ACVR1 

mutations consist mainly of patient-derived DIPG tumor cell lines, many of which are 

derived from patients whom already received chemoradiation. There are few reported cell-

based and transgenic animal models for DIPG, though generation of brainstem tumors after 

expression of ACVR1 and co-mutations has yet to be reported. Given these limitations, our 

ability to effectively study ACVR1 is hampered by our inability to fully model the 

oncogenic process. FOP skeleton image courtesy of Dr. Frederick Kaplan, University of 

Pennsylvania; T2 FLAIR MRI image courtesy of Dr. Angela Waanders, Children’s Hospital 

of Philadelphia.
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Figure 3. Multiple phenotypes for analysis in Diffuse intrinsic pontine gliomas (DIPGs)
(Left) In FOP, ACVR1 and elevated BMP signaling is both necessary and sufficient for 

heterotopic ossification (HO). This has led to the development of multiple model systems 

with a consistent, reproducible phenotype. Although the cell type origin of HO remains 

unclear, recent studies identified Scleraxis+ and Msx1+ cells as sufficient to form 

heterotopic bone in the presence of ACVR1 mutations. (Right) In contrast, the role of 

ACVR1 mutations in DIPG remains unclear. In particular, we have yet to identify a tumor-

associated phenotype(s) impacted by ACVR1 mutations. While tumor growth and tumor 

proliferation remains a key phenotype for cancers, there are other important oncogenic 

features that should be examined. Importantly, understanding the role of ACVR1 in DIPG is 

complicated by co-mutations present in ACVR1 mutant DIPGs, such as K27M substitution 

in Histone 3 variants. In addition, the cell of origin of DIPG remains unclear and each 

potential cell type origin has pleotropic responses to BMP signaling.
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Table 1

Comparing H3.3 and H3.1 mutations in DIPG

H3.3 K27M H3.1 K27M

Genes H3F3A HIST1H3B/C

Locations Pons
Midline (Thalamus, Cerebellum, Spine)

Restricted to pons

% DIPG showing mutations 60–70% 20%

Median Overall Survival (OS) 11 mo 15 mo

Secondary mutations PDGFRA amplifications
TP 53 loss

ACVR1
PI3KR1
PIK3CA

Epigenetic features Global H3 K27me3 loss Global H3 K27me3 loss
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