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INTRODUCTION

Epigenetic regulation is a phenomenon that modulates 
cellular processes such as proliferation, progression 
through the cell cycle, transcriptional memory, and 
DNA damage repair via regulating accessibility of DNA 
through chromatin condensation (1). The genetic ma-
terial of eukaryotic organisms exists within the cell as 
a complex macromolecule called chromatin, consisting 
of DNA and histone proteins. The packaging of DNA 
into chromatin dictates differential gene expression 
patterns which are crucial for the proper functioning 
of the cell. Perturbations in these processes, as well as 
transcriptional regulation mechanisms are often as-
sociated with complex diseases such as cancer. These 
regulatory mechanisms are orchestrated by DNA meth-

ylation, RNA interference, post-translational histone 
modifications and incorporation of histone variants 
into chromatin. Histones are small, basic proteins en-
coded by several copies of histone genes located with-
in the major histone locus. Canonical histones, namely 
H2A, H2B, H3 and H4 are strictly synthesized during the 
S-phase and deposited onto the chromatin in a repli-
cation-dependent manner. Histone variants, however, 
are expressed throughout the cell cycle and incorpo-
rated into chromatin in a context-dependent manner 
(2). Canonical histones and their corresponding vari-
ants differ in their amino acid sequence, which affects 
interactions between histone proteins within the same 
nucleosome and results in alterations in transcriptional 
activity. The most commonly studied histone variants 
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ABSTRACT

Objective: Histone variants are important modulators of chromatin functions. Studies have pointed out that epigenetic 
factors are often dysregulated in carcinogenesis. Although some cancer-associated mutations of the histone variant H3.3 
have been identified previously, a complete list of H3.3 mutations and their potential effects is yet to be uncovered. Therefore, 
this study aims to identify the missense mutations of the histone variant H3.3 in central nervous system (CNS) cancers and to 
computationally predict their functional consequences on pathogenicity, protein stability and structure. 

Materials and Methods: A complete set of human H3.3 mutations was acquired from the COSMIC v90 database and 
missense mutations were selected. The potential effects of these mutations were assessed using PredictSNP2 and FATHMM-
XF. Structural outcomes were predicted using MUpro and HOPE servers. 

Results: We identified 45 unique missense H3.3 substitutions in several tissues including CNS. PredictSNP2 and FATHMM-XF 
predicted 17 and 42 mutations as deleterious respectively, most of which caused decreased protein stability. Amino acid 
alterations in CNS cancers were predicted to cause alterations of the 3D structure. 

Conclusion: Histone variants play significant roles in epigenetic regulation and are often mutated in cancers. Our results 
showed that H3.3 mutations detected in CNS cancers could affect the genomic distribution of post-translational modifications 
and histone variants, hence dramatically alter the gene expression profile and contribute to carcinogenesis.
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are centromere specific H3 variant CENP-A (3); DNA damage site 
specific H2A.X (4); H2A.Z and H3.3 variants that are commonly 
found at active transcription sites (5); and macroH2A which is 
associated with transcriptional repression (6). 

Tumors of the brain and the spinal cord, which collectively com-
prise the central nervous system (CNS), are amongst the most 
heterogeneous cancer types. The World Health Organization 
classifies CNS cancers into more than 120 subtypes based on 
molecular and histopathological characteristics (7). CNS tumors 
often originate from different cell types, such as astrocytes, glias 
and meninges. Gliomas and meningiomas are the major sub-
types of brain tumors in adults and are rarely seen (8). On the 
contrary, CNS cancers are the most common solid tumor type 
in children between the ages of 0-14 (9), 30% of which is con-
stituted by medulloblastomas (10). Gliomas are graded at four 
levels depending on the severity, aggressiveness and curabili-
ty of the disease. Medulloblastoma is the common name for a 
group of malignant embryonic tumor subtypes that originate 
from the primitive neuronal cells within the posterior cranial 
fossa (11). Although the etiology of CNS cancers remains un-
known to date, several genetic factors have been associated 
with increased risk. For instance, a recent study indicated the 
significant contribution of germline mutations and a genetic 
disposition to pediatric medulloblastoma (12). Similarly, the 
mutational status of TP53, BRAF, FGFR1, IDH and TERT as well as 
the copy number variations of EGFR, CDKN2A/B, PTEN, PDGFRA 
are often linked with tumor pathogenesis in the CNS (13,14). 
These genetic variations also serve as powerful molecular tools 
for cancer subtype characterization.

Studies have shown that several epigenetic factors, including 
histone variants, are mutated or their activities are dysregu-
lated during cancer pathogenesis. Although previous studies 
have identified some cancer-associated mutations of the his-
tone variant H3.3 in chondroblasoma, pediatric sarcoma, gi-
ant cell tumor of bone, glioma and medulloblastoma (15-17), 
a complete list of H3.3 mutations and their potential effects is 
yet to be uncovered. Therefore, this paper aims to identify H3.3 
mutations in CNS cancers and to predict their functional conse-
quences on pathogenicity, protein stability and structure using 
computational approaches.

MATERIALS AND METHODS

Retrieval of Somatic Mutations from COSMIC Database
Somatic mutations of the H3F3A gene (COSMIC gene ID: 
COSG55679) encoding human H3.3 were downloaded from the 
Catalogue of Somatic Mutations in Cancer (COSMIC) database 
v90 (https://cancer.sanger.ac.uk/cosmic).

Identification of Deleterious Mutations
The functional consequences and the pathogenicity scores of 
the H3.3 mutations were predicted using PredictSNP2 (https://
loschmidt.chemi.muni.cz/predictsnp2/) (18) and FATHMM-XF 
(http://fathmm.biocompute.org.uk/fathmm-xf/index.html) (19) 
in reference to genome assembly GRCh38/hg38.

Protein Stability Prediction 
The effect of the missense mutations on the stability of the pro-
tein was analyzed via MUpro using H3.3 amino acid sequence 
retrieved from UniProt (ID: P84243), which is based on machine 
learning methods (http://mupro.proteomics.ics.uci.edu/) (20). 
The tool provides 84.2% accuracy.

Determination of 3D Structural Changes
The structural effects of the nonsynonymous H3.3 mutations, 
which were commonly encountered in CNS cancers were pre-
dicted via HOPE server using H3.3 amino acid sequence re-
trieved from UniProt (ID: P84243) (https://www3.cmbi.umcn.nl/
hope) (21).

In silico Evaluation of H3.3 Conservation 
The amino acid sequences of histone H3.3 for Homo sapi-
ens (P84243-1), Mus musculus (P84244-1), Rattus norvegicus 
(P84245-1), Gallus gallus (P84247-1), Xenopus laevis (Q6PI79-1), 
Danio rerio (Q6PI20-1), Saccharomyces cerevisiae (P10651-1) and 
Arabidopsis thaliana (P59169-1) were retrieved from UniProt. 
In silico evaluation of protein similarity was performed using 
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) 
(22). Histone domain structure was determined in accordance 
with Luger et al. (23).

RESULTS

Identification of H3.3 Mutations
COSMIC database analysis over 1012 unique samples showed 
that 94.2% of all somatic H3.3 mutations were missense substi-
tutions (n=953), most of which were caused by A>T nucleotide 
change. Furthermore, 2 nonsense substitutions, 8 synonymous 
substitutions, 2 frameshift deletions, 1 inframe insertion, 1 in-
frame deletion and 2 uncharacterized mutations were detected. 
The missense mutations were detected in various tissue types in-
cluding but not limited to breast, cervix, prostate, upper aerodi-
gestive tract, bone and central nervous system tissues. Table 1 
shows a complete list of 45 nonsynonymous mutations identified 
in H3.3. Proteins often undergo N-terminal methionine cleavage 
by methionine aminopeptidase (MAP), which removes the first 
methionine coded by the start codon (24). Therefore, the starting 
methionine is not always present in the mature protein. We real-
ized that the locations of the amino acid substitutions identified 
by the COSMIC database analysis differ from the mature protein 
by one amino acid, since the COSMIC database did not take the 
methionine removal into account. The amino acid changes be-
fore (detected by COSMIC) and after MAP cleavage are shown 
in Table 1. For coherence with other studies in the literature, our 
further analyses were based on the locations of amino acid sub-
stitutions after N-terminal methionine cleavage.

Prediction of Pathogenicity and Protein Stability
The potential effects of somatic H3.3 mutations on carcinogen-
esis were predicted using two methods. PredictSNP2 calculates 
an expected accuracy value, which is the consensus classifier for 
prediction of the effects of nucleotide variants based on 5 differ-
ent nucleotide-based prediction tools (CADD, DANN, FATHMM, 
FunSeq2 and GWAVA). PredictSNP2 analysis revealed that 17 

https://cancer.sanger.ac.uk/cosmic
https://loschmidt.chemi.muni.cz/predictsnp2/
https://loschmidt.chemi.muni.cz/predictsnp2/
http://fathmm.biocompute.org.uk/fathmm-xf/index.html
http://mupro.proteomics.ics.uci.edu/
https://www3.cmbi.umcn.nl/hope
https://www3.cmbi.umcn.nl/hope
https://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 1. Computational predictions of pathogenicity and protein stability for the H3.3 mutations.

PredictSNP2 Analysis
FATHMM-XF 

Analysis
MUpro Analysis

CDS 
mutation

AA mutation
(COSMIC)

AA mutation
(MAP cleavage)

Pathogenicity 
prediction

Expected 
accuracy

Pathogenicity 
score 

Stability 
prediction

Confidence 
score

c.7C>T p.R3C p.R2C Neutral 65% 0.580 Decrease -0.639
c.14A>T p.K5M p.K4M Neutral 63% 0.860 Increase 0.133
c.17A>C p.Q6P p.Q5P Neutral 63% 0.941 Decrease -0.469
c.18G>C p.Q6H p.Q5H Neutral 67% 0.436 Decrease -0.481
c.25C>G p.R9G p.R8G Neutral 63% 0.913 Decrease -1.865
c.25C>T p.R9C p.R8C Neutral 63% 0.879 Decrease -0.853
c.26G>A p.R9H p.R8H Neutral 63% 0.873 Decrease -1.566
c.34A>G p.T12A p.T11A Neutral 65% 0.839 Decrease -1.544
c.37G>A p.G13S p.G12S Neutral 63% 0.882 Decrease -1.347
c.60A>C p.Q20H p.Q19H Neutral 89% 0.323 Decrease -0.804
c.67A>C p.T23P p.T22P Deleterious 82% 0.940 Decrease -1.642
c.76G>T p.A26S p.A25S Neutral 65% 0.878 Decrease -1.333
c.82A>G p.K28E p.K27E Neutral 63% 0.874 Decrease -0.218
c.83A>T p.K28M p.K27M Deleterious 82% 0.874 Decrease -1.566
c.84G>T p.K28N p.K27N Neutral 63% 0.559 Decrease -0.414
c.86G>C p.S29T p.S28T Neutral 63% 0.863 Decrease -0.496
c.98C>T p.T33I p.T32I Neutral 63% 0.856 Decrease -0.256

c.103G>T p.G35W p.G34W Deleterious 82% 0.920 Decrease -0.756
c.103G>A/C p.G35R p. G34R Deleterious 87% 0.912 Decrease -0.739

c.104G>T p.G35V p.G34V Deleterious 87% 0.917 Decrease -0.746
c.110A>T p.K37M p.K36M Neutral 63% 0.851 Increase 0.315
c.111G>T p.K37N p.K36N Neutral 65% 0.687 Decrease -0.176
c.118C>A p.H40N p.H39N Deleterious 87% 0.890 Increase 0.148
c.136A>G p.T46A p.T45A Neutral 63% 0.855 Decrease -0.494
c.139G>A p.V47M p.V46M Neutral 63% 0.888 Decrease -0.013
c.143C>A p.A48E p.A47E Neutral 63% 0.889 Decrease -0.334
c.148C>T p.R50C p.R49C Deleterious 87% 0.647 Decrease -0.127
c.149G>A p.R50H p.R49H Neutral 65% 0.892 Decrease -0.768
c.160C>T p.R54C p.R53C Deleterious 82% 0.910 Decrease -1.181
c.168G>T p.Q56H p.Q55H Deleterious 82% 0.577 Decrease -1.236
c.190C>T p.R64C p.R63C Neutral 67% 0.909 Decrease -1.283
c.218G>A p.R73Q p.R72Q Deleterious 82% 0.869 Decrease -0.505
c.244G>A p.D82N p.D81N Deleterious 87% 0.878 Decrease -0.620
c.245A>T p.D82V p.D81V Deleterious 87% 0.881 Decrease -0.105
c.262G>T p.A88S p.A87S Deleterious 82% 0.636 Decrease -0.748
c.268A>G p.I90V p.I89V Neutral 65% 0.480 Decrease -0.920
c.295G>A p.A99T p.A98T Neutral 67% 0.836 Decrease -1.258
c.299A>G p.Y100C p.Y99C Neutral 63% 0.906 Decrease -1.230
c.317A>T p.E106V p.E105V Neutral 63% 0.918 Decrease -0.412
c.344C>G p.A115G p.A114G Deleterious 82% 0.924 Decrease -1.305
c.371A>G p.D124G p.D123G Deleterious 82% 0.913 Decrease -1.351
c.378G>T p.Q126H p.Q125H Deleterious 87% 0.792 Decrease -1.024
c.385C>T p.R129C p.R128C Neutral 65% 0.926 Decrease -0.823
c.386G>A p.R129H p.R128H Neutral 63% 0.912 Decrease -1.120
c.389G>A p.R130H p.R129H Deleterious 82% 0.915 Decrease -1.542
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out of 45 nucleotide substitutions were deleterious mutations 
with more than 82% expected accuracy. Higher percentage val-
ues indicate higher confidence; hence, G34R/V, H39N, R49C and 
D81N/V substitutions had the most confident pathogenicity 
prediction percentages (87%).

A second analysis was performed using FATHMM-XF, which pro-
duces p-values (pathogenicity scores) between 0-1 and predicts 
mutations with p>0.5 as pathogenic/deleterious. FATHMM-XF 
analysis yielded 42 mutations predicted to be deleterious. 

Lastly, the effect of H3.3 mutations on the overall protein sta-
bility was predicted using the MUpro tool, which calculates a 
confidence score, the prediction of the value of energy change 
(delta delta G), using a machine learning approach, namely the 
Support Vector Machine. Values <0 indicate decreased protein 

stability, while values >0 suggest increased protein stability, 
showing that most of the mutations caused decreased protein 
stability with varying confidence scores. Amino acid substitu-
tions with the lowest confidence scores, which are R8G, R8H, 
T11A, K27M and R129H, are predicted to result in a greater de-
crease in protein stability.

H3.3 Mutations in CNS 
Among the analyzed set of unique H3.3 missense mutations, 
the majority were identified in CNS (77%) and bone (14%) (Fig-
ure 1). Therefore, we selected the ones that originated from the 
CNS as the primary site for further analysis. H3.3 mutations in the 
CNS namely p.R2C, p.R8H, p.K27M, p.G34R, p.G34R, p.G34W and 
p.G34V, were mainly derived from brain, cerebral hemisphere, 
temporal lobe and frontal lobe, while they were also detected to a 

Figure 1. Distribution of the somatic missense mutations of histone variant H3.3 across tissue types. The majority of the mutations are 
detected in central nervous system (77%) and bone (14%).

Table 2: Somatic missense mutations of histone variant H3.3 in central nervous system (CNS) cancers.

AA mutation CDS mutation Primary tissue Tissue subtype Histology

p.R2C c.7C>T CNS Brain Glioma

p.R8H c.26G>A CNS Brain
Glioma, primitive neuroectodermal 

tumour-medulloblastoma

p.K27M c.83A>T CNS
Brain, cerebral hemisphere, 

thalamus, temporal lobe, spinal 
cord, posterior fossa, brainstem

Glioma, primitive neuroectodermal 
tumour-medulloblastoma

p.G34R c.103G>A CNS
Brain, cerebral hemisphere, 
occipital lobe, frontal lobe,

parietal lobe, temporal lobe

Glioma, primitive neuroectodermal 
tumour-medulloblastoma

p.G34R c.103G>C CNS
Basal ganglia, cerebral hemisphere, 

temporal lobe
Glioma, primitive neuroectodermal 

tumour-medulloblastoma

p.G34W c.103G>T CNS Frontal lobe Glioma

p.G34V c.104G>T CNS Brain, frontal lobe Glioma
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lesser degree in thalamus, spinal cord, posterior fossa, brain stem, 
occipital lobe, parietal lobe, temporal lobe and basal ganglia (Ta-
ble 2). Histologically, the tissues exhibited properties of glioma 
and primitive neuroectodermal tumour-medulloblastoma.

Analysis of Structural Alterations
Size, charge, and hydrophobicity are significant features of ami-
no acids which critically differentiate them from one another. 
Therefore, newly introduced mutant residues often result in 

structural alterations within the protein. We assessed these po-
tential 3D alterations using the HOPE server (Figure 2). For p.R2C 
and p.R8H substitutions, the side chains of the two amino acids 
were significantly different. The mutant residue was smaller and 
had a different charge when compared to the wild-type protein. 
p.K27M substitution resulted in a smaller mutant residue, while 
it was more hydrophobic than the wild-type residue. Substitu-
tion of G34 to R, V and W caused bigger and more hydrophobic 
mutant residues. p.G34R and p.G34W gave rise to the incorpo-

Figure 2. The 3D constructions depicting structural changes due to missense substitutions R2C, R8H, K27M, G34R, G34V and G34W that 
are found in glioma. Wild-type and mutated amino acids are indicated in green and red respectively.

Figure 3. Alignment of histone H3.3 amino acid sequences in human, mouse, rat, chicken, frog, zebra fish, yeast and plant tissues using 
Clustal Omega. N- and C-terminal tails and histone fold regions (α1-2-3 helices and L1-2 loops) are indicated. Amino acids R2, R8, K27 
and G34 (marked by green) are conserved across species.
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ration of significantly different side chains into the protein. The 
amino acid sequence alignment of histone H3.3 from human, 
mouse, rat, chicken, frog, zebra fish, yeast and plant tissues indi-
cated significant conservation across species (Figure 3). All mu-
tant residues given in Figure 2 were located within the highly 
conserved N-terminal tail of histone H3.3, which is an important 
domain for interaction with other molecules.

DISCUSSION

Histone H3 has three main variants; while H3.1 and H3.2 are 
classified as the canonical histone H3, H3.3 is the so called “re-
placement variant” which gets synthesized and incorporated 
into the chromatin throughout the cell cycle (25). Although 
the amino acid sequence of H3.3 differs only slightly from the 
canonical H3, most of these variant residues lie within struc-
turally important domains that affect its interaction with oth-
er histones in the nucleosome and histone chaperones (26). 
Therefore, nucleosomes containing H3.3 usually confer an open 
chromatin conformation and are found at active or poised tran-
scription sites that are enriched in tri-methylations of histone 
H3 at lysine 4 and 27 (27,28). Genes encoding epigenetic fac-
tors such as histones, their modifiers and chaperons, as well as 
chromatin remodeling enzymes are often mutated in cancer 
and are linked with tumorigenesis (29,30). Studies that have 
previously identified H3.3 mutations in various cancers mostly 
focused on the amino acid substitutions at K27, G34 and K36. 
Mutations in K27 were mainly found in diffuse intrinsic pontine 
glioma (DIPG), a subtype of pediatric glioma, and were associat-
ed with poor prognosis (15-17). G34 substitutions were found in 
pediatric gliomas located in cerebral hemispheres and giant cell 
tumors of the bones in young adults (15,31,32). K36 mutations 
were identified in chondroblastomas and pediatric sarcomas 
(17,33). In this paper, we identified the whole set of H3.3 muta-
tions in addition those previously identified and characterized 
their physical and functional properties. Our in-silico analyses 
showed that most missense mutations of H3.3 were pathogen-
ic/deleterious and resulted in decreased protein stability.

Among all the somatic missense mutations of histone variant 
H3.3 retrieved from the COSMIC database across different tis-
sues, the majority were found in the central nervous system can-
cers. These mutations can potentially act through two mecha-
nisms: either by affecting histone PTMs or altering interactions 
between histones and their chaperones. Most of these muta-
tion hotspots are functionally critical as they can be post-trans-
lationally modified, which is a crucial mechanism for epigenetic 
regulation of transcriptional activity. H3K27me3 is a repressive 
histone modification located in transcriptionally inactive genes 
and compact chromatin loci (34,35). Substitution of lysine at 
position 27 to methionine abolishes this function and results in 
decreased H3K27me3 levels since methionine cannot be meth-
ylated. In line with this, it was previously reported that patients 
with p.K27M substitutions exhibit globally reduced H3K27me3 
levels (36). H3K36me3 is found in actively transcribed gene 
bodies and missense mutations resulting in p.K36M/N cause 
reduced H3K36me3 levels (26). Glycine is not directly modified, 

but it is an amino acid that provides flexibility to the protein, 
which could be required for its proper functioning; thus, its mu-
tation could result in disrupting this function. Furthermore, due 
to its proximity to K36, it is suggested that G34 substitutions 
could affect the function of H3K36me3 (32). In addition to these 
previously identified mutations, histone H3 can be methylated 
at arginine 2 and 8 by PRMT6 and PRMT5, respectively (37,38). 
Both of these post-transcriptional modifications are considered 
as repressive marks (37-40). Substitutions of arginines at posi-
tions 2 and 8 would prevent these methylations to take place 
and alter the transcriptional profile. Therefore, p.R2C and p.R8H 
could be as important as K27M and G34R/V/W in CNS tumori-
genesis, although they are observed less frequently. 

We also showed that all H3.3 mutations detected in CNS can-
cers introduced structural changes into the protein in varying 
degrees, which might be affecting its interactions with other 
proteins, such as histone chaperons. Histones are composed of 
N- and/or C-terminal tails and three α-helices connected by two 
loops, which is called the “histone fold motif” (41). This structure 
is highly conserved and is significant for interacting with both 
chromatin modulators and the DNA itself. For instance, histone 
tails that protrude from the nucleosome often interact with the 
DNA and contribute to the higher-order chromatin formation 
(42). Furthermore, histone variant H3.3 is deposited onto chro-
matin by two main histone chaperon complexes, namely HIRA 
and DAXX/ATRX (43); and disruption of these interactions would 
drastically change both the genomic distribution of histone 
variants and the transcriptional activity. Interestingly, patients 
with H3.3 mutations are reported to have frequent co-occur-
ring mutations in DAXX and ATRX (44, 45). Almost all patients 
with mutated H3.3 and DAXX/ATRX also exhibit activation of a 
mechanism called “alternate lengthening of telomeres”, which 
is a hallmark of cancer (44).

CONCLUSION

Incorporation of histone variant H3.3 into chromatin, as well 
as its somatic missense mutations dramatically alter the epig-
enomic landscape and the gene expression profile of a cell. 
Previous studies suggested that distinct gene expression pat-
terns (45), transcriptome and interactome profiles (46) are es-
tablished between tumors carrying different H3.3 mutations. 
Therefore, H3.3 mutations in CNS cancers are considered both 
as disruptors of the expression of genes required for brain 
function and as drivers of tumorigenesis (44,46). In conclusion, 
histone variants play significant roles in epigenetic regulation. 
Therefore, mutations in histone variant genes often contribute 
to carcinogenesis. A better understanding of these cancer-re-
lated mutations and their potential effects is useful for future 
studies. 
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