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Kristóf Madarász a , János András Mótyán b, Yi-Che Chang Chien a, Judit Bedekovics a,  
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A B S T R A C T

BCOR (BCL-6 corepressor) rearranged small round cell sarcoma (BRS) represents an uncommon soft tissue 
malignancy, frequently characterized by the BCOR::CCNB3 fusion. Other noteworthy fusions include BCOR:: 
MAML3, BCOR::CLGN, BCOR::MAML1, ZC3H7B::BCOR, KMT2D::BCOR, CIITA::BCOR, RTL9::BCOR, and AHR:: 
BCOR. The BCOR gene plays a pivotal role in the Polycomb Repressive Complex 1 (PRC1), essential for histone 
modification and gene silencing. It interfaces with the Polycomb group RING finger homolog (PCGF1). This study 
employed comprehensive in silico methodologies to investigate the structural and functional effects of BCOR 
fusion events in BRS. The analysis revealed significant alterations in the domain architecture of BCOR, which 
resulted in the loss of BCL6-regulated transcriptional repression. Furthermore, IUPred3 prediction indicated a 
significant increase in disorder in the C-terminal regions of the BCOR in the fusion proteins. A detailed analysis of 
the physicochemical properties by ProtParam revealed a decrease in isoelectric point, stability, and hydropho
bicity. The analysis of protein structures predicted by AlphaFold3 using the PRODIGY algorithm revealed sta
tistically significant deviations in binding affinities for BCOR-PCGF1 dimers and a non-canonical PRC1 variant 
tetramer compared to the wild-type BCOR. The findings provide a comprehensive summary and elucidation of 
the fusion proteome associated with BRS, suggesting a substantial impact on the stability and functionality of the 
fusion proteins, thereby contributing to the oncogenic mechanisms underlying BRS. In this study, we provide the 
first compilation and comparative analysis of the known BCOR fusions of BRS and introduce a new in silico 
approach to enhance a better understanding of the molecular basis of BRS.

1. Introduction

In silico methods have significant importance in modern cancer 
research, particularly in the context of the analysis of single nucleotide 
polymorphisms (SNPs), mapping of hotspots, virtual screening, molec
ular docking as well as investigation and prediction of intermolecular 
interactions [1–4]. Computational approaches facilitate the identifica
tion and annotation of SNPs through genome-wide association studies 
and next-generation sequencing, enabling the prediction of their func
tional impact on protein function and cancer risk [5,6]. The latest iter
ation of AlphaFold2, the AlphaFold3 (AF3) has further advanced the 
field of protein modeling, offering enhanced capabilities for predicting 
the three-dimensional structures of even larger fusion proteins and 

protein complexes [7,8]. Computational modeling techniques, including 
protein structure prediction and molecular dynamics simulations, 
permit researchers to visualize the impact of fusion events on the 
three-dimensional structure of proteins. This enables an assessment of 
how the relative positioning of distinct domains affects protein folding, 
stability, and function [7,9].

BCOR (BCL-6 corepressor) rearranged small round cell sarcoma 
(BRS) is a rare soft tissue tumor occurring in the bones of young patients. 
Based on the 5th edition of the WHO Classification of soft tissue and 
bone tumors, BRS belongs to the third distinct subset of "undifferenti
ated small round cell sarcomas of bone and soft tissue" [10] with his
tological features, immune profile, and expression signatures, that differ 
from round cell sarcomas with EWSR1 gene fusion with non-ETS 
(non-E26 transformation-specific) family members and from Capicua 
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transcriptional repressor (CIC)-rearranged sarcomas [11].
The BCOR gene is located in the Xp11.4 chromosomal region and 

mediates apoptotic and oncogenic activities of cells through BCL6- 
regulated transcriptional repression via epigenetic signaling mecha
nisms [12–14]. BCOR (Uniprot ID: Q6W2J9) binds to Polycomb group 
RING finger homolog (PCGF1) protein of Polycomb repressive complex 
1 (PRC1) through its PCGF ubiquitin-like fold discriminator (PUFD) 
domain, which facilitates epigenetic modification of histones by the 
addition of a ubiquitin moiety to histone H2A at Lys119 (H2AK119) [15,
16]. The BCOR PUFD and the PCGF1 WD40-associated ubiquitin-like 
(RAWUL) domain interact in a hierarchical mode of assembly. Upon 
binding of PCGF1, the termini of BCOR’s PUFD domain become struc
turally ordered, enabling stable association with lysine-specific deme
thylase 2B (KDM2B). This interaction is critical for the assembly of the 
non-canonical PRC1 variant known as PRC1.1 [17,18]. The interaction 
between RAWUL and PUFD depends on the β-sheet and loop interaction 
surfaces for selective binding of their respective partners [15]. PRC1 
silences several genes, including the homeobox (HOX) group of genes 
[16,19]. It inhibits the mesoderm and endoderm specification genes and 
assumes an integral part in regulating the primed pluripotent state. 
Notably, BCOR seems to be non-essential for mouse embryonic stem cell 
(mESC) pluripotency similar to other recently reported human ESC 
(hESC) regulators [20]. Recruitment of BCOR to the target sites is pri
marily mediated by its C terminus, which plays a necessary and suffi
cient role in this process. The PUFD domain is likely to play a key role in 
targeting BCOR to PRC1.1. In addition, the N terminus of BCOR con
tributes to transcriptional repression independently of the C terminus 
[21].

Internal tandem duplications (ITDs) and translocations leading to 
gene fusions are the most frequently occurring aberrations of BCOR. The 
G2/mitotic-specific cyclin-B3 (CCNB3) was identified as the most 
prevalent fusion partner in BRS [22,23]. Following the increasing use of 
molecular diagnostics methods, especially next-generation sequencing 
(NGS), Spacht et al. reported two novel fusions in 2016, namely BCOR:: 

MAML3 (mastermind-like protein 3) and ZC3H7B::BCOR (ZC3H7B: zinc 
finger CCCH domain-containing protein 7B) [24]. Subsequently, Kao 
et al. discovered the KMT2D::BCOR fusion (KMT2D: histone-lysine 
N-methyltransferase 2D) in 2018 [11], while Yoshida et al. detected 
CIITA::BCOR (CIITA: MHC class II transactivator) and ZC3H7B::BCOR 
fusions in 2020 [25]. More recently, in 2022, Vassella et al. identified an 
RTL9::BCOR gene fusion (RTL9: retrotransposon gag-like protein 9; the 
protein is also referred to as retrotransposon gag domain-containing 
protein 1, RGAG1). As compared to the other fusions described above, 
this fusion protein uniquely contains a non-canonical BCOR that lacks its 
1168–1201 region and thus corresponds to isoform 2 of BCOR (BCOR-2) 
[26]. An additional fusion has been reported by our research group in 
2023, we described the BCOR::CLGN (CLGN: calmegin) fusion in BRS 
[27]. In addition, Cocchi et al. found two novel BCOR-2 isoform fusion 
proteins in 2024, BCOR::MAML1 (MAML1: mastermind-like protein 1) 
and AHR::BCOR (AHR: aryl hydrocarbon receptor) [28].

In this study, we aimed (i) to collect the currently available literature 
data on BRS, including cDNA sequences derived from NGS and Real- 
Time-PCR (RT-PCR) data, to assemble the amino acid sequences of the 
fusion proteins, (ii) to use in silico approaches for the analysis of the 
chimeric sequences as well as structures, and (iii) to build the 3D 
structures of the chimeric proteins, to reveal the oncogenic mechanism 
of BCOR fusion small round cell sarcomas.

2. Materials and methods

2.1. Protein information

The nucleotide sequences of the nine fusion genes – that were 
determined by Sanger sequencing – were obtained from the scientific 
literature [11,22,24–27]. Ensemble (Genome assembly: GRCh37.p13; 
GCA_000001405.14) was used to find the breakpoints of the fusions [29] 
and to manually assemble the sequences. The coding sequences were 
translated in silico by using the ExPASy: Translate online translation tool 
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(https://web.expasy.org/translate/) [30]. Protein information for the 
BCOR(-2), CCNB3, MAML3, ZC3H7B, KMT2D, CIITA, RTL9, and CLGN, 
MAML1, and AHR proteins or their assembled fusion proteins were 
obtained from the UniProt database [31]. The fusion of genes and pro
teins is indicated by a double colon () [32].

The domain information was obtained from UniProt, the Conserved 
Domain Database (CDD) [33], and InterPro (version 5.67–99.0) [34] 
databases. The Gene Ontology terms (GO) were determined based on the 
amino acid (AA) sequences we assembled on InterPro. The PANTHER 
GO terms were used [35–38].

2.2. Calculation of physicochemical properties

The physicochemical properties were calculated by using ExPASy’s 
ProtParam tool (https://web.expasy.org/protparam/) [39], including 
the theoretical isoelectric point (TpI), molecular weight, the total 
number of positive and negatively charged residues, extinction coeffi
cient (EC) [40–42], instability index (II) [43], aliphatic index (AI) [44], 
and grand average hydrophobicity (GRAVY) [45]. The extinction coef
ficient estimates the molar extinction coefficient based on the amino 
acid composition. This value is essential for accurate quantification of 
protein concentration in spectrophotometric analysis. The instability 
index provides an estimate of the in vitro stability of a protein. The 
aliphatic index of a protein is considered a factor increasing thermo
stability of globular proteins and is specifically defined as the relative 
volume occupied by aliphatic side chains (alanine, valine, isoleucine, 
and leucine). The GRAVY score is calculated as the sum of the hydrop
athy values of all amino acids (AA) divided by the number of residues in 
the sequence. The following formula was used to calculate the change in 
physicochemical values between the wild-type partner and the fusion 
proteins: 

change (%)=
fusion protein value − wild type protein value

|wild type protein value|

2.3. Prediction of signal peptides and disorder propensities

The SignalP 6.0 predictor was utilized to identify signal peptides in 
the proteins. SignalP-6.0 employed a transformer protein language 
model combined with a conditional random field for structured pre
diction. Only Sec/Signal Peptides (Sec/SPI) found in eukaryotes were 
searched, as the selected input organism was Eukarya [46]. DeepLoc 2.0 
is a multi-label predictor that was utilized to estimate the intracellular 
localization of the proteins, this tool is based on the use of a 
transformer-based protein language model, providing accurate pre
dictions and interpretability through attention mechanisms. Only those 
probability scores were considered that were higher than the default 
thresholds of DeepLoc 2.0: cytoplasm (0.4761), nucleus (0.5014), and 
endoplasmic reticulum (0.6090) [47]. To validate the results of the 
predictions, the predicted data were compared to those of the UniProt 
database and The Human Protein Atlas [31,48]. Additionally, the 
NetGPI-1.1 GPI-anchored predictor [49] – a deep learning approach 
based on recurrent neural networks that incorporates an attention 
mechanism - was applied to determine the potential glyco
sylphosphatidylinositol (GPI) anchoring of the proteins. The three pre
dictors were reached on the https://services.healthtech.dtu.dk/website.

To predict intrinsically disordered regions (IDRs) within the pro
teins, we utilized IUPred3 (https://iupred3.elte.hu/) which online tool 
that employs a biophysics-based model to identify regions lacking stable 
structure under native conditions. Using the IUPred3 web server, we 
performed a comparative analysis of the residues 1448–1633 (region
ANK + linker) and 1634–1748 (regionPUFD) between the wild-type BCOR 
(wBCOR) and its fusion proteins [50].

2.4. Analysis of protein structures

Three-dimensional (3D) models of the proteins involved in the 
BCOR-PCGF1 and PRC1.1 complexes were generated using AlphaFold3 
(AF3) (https://alphafoldserver.com/) [7]. We constructed dimers of 
BCOR and PCGF1 and tetramers of BCOR, PCGF1, KDM2B, and S-phase 
kinase-associated protein 1 (SKP1) proteins. 50 models were prepared 
for each complex. The predicted models were compared with the 
experimentally determined structure (if available) of the BCOR-PCGF1 
dimer (PDB ID: 4hpl) [15] and with the predicted models of the 
wild-type proteins. Due to the length limitation of the AlphaFold Server 
(beta), we could not predict the structure of KMT2D::BCOR consisting, 
of 5480 amino acid residues.

The PRODIGY (PROtein binDIng enerGY prediction) web server 
(https://rascar.science.uu.nl/prodigy/) [51] was employed to predict 
the binding affinity as described by the Gibbs free energy change (ΔG) in 
kcal mol− 1. PRODIGY is a web server that combines structural and en
ergetic parameters to predict the Gibbs free energy change (ΔG) upon 
binding, based on the 3D structures of protein-protein complexes. The 
algorithm integrates intermolecular contacts and non-interacting sur
face properties to accurately estimate binding affinity. The alterations in 
the ΔG of BCOR-PCGF1 dimers were investigated across the entire 
protein sequence (full-length), specifically the BCOR PUFD region from 
1634 to 1748 and the PCGF1 RAWUL region from 167 to 255 (RAW
UL-PUFD domain length). The regions of the RAWUL domain encom
passing 167–177 and 185–254, and the PUFD domain at 1636–1748 
(4hpl length), were examined [15]. Additionally, varying interaction 
surfaces and key residues were investigated. This allowed us to compare 
the predicted models with the experimental structure of the 
BCOR-PCGF1 dimer and to limit the PRODIGY predictions to the rele
vant sequences. PyMOL was used to visualize the protein structures 
[52]. We omitted the 178–184 residues of the RAWUL domain from the 
analyses, as this loop is missing from the crystal structure (PDB ID: 4hpl). 
Although this region does not interact with the PUFD domain, we 
removed it from the modeled complexes using PyMOL [52] for consis
tency. We also generated BCOR-PUFD wild-type dimers based on the 
4hpl crystal structure using AF3 [7] as a control. We predicted and 
analyzed the heterotetramers of BCOR, PCGF1, KDM2B, and SKP1 using 
their full-length sequences (BCOR 1–1755, PCGF1 1–259, KDM2B 
1–1336, SKP1 1–163). In instances where the BCOR-2 isoform was 
present, the isoform sequence corresponding to the canonical protein 
was utilized.

The contact map was generated using the MAPIYA contact map 
webserver (https://mapiya.lcbio.pl/) with a distance cut-off of 5.5 Å. 
MAPIYA calculates residue-residue interactions by determining pairwise 
distances based on protein structure. Residues within the specified dis
tance threshold were in contact, allowing for visualization of the pro
tein’s structural organization and interaction networks. Possible 
interaction forces were also described in brackets after the contacts [53].

PDB 4hpl was downloaded from the RCSB Protein Data Bank [54].

2.5. Molecular dynamics (MD) simulation

We performed 10 ns molecular dynamics (MD) simulations using the 
GROMACS software suite [55–62]. For each of the nine BCOR-PCGF1 
dimers (wild-type and fusion variants), a single structure was selected 
from the 50 replicates generated by AlphaFold, based on the highest 
iPTM and pTM scores, ensuring the most stable and reliable conforma
tions were analyzed. Binding affinities between BCOR proteins and 
PCGF1 were calculated using the gmx_MMPBSA tool, which applies the 
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) 
method to estimate interaction energies with high accuracy [63,64].

2.6. Statistics

Friedman’s tests followed by Dunn’s multiple comparisons were 

K. Madarász et al.                                                                                                                                                                                                                              Computers in Biology and Medicine 191 (2025) 110144 

3 

https://web.expasy.org/translate/
https://web.expasy.org/protparam/
https://services.healthtech.dtu.dk/
https://iupred3.elte.hu/
https://alphafoldserver.com/
https://rascar.science.uu.nl/prodigy/
https://mapiya.lcbio.pl/


performed to compare the IUPred3 IDRs scores. Ordinary one-way 
ANOVA, Kruskal-Wallis, Brown-Forsythe ANOVA, and post-hoc tests 
were used to compare the binding affinity values of the complexes. 
Statistical tests were performed using GraphPad Prism version 9.5.1. 
[65–67]. P values were considered significant where P < 0.05.

For graph and Figure construction, GraphPad Prism [67] version 
9.5.1 and IBS (illustrator of biological sequences) were used [68].

3. Results

3.1. Sequence analysis

There are considerable challenges in the diagnosis and therapy of 
BRS due to its rarity and overlapping features with other sarcomas. 
Nevertheless, the BCOR fusions serve as a diagnostic marker, helping the 
differentiation of BRS from similar malignancies [69]. Moreover, un
derstanding the structural and functional changes caused by these fu
sions offers insights into the tumorigenic processes. To investigate this 
rare malignancy, we collected the known BCOR fusions of BRS. After 
collecting the nucleotide sequences (), we performed the translation of 
the sequences in silico, followed by the analysis of the fusion proteins’ 
sequences of the fusion proteins and the comparison to those of the 
wild-types (by using Blastp tool).

The seven studied fusion proteins were classified into two groups 
based on the position of the wild-type BCOR (wBCOR) within the fusion 
protein. In four of the nine cases, the wBCOR protein was found to be 
located at the N terminus, while in the other five cases at the C terminus 
of the fusion proteins. These groups are referred to in this paper as 
BCORNT and BCORCT, respectively.

The BCOR is present at the N terminus of the BCOR::CCNB3, BCOR:: 
CLGN, BCOR::MAML3, and BCOR-2:MAML1 fusion proteins (Fig. 1). 
The BCOR::CCNB3 (UniProt ID: H9A532; 3038 AA) and BCOR::CLGN 
(2070 AA) encompasses the full-length wBCOR (1755 AA), while BCOR- 
2:MAML1 (2699AA) the whole BCOR-2 (UniProt ID: Q6W2J9-2). In 
these cases, the fusion causes the loss of a short N-terminal region of 
CCNB3 (<10 % of the full-length protein sequence), while the truncation 
is more remarkable (~50 %) in CLGN where 1–295 of the 610 residues is 
deleted upon the fusion, as reported previously [27]. The BCOR-2:AHR 
protein’s C terminus AHR partner suffers a 39 AA minor loss. The BCOR:: 
MAML3 fusion proteins contain the nearly full-length wBCOR, the 
1–1751 residues are present and only the 1751-1755 C-terminal residues 
are missing. The 1752–2734 region of the fusion protein corresponds to 
the MAML3 protein having a truncated N terminus, and 1–156 of the 
1138 residue long protein is missing. The amino acid residue at position 
1752 was coded by guanine, alanine of BCOR, and guanine base of 
MAML3.

In the case of the BCORCT group, the fusion causes a more remarkable 
shortening of the BCOR protein sequence, except RTL9:BCOR-2. In the 
other three cases, there is a 50–62 % decrease in the length of the 
wBCOR sequence (Fig. 1, Table 1). The length of the ZC3H7B::BCOR 
fusion protein is 1108 AA, its 1–433 region corresponds to the truncated 
ZC3H7B protein while the 434–1108 region to the 1081–1755 residues 
of wBCOR. In the case of KMT2D::BCOR, the fusion results in a 5480 AA 
long fusion protein, representing the 1–4667 and 943–1755 residues of 
KMT2D and wBCOR, respectively. Accordingly, 16 % and 54 % of the 
respective full-length KMT2D and BCOR sequences are missing from the 
fusion proteins.

The most remarkable sequence truncation was observed for the 
fusion partners in the case of the CIITA::BCOR, which is the shortest of 
the studied fusion proteins (it contains 821 AA). The fusion protein 
contains only 13 % of the CIITA and 38 % of the wBCOR sequences, 
representing the 1-145 N-terminal and 1081-1755 C-terminal regions of 
the wild-type proteins, respectively. The triplet coding for the Arg146 
residue was coded by a cytosine of the CIITA and guanine and cytosine of 
the BCOR gene.

The RTL9:BCOR-2 fusion protein – consisting of 2891 residues – 

contains the RTL9 protein truncated at its C terminus (the 1200–1388 
region is missing) as well as the nearly full-length BCOR-2 which lacks 
only its 1-29 C-terminal residues in the fusion protein.

The AHR::BCOR-2 fusion protein was found to be 1676 AA long. The 
AHR was truncated at residue 801, and because of the fusion event, it 
continued with residues 802 to 806 from its intron 10. The C terminus of 
the fusion protein ended with the largely truncated 868–1721 part of the 
BCOR-2 protein (Fig. 1).

In summary, the sequence analysis revealed considerable variability 
both for BCOR and its fusion partners, thereby emphasizing the struc
tural diversity caused by the fusion events. The degree of sequence 
retention observed for BCOR ranged from 38 % to 100 %, with an 
average value of approximately 79 %. It is worthy of note that the most 
extensive truncation was observed in the CIITA::BCOR fusion, where 
BCOR protein retains only 38 % of its sequence, while BCOR remains 
entirely intact (100 % retention) in fusions such as BCOR::CCNB3, 
BCOR::MAML3, and BCOR::CLGN. As compared to BCOR, the fusion 
partners exhibit more pronounced truncations, they retain 13–98 % of 
their original sequences (the average retention was approximately 65 
%). The CIITA protein exhibits the most substantial loss, showing only 
12.8 % sequence retention in the CIITA::BCOR fusion, while RTL9 re
tains almost its full sequence (98.3 %) in the RTL9:BCOR-2 fusion pro
tein. These findings highlight the significant structural alterations 
induced by fusion events, which are likely to contribute to the functional 
consequences observed in BCOR-rearranged sarcomas.

3.2. Physicochemical characteristics of fusion proteins

The physicochemical properties of the fusion proteins were calcu
lated by using the ProtParam web server (Fig. 2). In all instances, we 
observed alterations in the physicochemical properties of the fusion 
proteins as compared to the wild-types (Table 2).

The mean alteration across all cases was 29.54 %, and the mean 
alteration of absolute values was 53.43 % (|mean|). The + R(%) and -R 
(%) values - indicating the percentage of the charged amino acid resi
dues to the total number of the residues - were 9.79 % and 8.68 % 
respectively, with standard deviations of 1.98 and 1.87. The mean 
change was 62.47 % and the absolute mean was 53.43 % for the BCORNT 

group, while the respective 3.20 % and 42.61 % values were obtained 
for the BCORCT group (Fig. 2, Table 2).

The MAML1 protein exhibited the most substantial mean change 
(132.20 %), which can be explained by its large truncation due to the 
fusion event. In contrast, the smallest mean difference (0.47 %) and the 
smallest |mean| change (3.56 %) were observed for ZC3H7B and 
KMT2D, respectively. The mean change of the GRAVY values was 
− 26.13 % (Fig. 2C), with the smallest and largest differences observed 
for BCOR-2 in BCOR-2:MAML1 (− 3.18 %) and CIITA (− 305.10 %). The 
mean change in AI values was negligible (− 0.19 %), although the CIITA 
showed a 24.29 % decrease, resulting in a decrease in thermostability. 
The mean alterations of the instability index were more noticeable (4.69 
%), with the greatest change found in the case of BCOR protein in 
KMT2D::BCOR fusion, which increased by 39.63 %, indicating a 
decrease in protein thermostability.

The mean percentage change of +R and -R was 62.61 %–69.71 %, 
with the highest recorded values being 258.67 % and 301.41 %, both of 
which were observed in MAML1, due to its drastic truncation of the 
fusion event.

The mean change of EC of the fusion proteins was 74,18 % compared 
to their wild-type (Fig. 2C). The BCOR-2:MAML1 showed the largest 
increase in EC, rising by 352.6 % from MAML1. Conversely, CIITA:: 
BCOR displayed the largest decrease in EC, dropping by 19.2 % from 
CIITA (Fig. 2A).

The mean pI of the fusion proteins was found to decrease by − 6.31 % 
as compared to the pI values of the wild-type proteins (Fig. 2C). It is 
noteworthy that ZC3H7B::BCOR exhibited the most pronounced 
reduction of pI, with a 27.67 % decline as compared to ZC3H7B. In 
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Fig. 1. Domains and functional sites of known fusion proteins from BCOR-rearranged sarcomas. As a result of the fusion events, the new fusion protein has lost 
several regions, both short and long, along with the domains and functional sites when compared to the wild-type fusion partners. Schematic representation is shown 
for each fusion partner and fusion protein, in the order corresponding to their N- or C-terminal positions in the fusion proteins. The red dotted lines and labels 
indicate the sites of the breakpoints at the protein level. The lengths of KMT2D and KMT2D::BCOR proteins, except for the domains, are not representative due to the 
large size of these two proteins, all other proteins are represented proportionally. Bbs: BCL6 biding site, Mbs: MLLT biding site, ANK: ankyrin repeats; PUFD: PCGF 
Ubiquitin-like fold discriminator; D-box: destruction box, MamL-1: Neurogenic mastermind-like, N-terminal domain, Maml1_3 TAD 1-2: Mastermind-like 1/3: 
transactivation domain; TPR: Tetratricopeptide repeats, LD motif: leucine-aspartate repeat motif, C3H1-type: CCCH type, C2H2-type: CCHH type; ePHD: extended 
plant homeodomain, PHD: plant homeodomain, HMG-box: high mobility group -box, FYRN: FY-rich domain N-terminal region, FYRC: FY-rich domain C-terminal 
region, SET: pre-SET and post-SET region; ADD: acetyltransferase domain, P\S\T: Proline-serine-threonine rich domain, LRR: Leucine-rich repeat ribonuclease in
hibitor; NLS1: Nuclear localization signal 1; bHLH: basic helix-loop-helix; PAS: Per-ARNT-Sim domain; PAC: C terminal subunit of PAS; BCOR-2: BCOR isoform 2. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

K. Madarász et al.                                                                                                                                                                                                                              Computers in Biology and Medicine 191 (2025) 110144 

5 



contrast, the pI of BCOR::CLGN was found to be 20.6 % higher than that 
of CLGN (Fig. 2A). However, none of the fusion proteins exceeded the 
pH range of 4.5–10, indicating nuclear localization [70].

The CIITA protein’s AI and GRAVY values decreased by − 305.10 % 
and − 24.29 %, respectively, indicating a decrease in protein thermo
stability and an increase in hydrophilicity. It is noteworthy that the 
BCOR protein in the KMT2D::BCOR fusion showed an increased II, 
despite already having a high II value and a longer protein length than 

BCOR. This resulted in a considerable decrease in the stability of the 
BCOR while a more moderate change in the stability of KMT2D 
(Fig. 2C).

Overall, considerably lower SD were observed for the AI, II, and TpI 
values than for the other parameters (Fig. 2C). The highly similar 
aliphatic index values (AI) imply similar thermal stability for the fusion 
proteins. The instability indexes are also similar, the highest value was 
calculated for KMT2D::BCOR, indicating the lowest relative stability for 

Table 1 
Fusion events and breakpoints (BP) in BCOR-rearranged sarcomas. AA: amino acids, WT: wild-type. The fusion protein of RTL9, MAML1, and AHR with BCOR 
contained the second isoform of BCOR (BCOR-2). This isoform consists of 1721 residues. In the case of the other fusions, the BCOR corresponds to the canonical form 
containing 1755 residues. A schematic representation of the fusion proteins is shown in Fig. 1. The lengths are shown for the fusion partners if they are part of the fusion 
protein (partner 1 or 2) or not (WT). int.: Intron.

Index Gene information Protein information

Fusions Gene 5′ BP Gene 3′ BP Chromosomal 
partners

Exonic BP 5’ - 
3′

Partner 1/WT length 
(AA)

Partner 2/WT length 
(AA)

Fusion protein length 
(AA)

1 BCOR:: 
CCNB3

39 911 366 50 051 504 chr X - chr X 15. - 5. 1755/1755 1283/1395 3038

2 BCOR:: 
MAML3

39 911 374 141 074 014 chr X - chr 4 15. - 1. 1751/1755 982/1138 2734

3 BCOR::CLGN 39 911 366 141 317 359 chr X - chr 4 15. - 9. 1755/1755 316/610 2070
4 BCOR:: 

MAML1
40 051 795 179 733 227 chr X - chr 5. 10. - 4. 1721/1721 978/1016 2699

4 ZC3H7B:: 
BCOR

41 738 632 39 923 852 chr X - chr X 12. - 7. 433/977 675/1755 1108

5 KMT2D:: 
BCOR

49 424 063 39 931 774 chr 12 - chr X 42. - 4. 4667/5537 813/1755 5480

6 CIITA::BCOR 10 992 859 39 923 852 chr 16 - chr X 5. - 7. 145/1130 675/1755 821
7 RTL9::BCOR 109 697 442 39 937 097 chr X - chr X 2. - 3. 1199/1388 1692/1721 2891
9 AHR::BCOR 17 340 228 40 072 790 chr 7 - chr X 10. (+int 10.) 

4.
801/848 + 6 (int 10) 853/1721 1676

Fig. 2. Changes in the fusion proteins’ physicochemical properties as compared to wild-type partner proteins. (A) Differences of eight investigated features 
(%) between wild-type and fusion proteins. GRAVY: grand average hydropathy, AI: aliphatic index, II: instability index, EC: extinction coefficient at 280 nm, +R: the 
number of positively charged residues, − R: the number of negatively charged residues, TpI: the theoretical isoelectric point, Mw: molecular weight, WT: wild-type. 
(B) The mean and standard deviation of the percentage changes in proteins. (C) The mean and standard deviation of the percentage changes in eight attributes. | 
Mean|: mean of absolute values, Error bars show standard deviation (SD).
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this protein. The comparable averages that were calculated for the wild- 
type partners and the fusion proteins indicate only moderate change for 
these parameters.

Based on the comparison of the mean values of the partner proteins 
and the fusion proteins, the Gravy, AI, -R(%) and +R(%) values of the 
partner proteins showed a decrease, while II was increased. This led to 
an increase in hydrophobicity, a decrease in thermostability, a lower 
percentage of the charged amino acid residues, and a higher probability 
of protein degradation or denaturation.

3.3. Protein domains and structural changes

The CDD, UniProt, and InterPro databases were utilized to map do
mains and interaction sites for both wild-type and fusion proteins. 
Notably, the ankyrin (ANK) repeats and PUFD domain of BCOR are 
retained in all fusion proteins (Fig. 1). The MLLT3 binding site (Mbs) has 
been identified in all fusion proteins. However, in the BCOR-2 isoforms 
only 89 residues are presented, in contrast to the full 123 residues 
observed in the canonical BCOR. The BCL6 binding site (Bbs) is present 
in all BCORNT fusions, but only in RTL9:BCOR-2 of the BCORCT group. 
The fusion proteins in other partners exhibit different degrees of changes 
in the functional domains.

In the BCOR::CCNB3 fusion, a short N-terminal region of CCNB3 
containing its destruction box (D-box) is lost, while both C-terminal 
cyclin boxes are retained. The BCOR::MAML3 fusion protein lacks the 
neurogenic mastermind-like, N-terminal (MamL-1) domain and part of 
the MamL1/3 transactivation domain 1 (MamL1/3 TAD1), but retains 
the MamL1/3 TAD2 domain. The BCOR::CLGN fusion results in the loss 
of 232 out of the 368 residues of the calreticulin domain, which is crucial 
for calcium ion binding [27].

The BCOR-2:MAML1 fusion protein retains the integrity of BCOR-2, 
while MAML1 loses its initial 39 residues, affecting 26 amino acid res
idues of the MamL-1 domain. In KMT2D, only the extended plant 
homeodomain (ePHD) zinc finger, five PHDs, and high mobility group 
(HMG) box domains are preserved, while the second ePHD, the F/Y-rich 

N terminus (FYRN), the F/Y-rich C terminus (FYRC) and the SET 
(including the post-SET) domains are absent. The ZC3H7B::BCOR fusion 
protein retains the LD motif and three tetratricopeptide repeats (TPR) 
but loses all zinc fingers. The CIITA::BCOR fusion protein contains only 
the acetyltransferase domain of CIITA, while its P\S\T rich and NACHT 
domains, as well as leucine-rich repeats (LRRs), are missing.

The RTL9:BCOR-2 fusion causes a breakpoint at the 1199th position 
of RTL9, resulting in the deletion of the entire capsid-like domain 
(1169–1316 region) near its C-terminus. For the AHR::BCOR-2 fusion, 
AHR retains all functional domains but loses 47 C-terminal residues, 
while BCOR-2 loses its Bbs domain (Fig. 1).

3.4. Gene ontology

We conducted an InterPro search to acquire PANTHER GO terms and 
define the functional attributes as well as compare the biological pro
cesses, molecular functions, and cellular components of the wild-type 
and fusion proteins. The results suggest that the GO terms associated 
with the BCOR protein, including negative regulation of transcription by 
RNA polymerase II (GO:0000122), transcription corepressor activity 
(GO:0003714), and nucleus (GO:0005634), were prevalent in the fusion 
proteins, as well. The GO terms of the wild-type proteins were not 
assigned to almost all fusion partners except BCOR. Interestingly, the 
novel KMT2D::BCOR protein retained the GO terms of only the wild- 
type KMT2D but not those of the BCOR (Table A.1). GO terms were 
not found for RTL9 and the RTL9:BCOR-2 proteins, as no domain in
formation was available for these proteins in the database.

3.5. Predicted intracellular localization and signal peptides

The SignalP 6.0 tool was utilized to identify standard secretory signal 
peptides (Sec/SPI), while the DeepLoc 2.0 tool was used to estimate 
intracellular localization via calculating the probability values for 
localization in the cytoplasm, nucleus, extracellular cell membrane, 
mitochondrion, plastid, endoplasmic reticulum (ER), lysosome, Golgi 

Table 2 
The physicochemical parameters were calculated for the wild-type and the fusion proteins. Partner’s average: the mean of the values for each pair of proteins 
involved in the fusion. Partner’s average represents the mean of the values for each pair of proteins involved in the fusion, while Fusion’s average represents the mean 
of the fusion protein’s value. GRAVY: grand average hydropathy, AI: aliphatic index, II: instability index, EC: extinction coefficient at 280 nm, +R: the number of 
positively charged residues, − R: the number of negatively charged residues, TpI: the theoretical isoelectric point, Mw: molecular weight, Sl: sequence length, AA: 
amino-acids, BCOR-2: Isoform 2 of BCOR.

GREY AI II EC + R + R (%) − R − R (%) TpI Mw (Da) Sl (AA)

BCOR − 0.668 68.38 55.26 160115 203 8.65 226 7.77 6.06 192188.64 1755
CCNB3 − 0.504 82.01 59.29 60500 194 7.19 206 6.77 6.28 157916.13 1395
BCOR::CCNB3 − 0.581 74.72 56.34 215115 376 8.08 424 7.17 5.91 337723.51 3038

MAML3 − 0.817 57.01 69.23 46340 75 15.17 76 14.97 7.12 122292.88 1138
BCOR::MAML3 − 0.725 64.3 61.71 196235 262 10.44 290 9.43 6.15 297852.28 2734

CLGN − 0.734 72.74 44.52 121850 75 8.13 132 4.62 4.57 70038.6 610
BCOR::CLGN − 0.706 67.92 54.94 240930 243 8.52 295 7.02 5.51 228230.9 2070

BCOR-2 − 0.661 68.43 55.38 153125 201 8.56 218 7.89 6.22 188202.33 1721
MAML1 − 0.71 60.11 71.17 43360 75 13.55 71.00 14.31 8.45 108054.21 1016
BCOR-2:MAML1 − 0.68 65.21 60.70 196235 269 10.03 285.00 9.47 6.56 291722.14 2699

KMT2D − 0.648 67.03 76.61 296935 475 11.66 623 8.89 5.4 593389.41 5537
KMT2D::BCOR − 0.704 65.27 77.16 274350 474 11.56 650 8.43 5.22 587199.74 5480

ZC3H7B − 0.567 71.72 48.26 116710 127 7.69 129 7.57 6.94 109858.00 977
ZC3H7B::BCOR − 0.624 75.73 55.68 91565 124 8.94 171 6.48 5.02 122865.76 1108

CIITA − 0.196 90.72 50.97 105780 105 10.76 138 8.19 5.30 123513.99 1130
CIITA::BCOR − 0.794 68.68 59.75 85480 94 8.73 143 5.74 4.84 92428.75 821

RTL9 − 0.137 61.27 71.76 37650 90 15.42 104 13.35 5.81 144279.61 1388
RTL9:BCOR-2 − 0.409 64.52 62.82 164960 266 10.87 294 9.83 6.01 307716.11 2891

AHR − 0.56 71.53 50.52 68855 75 11.31 90.00 9.42 5.94 96147.36 848
AHR::BCOR-2 − 0.68 69.14 53.23 149865 186 9.01 229.00 7.32 5.52 188836.99 1676

Partner’s average − 0.591 70.09 57.68 135684 183 9.75 213 8.49 6.00 190187.34 1739
Fusion’s average − 0.649 68.73 61.20 181234 263 9.59 324 7.73 5.52 282002.44 2592
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apparatus, and peroxisome. Additionally, the NetGPI-1.1 predictor was 
used to identify GPI-anchoring signals (Table 3).

According to the results of SignalP 6.0 analysis, only the CLGN 
protein contains a signal peptide, especially a secretory signal peptide 
with a probability of 99.92 %, although, the N-terminal region of CLGN 
encompassing this sequence motif is missing from the BCOR::CLGN 
fusion protein.

The DeepLoc 2.0 prediction indicated that seven of the ten wild-type 
proteins (BCOR, CCNB3, MAML3, MAML1, KMT2D, CIITA, and AHR) 
were most likely located in the nucleus, while CLGN was predicted to be 
located in the endoplasmic reticulum, which was consistent with the 
data available in the UniProt database. Based on the data available in the 
Human Protein Atlas database, KMT2D may have plasma membrane and 
cytosol localization. The subcellular localization of ZC3H7B seems to be 
uncertain, as the UniProt database information implies its nuclear 
localization but - in agreement with the data of Human Protein Atlas - 
we predicted that it was located in the cytoplasm (score: 0.6175). Data 
for the RTL9 protein was not available in the UniProt database. The 
predicted score of cytoplasmic localization was 0.6454, while that of the 
nuclear localization was also similar (score: 0.5456). Most recent find
ings revealed that mouse RTL9 protein is intracellular and is highly 
expressed in microglial lysosomes in the neonatal brain [71]. All fusion 
proteins were predicted to be located in the nucleus except BCOR::CLGN 
protein which may be localized in the endoplasmic reticulum (predicted 
score: 0.6739).

Based on DeepLoc 2.0 prediction all wild-type and fusion proteins 
excepting CLGN, BCOR::CLGN, CIITA::BCOR, and RTL9 proteins contain 
a nuclear export signal (NES). The CLGN protein was predicted to 
contain a signal peptide and a transmembrane domain, while BCOR:: 
CLGN only contains a signal peptide. The presence of a nuclear locali
zation signal (NLS) was predicted for the ZC3H7B::BCOR, KMT2D:: 
BCOR, and RTL9:BCOR-2 next to the NES, while CIITA::BCOR and RTL9 
protein contains NLS according to DeepLoc 2.0 prediction (Table 3). It 
should be mentioned that the prediction accuracy for NES is the lowest 
(<50 %), this is why NES was identified in most of the studied proteins.

Overall, the subcellular localization predicted by DeepLoc 2.0 was in 
agreement with the data available in UniProt and The Human Protein 

Atlas database in most cases (Table 3). No GPI-anchoring signals were 
predicted by using the NetGPI-1.1 predictor, which implied that neither 
the wild-type proteins nor the fusion proteins contain a lipid anchor and 
are not cell-surface proteins.

3.6. Prediction of intrinsically disordered regions

We used the IUPred3 online tool to identify the intrinsically disor
dered regions (IDRs) of the proteins. Subsequently, we compared the 
regionANK + linker and regionPUFD of the fusion proteins to the BCOR 
protein and in addition, the IUPred3 scores were also integrated into our 
statistical analyses by conducting Friedman’s tests on the values of each 
region separately (Fig. 3).

RegionANK + linker of wBCOR (containing 1448–1633 residues) con
sists of ANK repeats and a linker region, regionPUFD includes the PUFD 
domain (consisting of the 1634–1748 residues).

We did not find significant differences between the IUPred3 IDR 
scores of the proteins within the regionANK + linker in at least two groups 
(Q = 10.63, P = 0.3022). However, significant differences were found 
within the regionPUFD in at least two groups (regionPUFD: Q = 682, P <
0.0001). Dunn’s multiple comparison tests revealed significant rank 
means differences between the IUPred3 IDR scores of the BCOR and 
BCORNT proteins in both regionANK + linker and regionPUFD. There were 
significant differences in the rank means of BCOR vs. BCOR::CCNB3 (Z 
= 8.178, P < 0.0001), BCOR vs. BCOR::MAML3 (Z = 11.63, P < 0.0001), 
BCOR vs. BCOR::CLGN (Z = 12.59, P < 0.0001), and BCOR vs. BCOR-2: 
MAML1 (Z = 9.256, P < 0.0001). There was no statistically significant 
difference in the rank means between BCOR and ZC3H7B::BCOR, 
KMT2D::BCOR, CIITA::BCOR, RTL9:BCOR-2, and AHR::BCOR-2 fusion 
proteins (Fig. 3C and D).

The Z-score in Dunn’s multiple comparisons serves as a statistic that 
indicates the magnitude of the difference between the two BCOR groups. 
In our analysis, the largest difference within the BCORNT group 
compared to the BCOR was observed in the BCOR::CLGN fusion (Z =
12.59), followed by the BCOR::MAML3 fusion (Z = 11.63), BCOR vs. 
BCOR-2:MAML1 (Z = 9.256), and then the BCOR::CCNB3 fusion protein 
(Z = 8.13). Despite these substantial differences, it is noteworthy that 

Table 3 
Intracellular localization and signals predicted for the wild-type and fusion proteins by using DeepLoc 2.0. NES: nuclear export signal,: Sec signal peptide (Sec/ 
SPI), transmembrane domain, NLS: nuclear localization domain,: endoplasmic reticulum,: no data available, PML: Promyelocytic leukemia nuclear bodies, her: no 
signal peptides were found. For comparison, subcellular localization is indicated based on the UniProt database, if available. For DeepLoc predictions, only locali
zations reaching the threshold are shown.

Proteins SignalP 6.0 (probability) DeepLoc 2.0 UniProt data

Predicted localization Probability Predicted signals

BCOR other: 1.0 Nucleus 0.8702 NES Nucleus

CCNB3 other: 1.0 Cytoplasm Nucleus 0.5879 0.7553 NES Nucleus
BCOR::CCNB3 other: 1.0 Cytoplasm Nucleus 0.5760 0.7130 NES NA

MAML3 other: 1.0 Nucleus 0.8818 NES Nucleus speckle
BCOR::MAML3 other: 1.0 Cytoplasm Nucleus 0.4820 0.7875 NES NA

CLGN Signal Peptide (Sec/SPI): 0.9992 Endoplasmic reticulum 0.8276 SP, TD Endoplasmic reticulum
BCOR::CLGN other: 1.0 Endoplasmic reticulum 0.6739 SP, TD NA

MAML1 other: 1.0 Nucleus 0.8781 NLS, NES Nucleus
BCOR-2:MAML1 other: 1.0 Cytoplasm Nucleus 0.4892 0.7800 NES NA

ZC3H7B other: 1.0 Cytoplasm 0.6175 NES Nucleus
ZC3H7B::BCOR other: 1.0 Cytoplasm Nucleus 0.5808 0.7169 NLS, NES NA

KMT2D other: 1.0 Nucleus 0.7295 NES Nucleus
KMT2D::BCOR other: 1.0 Nucleus 0.8675 NLS, NES NA

CIITA other: 1.0 Cytoplasm Nucleus 0.5189 0.6742 NLS, NES Nucleus, PML body
CIITA::BCOR other: 1.0 Nucleus 0.9452 NLS NA

RTL9 other: 1.0 Cytoplasm Nucleus 0.6454 0.5456 NLS NA
RTL9:BCOR-2 other: 1.0 Nucleus 0.8576 NLS, NES NA

AHR other: 1.0 Cytoplasm Nucleus 0.5320 0.802 NES Cytoplasm, Nucleus
AHR::BCOR-2 other: 1.0 Cytoplasm Nucleus 0.4890 0.8070 NES NA
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none of its IDR scores reached the 0.5 disordered cut-off threshold. 
Consequently, despite notable differences in IDR scores obtained for the 
regionPUFD, the IDR scores did not exceed the cut-off, indicating that this 
region retains its structured nature.

According to the IPred3 prediction, the BCORNT fusion proteins have 
increased disorder propensity in the regionPUFD, which might potentially 
affect the protein’s interaction with the PCGF1 protein’s RAWUL 
domain and with the KDM2B protein’s leucine-rich repeat (LRR) region. 
Such changes were not predicted for the members of the BCORCT group.

3.7. Statistical binding affinity analyzes of the BCOR-PCGF1 dimer

As described above (Fig. 1), the PUFD domain retains the integrity of 
its sequence, but despite this, it is conceivable that the fusions may in
fluence the interactions between BCOR and other proteins. This possi
bility has been investigated based on the predicted three-dimensional 
structures of the fusion proteins and the wBCOR complexed with PCGF1. 
The protein structures were built up by using AF3. Subsequent com
parisons were made to assess variations in ΔG values in dimer complexes 
against wild-type counterparts (Fig. 4). Due to the complexity of the 
statistical analyses required, 50 predicted structures per protein were 
investigated, which was expected to provide sufficient reliability for the 

analyses (Fig. 4). Calculations of ΔG values for the dimers were con
ducted by using PRODIGY. A comprehensive study was conducted on 
the proteins in full-length (Fig. 4A), in RAWUL-PUFD domain length 
(Fig. 4B), and 4hpl length [15] (Fig. 4C). Additionally, six different 
interaction surfaces and prominent residues were analyzed, as described 
below (Fig. 4D–I), the RAWUL-PUFD binding sites were described by 
Junco et al. [15]. The nine analyses were carried out to determine the 
changes in different regions in binding and to identify how these were 
affected by the consequences of fusion events.

First, we analyzed the ΔG of the full-length proteins’ dimers by using 
an ordinary one-way ANOVA test. We found a statistically significant 
difference in the mean ΔG values between at least two groups (F (8, 
441) = [111.9], P < 0.0001). Based on Dunnett’s multiple comparisons 
test, the mean ΔG values were significantly different between the BCOR- 
PCGF1 and the fusion type groups. (Figs. 4A and 5). According to the 
mean ΔG values, the BCOR::CCNB3-, BCOR::MAML3-, BCOR-2:MAML1- 
, and RTL9:BCOR-2-PCGF1 had significantly lower, while - in contrast to 
this - the BCOR::CLGN-, ZC3H7B::BCOR-2-, CIITA::BCOR-, and AHR- 
BCOR-2-PCGF1 had higher ΔG values (Fig. 4A).

In the second comparison, the ΔG values of the nine groups within 
the RAWUL-PUFD domain length were subjected to analysis. The stud
ied regions included 1634–1748 and 167–255 residues of BCOR and 

Fig. 3. Comparison of the disorder propensities of wild-type BCOR and fusion proteins. The disorder propensities were calculated by using the IUPred3 online 
tool. The regionANK+linker (encompassing 1448-1633 residues) and regionPUFD (encompassing 1634-1748 residues) of BCOR were investigated in the context of the 
BCOR and the fusion proteins. (A) IUPred3 scores for IDRs of BCOR and its fusion proteins in the coordinate system. The green arrow shows the first point of 
separation. The red arrow points to the groups’ separation point. (B,C), Friedman’s test, and Dunn’s multiple comparisons with P values for BCOR and the fusion 
proteins (n = 8). The horizontal line shows the median, plus symbol (+) the mean value, and error bars represent the min-max values. (D,F) The mean rank plot of 
Friedman’s test. (E,G), Friedman’s test’s differences in mean ranks between pairs of groups (BCOR vs. each fusion). RegionANK+linker and regionPUFD are represented 
by (A,B,D,E) and (A,C,F,G) respectively. BCORNT: BCOR is located at the N-terminal end of the fusion protein. BCORCT: BCOR is located at the C-terminal end of the 
fusion protein. Diff.: Differences. ****P < 0.0001.
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PCGF1, respectively. A Kruskal-Wallis test indicated that there was a 
significant difference in the RAWUL-PUFD domain length across nine 
groups, (H)(8) = 35.37, (P) < 0.0001. The mean ranks of the ΔG values 
in the domain range were significantly different among the groups 
(Fig. 4B). Dunn’s multiple comparisons test was also performed, and the 
analysis revealed significant differences between the BCOR-PCGF1 and 
CIITA::BCOR-PCGF1, where the fusion protein had lower ΔG values 
(Fig. 4B, Fig Fig. 5).

In the third analysis, the 4hpl crystal structure was used as a control, 
as it contains the established RAWUL-PUFD dimer. We used PyMOL to 
set the lengths of the AF3 structures to make them identical to the 
protein included in the crystal structure (4hpl). A comparison was then 
made between these structures and the BCOR-PCGF1 predicted structure 
with fusion type dimers. A Kruskal-Wallis test indicated a significant 
difference in the 4hpl length (PCGF1 RAWUL: from 167 to 177 and 
185–254, BCOR PUFD: from 185 to 254) across 10 groups, (H)(9) =
33.96, (P) < 0.0001 (Fig. 4C). The Dunn’s multiple comparisons test 
revealed that the BCOR::CCNB3-, and ZC3H7B::BCOR-PCGF1 had lower 
ΔG values. Nevertheless, no statistically significant difference was 
observed between 4hpl and the fusion dimers (Fig. 4C).

The PRODIGY analysis also revealed the intermolecular contacts 
(ICs) between the two proteins (BCOR-PCGF1), which agrees with the 
binding surfaces described previously by Junco et al. [15], and the 
MAPIYA tool identified the possible interaction forces. We also found 
that the interactions between RAWUL and PUFD domains were the 
densest in two main areas (Fig. 6A). The first involved the PUFD region 
connecting the known RAWUL β-sheet and loop binding site [15] 
(Fig. 6B). The regions of PUFD that interact with RAWUL’s binding sites 
have been identified and include the Val1636 residue, the N-terminal 
β-sheet (Phe1637-Ser1642), the subsequent Glu1643-Asn1651 stretch, 
and the loop (Gly1738, Ser1739) that transitions into the C-terminal 
β-sheet (Ser1740-Leu1744) downstream residues His1745-Asp1748 
(termed Interaction-SurfaceNT/CT). The other interaction surface with 
frequent ICs in RAWUL-PUFD contact was centered around Leu1706 
within Ser1704-Asp1712, named Interaction-SurfaceLeu (Fig. 6). The 
Interaction-SurfaceNT/CT includes Phe1639/Phe1641 that engage in 
hydrophobic contact with RAWUL’s Val206 (Fig. 6), while Inter
action-SurfaceLeu’s Leu1706 interacts with RAWUL’s Leu Cage [15] 
(Fig. 6).

The prediction of binding affinities was made specifically for the 

Fig. 4. Comparative binding affinities of BCOR-PCGF1 dimers with various BRS fusion proteins. We conducted 50 predictions for each of the nine protein 
dimers (one wild-type and eight fusion proteins), comprising BCOR or BRS fusion proteins and PCGF1. The variations in binding affinity (ΔG) were analyzed. Both 
the full-length proteins (<BA></B>) and the RAWUL-PUFD domains (B–I) were investigated. An experimentally determined RAWUL-PUFD dimer (PDB ID: 4hpl) 
served as an additional control in eight scopes (C–I). Statistical analyses included Ordinary one-way ANOVA (<BA></B>, <BI></B>) and Kruskal-Wallis tests 
(B–H). <A:B></B> Comparison of the full-length dimer BCOR-PCGF1 proteins revealed significant differences in ΔG values between the BCOR-PCGF1 complex and 
the eight fusion dimers. <BB></B>: Comparison in RAWUL-PUFD domain length, BCOR (1634–1748), and PCGF1 (167–255), demonstrated statistically significant 
differences in mean ΔG values. <BC></B>: Predicted structure binding affinities within the 4hpl range were compared against the 4hpl and wild-type predicted 
structure (BCOR-PCGF1). Two fusion dimers exhibited significantly lower ΔG values compared to BCOR-PCGF1. D–I: Binding affinities in various ranges (<BD></ 
B>: ISNT/CT, <BE></B>: ISNT, <BF></B>: Phe1639/Phe1641, <BG></B>: ISLeu, <BH></B>: Leu1706, <BI></B>: ISCT) revealed significant differences 
between fusion protein-containing dimers and the BCOR-PCGF1 control. Interaction surfaces include Val1636-Asn1651, Ser1704-Asp1712, and Gly1738-Asp1748, 
with specific regions identified as Interaction-SurfaceNT/CT (ISNT/CT), Interaction-SurfaceLeu (ISLeu), and individual residues Leu1706 and Phe1639/Phe1641. 
Error bars represent mean values with standard deviations (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Fig. 5. Heatmap of post-hoc statistical comparisons of binding affinities Heatmap derived from post-hoc analysis of nine differential statistical multiple 
comparisons. Ordinary one-way ANOVA and Kruskal-Wallis tests revealed statistically significant differences between at least two groups within each scope. 
Multiple comparison tests were employed to discern differences between control groups—BCOR-PCGF1 (WT) and 4hpl—and the fusion proteins. Columns represent 
the scope and control group (Domain range – WT), while rows indicate the fusion protein in dimer with PCGF1. In the heatmap, numbers correspond to the P values 
of the comparisons. The most significant differences in binding affinity values were observed in the Full structure scope between the BCOR-PCGF1 and the fusion 
proteins. No significant differences were detected between the 4hpl and any other group in any scope, potentially due to its singular value.

Fig. 6. Interaction surfaces of PUFD domain in the RAWUL-PUFD dimer. The analysis with PRODIGY revealed that the PUFD domain had three interaction 
surfaces. The Interaction-SurfaceNT (Val1636- Asn1651), Interaction-SurfaceCT (Gly1738-Asp1748), and the Interaction-SurfaceLeu (Ser1704-Asp1712). In these 
sections, the intermolecular contacts (ICs) with the RAWUL domain were concentrated. (<A)B></B> Interaction map of the RAWUL-PUFD dimer. (<B)B></B>
The interaction surfaces and other ICs of the RAWUL-PUFD dimer (PDB ID:4hpl). (<C)B></B> The amino acid sequences (AA) of the protein dimer. Blue color 
marks the Interaction-SurfaceNT/CT, green the other ICs, yellow the Interaction-SurfaceLeu, grey the non-interacting residues, and red the interacting residues of the 
RAWUL domain. The coloring was consistent in (<BB></B>) and (<BC></B>). <Ntb></b>: N-terminus, <Ctb></b>: C-terminus.
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interaction sites of the PUFD, focusing on crucial residues such as 
Phe1639/Phe1641, and Leu1706 [15], concerning their connection 
with the RAWUL domain.

Kruskal-Wallis test revealed a significant difference in the ΔG values 
of the ISNT/CT between the 10 groups, (H)(9) = 52.76, (P) < 0.0001 
(Fig. 4D). Significantly lower values were obtained for the BCOR:: 
CCCNB3-, ZC3H7B::BCOR-, and the CIITA::BCOR-PCGF1 groups as 
compared to the BCOR-PCGF1, based on the Dunn’s multiple compari
sons test (Fig. 4D, Fig Fig. 5).

A Kruskal-Wallis test indicated a significant difference in the ΔG 
values of the ISNT range across 10 groups, (H)(9) = 38.91, (P) < 0.0001 
(Fig. 4E). Dunn’s multiple comparisons test found that the BCOR:: 
MAML3,- and the RTL9:BCOR-2-PCGF1 groups had significantly lower 
ΔG values compared to the BCOR-PCGF1, but not to the 4hpl (Fig. 4E, 
Fig Fig. 5). However, the Kruskal-Wallis test indicated that there was 
also a significant difference in the ΔG values of the Phe1639/Phe1641 
residues across 10 groups, (H)(9) = 26.51, (P) = 0.0017 (Fig. 4F), but 
the Dunn’s multiple comparisons test could find the significant differ
ences among the groups, not even between the fusion protein’s (Fig. 4F, 
Fig Fig. 5).

A Kruskal-Wallis test indicated a significant difference in the ΔG 
values of ISLeu across 10 groups, (H)(9) = 44.34, (P) < 0.0001 (Fig. 4G). 
Dunn’s multiple comparisons test showed no significant differences 
between the control groups and the fusion type groups, only among the 
fusion type groups (Fig. 4G, Fig Fig. 5).

Kruskal-Wallis test indicated a significant difference in the ΔG values 

of Leu1706 residue across 10 groups, (H)(9) = 94.17, (P) < 0.0001 
(Fig. 4H). There was also a significantly weaker binding affinity in the 
ZC3H7B::BCOR-, and the CIITA::BCOR-PCGF1 groups compared to the 
BCOR-PCGF1 (Fig. 4H, Fig Fig. 5).

Finally, we found a statistically significant difference in the mean ΔG 
values of the ISCT range between at least two groups (F (8, 441) =
[111.9], P < 0.0001). Holm-Šídák’s multiple comparisons test found 
significantly lower ΔG values in the BCOR::CCNB3-, and ZC3H7B:: 
BCOR-PCGF1 groups compared to the BCOR-PCGF1 (Figs. 4I and 5).

Our extensive analyses of the BCOR-PCGF1 dimers revealed signifi
cant differences in the binding affinities between various fusion proteins 
(Fig. 4, Fig Fig. 5). The fusion dimers exhibited altered ΔG values as 
compared to the wild-type, particularly within the full-length structure 
(Fig. 4A) and specific interaction surfaces (Fig. 4D -I, Fig. 5). Notably, 
four BCOR fusion proteins – BCOR::CCNB3, BCOR::MAML3, BCOR-2: 
MAML1 and RTL9:BCOR-2 – showed increased, while other four ones 
– BCOR::CLGN, ZC3H7B::BCOR, CIITA::BCOR, and AHR::BCOR-2 - 
decreased binding affinities in the dimers as compared to the wild-type. 
Of the nine comparisons, all had significant differences among the 
groups, and in seven the post hoc test found statistically significant 
differences between the BCOR-PCGF1 and at least one fusion dimer. As 
compared to the wild-type, the ZC3H7B::BCOR fusion protein had the 
most significant changes (significant difference in six cases) (Fig. 5), 
wherein in two comparisons, it decreased (Fig. 4A–H), and it indicated 
increased binding affinity in the dimers three times. In contrast, the 
BCOR::CCNB3 had the second most (four), and in all cases, it showed 

Fig. 7. Binding affinity comparisons of PRC1.1 partner proteins between wild and fusion type BCOR proteins. The variations in binding affinity among the 
subunits comprising the BRS fusion proteins and three additional PRC1.1 components (PCGF1, KDM2B, SKP1) were subjected to analysis. (<BA></B>) The 
investigation of the binding affinity between BCOR and PCGF1 using a Brown-Forsythe ANOVA test. (<BB></B>), (<BC></B>), and (<BD></B>) respectively 
analyze the binding affinities between BCOR and KDM2B, PCGF1 and KDM2B, and KDM2B and SKP1 using Kruskal-Wallis tests. Error bars show the mean values 
with standard deviation.*P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001.
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increased binding affinity (Fig. 4A–C,D,I) (Fig. 5). Out of the 72 BCOR- 
PCGF1 vs. fusion type multiple comparisons, we found 20 significant 
differences in binding affinity (28 %) (Fig. 5).

These findings indicate that the fusion proteins significantly impact 
the dimerization properties of BCOR-PCGF1, underscoring the potential 
functional implications of these alterations. No substantial differences 
were observed in the 4hpl control group, likely due to its limited dataset.

3.8. Influence of BRS Fusion Proteins on the Binding Affinities within the 
non-canonic Polycomb Repressive Complex1

To further expand our understanding on the role of BRS protein fu
sions in PRC1.1, we modeled the wild-type and fusion proteins with 
PCGF1, KDM2B, and SKP1 subunits. We predicted their ΔG values by 
using PRODIGY and applied statistical analyzes to determine the dif
ferences in the significant interactions, by comparing the binding af
finities of nine fusion proteins (Fusion partnersPRC) to a wild-type 
complex (BCORPRC) (Fig. 7).

A Brown-Forsythe and Welch’s ANOVA test was utilized to compare 
the ΔG values of the BCOR-PCGF1 pairs in the PCR1.1 complexes 
(Fig. 7A). The analyses found statistically significant differences be
tween the groups (F*)(8.000, 375.2) = 38.01, (P) < 0.0001, (W)(8.000, 
183.2) = 54.67, (P) < 0.0001. Dunnett’s T3 multiple comparisons test 
found that values were significantly different between BCORPRC vs. 
BCOR::MAML3PRC (P = 0.0114), BCOR-2:MAML1PRC (P = 0.0008), 
ZC3H7B::BCORPRC (P = <0.0001), CIITA::BCORPRC (P = <0.0001), and 
vs. AHR::BCOR-2PRC. There was no statistically significant difference 
between BCORPRC vs. BCOR::CCNB3PRC (0.8719), BCOR::CLGNPRC 

(0.7544), RTL9:BCOR-2PRC (0.8188) (Fig. 7A).
To compare the ΔGs of the BCOR-KDM2B proteins among the nine 

groups we used the Kruskal-Wallis test (Fig. 7B). There were statistically 
significant differences between the groups (H)(8) = 201.4, (P) < 0.0001. 
Dunnett’s multiple comparisons test found significant differences be
tween BCORPRC vs. BCOR::CCNB3PRC (P = 0.0080), BCOR::MAML3PRC 

(P = <0.0001), BCOR-2:MAML1PRC (P = 0.0076), ZC3H7B::BCORPRC (P 
= 0.0004), BCORPRC vs. RTL9-BCOR-2PRC (P = <0.0001), and vs. AHR:: 
BCOR-2PRC (P = 0.148). There was no statistically significant difference 
between BCORPRC vs. BCOR::CLGNPRC (0.7025), and CIITA-BCORPRC 

(>0.9999) (Fig. 7B).
We compared the PCGF1-KDM2B interactions’ binding affinity as 

well (Fig. 7C). Kruskal-Wallis test found statistically significant differ
ences between the groups (H)(8) = 70.17, (P) < 0.0001. Dunnett’s 
multiple comparison tests found significant differences between the 
BCORPRC vs. BCOR::MAML3PRC (P = 0.0082) and vs. RTL9:BCOR-2PRC 

(P = <0.0001). There was no statistically significant difference between 
BCORPRC vs. the other six fusion proteins containing complex (P values 
were >0.9999 respectively).

Finally, we investigated and compared the KDM2B-SPK1 pairs in the 
PRC1.1 (Fig. 7D). The Kruskal-Wallis test revealed statistically signifi
cant differences between the groups (H)(8) = 42.91, (P) < 0.0001. The 
Dunnett multiple comparisons test revealed a statistically significant 
difference between the BCORPRC and BCOR::MAML3PRC (P = 0.0029), 
CIITA-BCORPRC (P = 0.0047), and vs. AHR::BCOR-2PRC (P = 0.0283). 
However, no statistically significant difference was observed in 
BCORPRC vs. the remaining five fusion protein-containing complexes (P 
values ranged from 0.1169 to >0.9999) (Fig. 7D).

The results demonstrate notable discrepancies in the ΔG values be
tween the BCOR-PCGF1, BCOR-KDM2B, PCGF1-KDM2B, and KDM2B- 
SKP1 protein interactions within the PRC1.1 complex. The statistical 
analyses, including ANOVA and Kruskal-Wallis tests, and 32 multiple 
comparisons, demonstrate that the binding affinities of the fusion pro
teins were altered 16 times (50 %) as compared to the wild-type PRC1.1 
complex (Fig. 7). Notably, of the eight fusion protein tetramer types, five 
(BCOR::CCNB3, BCOR::CLGN, ZC3H7B::BCOR, CIITA::BCOR, and AHR:: 
BCOR-2) showed a decrease in binding affinity, while an increase was 
observed for three (BCOR::MAML3, BCOR-2:MAML1, and RTL9:BCOR- 

2) (Fig. 7A). Only the BCOR::MAML3 and the AHR::BCOR-2 fusion 
proteins exhibited statistically significant differences in all four com
parisons (Fig. 7). The BCOR::MAML3 showed increase in four (Fig. 7), 
while the AHR::BCOR-2 showed decrease in three cases (Fig. 7A–C) and 
one instance of increased binding affinity within the tetramer complex 
(Fig. 7D). The PUFD domain was found to be intact, yet computational 
predictions indicated the potential for impacts on these protein-protein 
interactions, suggesting modifications in binding dynamics in the 
PRC1.1.

3.9. Molecular dynamic analysis of the dimer complexes

The MD simulations were conducted to complement structural and 
binding affinity analyses by providing dynamic insights into the stabil
ity, interaction strength, and thermodynamic properties of BCOR-PCGF1 
dimers, including their fusion variants.

The MD simulations performed on BCOR-PCGF1 dimers, including 
various BRS fusion proteins, revealed notable differences in structural 
stability and interaction dynamics. Root mean square deviation (RMSD) 
analyses (Fig. 8A, ) demonstrated significant variations in structural 
stability among the dimers, with the Kruskal-Wallis test confirming 
statistically significant differences (H)(9) = 23926, (P) < 0.0001. Dun
nett’s multiple comparison tests found significant differences between 
the BCOR-PCGF1 and all the dimers of the fusion proteins (Fig. 8B).

The RMSD analysis revealed that the wild-type BCOR-PCGF1, fusion 
type BCOR::CCNB3-PCGF1, BCOR-2:MAML1-PCGF1, and RTL9:BCOR- 
2-PCGF1 complexes reached stability more rapidly (within 3000 ps) 
and maintained lower average RMSD values (<0.4 nm) throughout the 
simulation, indicating a more stable conformation. The fusion variants 
BCOR::CCNB3-PCGF1, BCOR-2:MAML1-PCGF1, and RTL9:BCOR-2- 
PCGF1 also stabilized relatively quickly (within 3000 ps) with moder
ate RMSD values (<0.4 nm). In contrast, other fusion variants, partic
ularly, BCOR::MAML3, BCOR::CLGN, and especially ZC3H7B::BCOR, 
CIITA::BCOR, and AHR::BCOR-2, showed elevated RMSD values and 
continued fluctuations even after 5000 ps, suggesting persistent struc
tural instability and conformational flexibility in these fusion proteins.

In the Root mean square fluctuation (RMSF) analysis, the fusion type 
sequences were aligned to the wBCOR. The fusion proteins showed 
altered fluctuations compared to wBCOR, particularly within the func
tionally critical PUFD domain (1634–1748). The BCOR::MAML3 and 
CIITA::BCOR variants exhibited significantly higher residue-level fluc
tuations in this domain, with peak RMSF values reaching 0.3–0.4 nm, 
compared to the more stable wild-type complex (RMSF values < 0.3 
nm). Notable the lowest fluctuation was observed in the case of the 
BCOR::CCNB3 (Fig. 8G), supporting its structural stability observed in 
the RMSD analysis.

Similarly, the gmx_MMPBSA binding affinity analyses (Fig. 8C,D) 
indicated distinct dimer thermodynamic profiles. Kruskal-Wallis test 
confirming statistically significant differences (H)(9) = 308.6, (P) <
0.0001. Dunnett’s multiple comparison tests found significant differ
ences between the BCOR-PCGF1 and the following dimers of the fusion 
proteins: BCOR::CLGN (P < 0.0001), ZC3H7B::BCOR (P < 0.0001), 
CIITA::BCOR (P < 0.0001), RTL9:BCOR-2 (P = 0.0007), AHR::BCOR-2 
(P < 0.0001). All the fusion proteins showed reduced binding affin
ities compared to the wild-type BCOR-PCGF1 complex (mean ΔG =
− 142 kcal/mol). The weakest mean ΔG was found to be − 90.24 kcal/ 
mol in the case of CIITA::BCOR-PCGF1, while the strongest mean ΔG 
was calculated for the BCOR::CCNB3-PCGF1 (− 141.4 kcal/mol) 
(Fig. 8D).

The determination of the number of hydrogen bonds-exclusively 
between the two protein chains as water-mediated hydrogen bonds 
were not included in the primary analysis - (Fig. 8E,F) further high
lighted differences in the interactions’ strength, with a significant 
variation in the number of the bonds between the dimers by Kruskal- 
Wallis test (H)(9) = 26191, (P) < 0.0001. The post-hoc Dunnett’s mul
tiple comparisons revealed statistically significant differences between 

K. Madarász et al.                                                                                                                                                                                                                              Computers in Biology and Medicine 191 (2025) 110144 

13 



the BCOR-PCGF1 and all the fusion dimers (P values ranged from 0.0009 
to <0.0001) excepting BCOR::CCNB3 (P > 0.9999). The lowest number 
of hydrogen bonds was determined for the ZC3H7B::BCOR-PCGF1 dimer 
(54.4 mean value), while the highest for the wild-type (90.41 mean 
value) and for the BCOR::CCNB3-PCGF1 dimer (90.27 mean value).

The gmx_MMPBSA binding affinities showed a correlation with the 
PRODGY results (Pearson test: P = 0.00014, R2 = 0.8885). Also, there 
was a correlation between the number of hydrogen bonds and the RMSD 
(Spearman test: P < 0.0001, R2 = − 0.530) and the ΔG values (P < 0.007, 
R2 = − 0.417), but not between RMSD and ΔG values (P = 0.862). These 
correlations demonstrate that regions with high RMSD values corre
spond to fewer stable hydrogen bonds, creating a mechanistic link be
tween residue flexibility and diminished interaction strength. The 
BCOR-PCGF1 dimers containing vBCOR and fusion partners, including 
CCNB3, MAML3, MAML1, and RTL9 formed a distinct group with higher 

hydrogen bond numbers and stronger binding affinities compared to 
those with CLGN, ZC3H7B, CIITA, and AHR fusion partners (Fig. 8C–D). 
Dimers with fewer hydrogen bonds exhibited weaker binding affinities, 
indicating fewer stable interactions. The reduced binding affinity of 
ZC3H7B, CIITA, and AHR fusion proteins, the reduced binding affinity 
can be attributed to the truncation of the BCOR protein in these fusions, 
which disrupts key interaction surfaces. However, for BCOR::CLGN, the 
entire BCOR protein is retained in the fusion protein. Despite this, the 
BCOR::CLGN dimer showed decreased binding affinity and reduced 
hydrogen bond numbers. This observation suggests that the structural 
alterations in the CLGN partner may impede its capacity to interact 
efficiently with PCGF1, potentially resulting in a change in the overall 
stability of the dimer.

The radius of gyration (Rg) analysis provided further insights into 
structural compactness across wild-type BCOR-PCGF1 dimers and their 

Fig. 8. Molecular dynamics simulations of BCOR-PCGF1 dimers with various BRS fusion proteins over 10 ns. (A, B) Root mean square deviation (RMSD), (C, 
D) binding affinity (ΔG), and (E, F) the number of hydrogen bonds were evaluated to assess the structural stability, interaction strength, and thermodynamic stability 
of the dimers. Statistical significance was determined using the Kruskal-Wallis test, revealing highly significant differences (P < 0.0001 in all tests) between the nine 
dimers in terms of RMSD (B), ΔG (D), and hydrogen bonds (F). Error bars represent mean values with standard deviation. (G) Root Mean Square Fluctuation (RMSF) 
analysis of BCOR sequences, highlighting changed flexibility in the PUFD domain for fusion variants compared to wild-type. The numbers 1168–1201 indicate the 
specific gap within the BCOR-2 protein sequences. (H) The radius of gyration analysis shows a notable increase in structural expansion for fusion variants relative to 
wild-type dimers. ***P < 0.001; ****P < 0.0001.
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fusion variants (Fig. 8H). The wild-type complex manifested the most 
compact conformation, exhibiting the lowest Rg values (3.8–3.9 nm), 
thereby indicating tight structural packing throughout the simulation. 
Conversely, all fusion proteins exhibited higher Rg values (4.0–4.6 nm), 
indicative of more extended conformations. Notably, although protein 
length variations influenced the height of Rg curves, many fusion pro
teins showed Rg values disproportionate to their sequence length, sug
gesting that structural rearrangements rather than mere size differences 
drive these conformational changes. The BCOR::MAML3 fusion exhibi
ted the highest Rg values (4.4–4.6 nm), suggesting substantial structural 
expansion, while CIITA::BCOR exhibited the lowest Rg among fusion 
variants (4.0–4.1 nm). It was observed that all systems reached equi
librium within 2500 ps, after which Rg values stabilized with minor 
fluctuations, except in CIITA::BCOR and ZC3H7B::BCOR fusions. The 
findings indicate that fusion events notably alter the spatial arrangement 
and compactness of the BCOR complex, potentially affecting its inter
action with PCGF1 and subsequent functional properties in the PRC1.1 
complex assembly.

The combined analysis of RMSD, RMSF, hydrogen bond dynamics, 
and Rg values reveals a comprehensive picture of how fusion events 
alter BCOR-PCGF1 dimer stability. Two fusions, ZC3H7B::BCOR and 
CIITA::BCOR, exhibited the most pronounced structural instability, 
characterized by the lowest binding affinity, fewest hydrogen bonds, 
highest RMSD values, greatest PUFD domain flexibility, and most un
stable Rg trajectories. This structure-dynamics-function relationship 
explains why fusion proteins with preserved domain architecture 
nevertheless display compromised binding properties, as local flexibility 
changes propagate to global structural destabilization. These findings 
are consistent with the trends in binding affinities observed in Fig. 4A for 
these dimers.

4. Discussion

BCOR was first identified as a novel interacting corepressor of BCL-6 
that enhances BCL-6-mediated transcriptional repression [13]. Later, 
the specific BCL6 binding motif was found at the BCOR’s 498–514 site 
[72]. Additionally, it was discovered that the BCOR directly interacts 
with the transcriptional regulator AF9 (MLLT3) [73] and binds to 
chimeric MLL–AF9 proteins (MLL: mixed lineage leukemia), although, 
only some isoforms of BCOR bind AF9 [74]. BCOR is a known part of the 
PRC1.1 complex. During the assembly of the complex, an interaction is 
formed between the BCOR’s PUFD domain and the PCGF1 protein’s 
RAWUL domain. Additionally, the PUFD’s ANK repeats and the linker 
region must also interact with the KDM2B’s C terminus [17,18].

A new subset of gene fusion in bone sarcoma was described first in 
2013 by Pierron et al. [22]. Since then six additional fusion genes have 
also been identified [11,22,24–27] and classified into the third distinct 
subset of "undifferentiated small round cell sarcomas of bone and soft 
tissue" [10,22]. The pathological features have been thoroughly inves
tigated, but the exact fusion proteins have not been investigated at the 
structural level so far. In this study, we utilized in silico approaches to 
explore the properties of these uncommon fusion proteins. For this 
purpose, we aimed to analyze the sequences of the known BCOR-rear
rangements in sarcomas and compare the fusion proteins’ domain ar
chitectures (Fig. 1) and physicochemical characteristics (Table 1, Fig. 2), 
as well as to predict and analyze the PANTHER GO terms (Table A.1), 
signal peptides, intramolecular localizations (Table 3), and IDRs (Fig. 3). 
The 3D structures of BCOR-PCGF1 complexes were also investigated 
(Figs. 4, 5 and 6A, Fig.Fig. 7A), with a special emphasis on the binding 
affinity between the RAWUL-PUFD domains (Fig. 4B–I), of BCOR and 
partner proteins. In addition, new BCOR interaction surfaces of the 
RAWUL-PUFD dimer were also revealed (Fig. 6). Furthermore, the 
impact of protein fusions on the binding affinities was investigated at the 
level of tetramer PRC1.1 (Fig. 7).

The nine fusion proteins were classified into two groups based on the 
localization of BCOR in the fusion proteins: BCORNT and BCORCT. The 

characteristics of the fusion proteins are described as follows. The 
BCOR::CCNB3 fusion protein has lost its destruction box motif. This 
motif acts as a recognition signal for the ubiquitin-proteasome pathway 
and is essential for the mitotic destruction of cyclin B3, which results in 
prolonged cell cycle progression and unchecked cell division, a hallmark 
of tumor formation [75,76]. Additionally, the ectopic expression of the 
fusion protein in NIH3T3 cells results in the aberrant expression of 
CCNB3 and a corresponding increase in the number of cells entering the 
S phase of the cell cycle [11,22,77]. The truncation in MAML3 and 
MAML1 affected its 1–157 and 1–39 region containing the N-terminal 
MamL-1 domain, which is responsible for the interaction with the 
ankyrin repeat region of the Notch proteins such as NOTCH1, NOTCH2, 
NOTCH3, and NOTCH4 [78–81]. The truncation of the MamL-1 domain 
in the BCOR::MAML3 fusion disrupts Notch signaling, leading to aber
rant cell fate determination and contributing to oncogenic potential [82,
83]. The BCOR::CLGN’s calmegin lost almost half of its sequence, 
including most of its calreticulin sequence. This loss is likely to have an 
impact on the function of calmegin, impairing protein folding and dis
rupting ER chaperone functions. This could potentially lead to ER stress 
and the promotion of tumor progression through dysfunctional protein 
quality control [84], which in turn could affect male fertility [85].

In the case of ZC3H7B::BCOR, belonging to the BCORCT group, the 
BCOR protein lost its Bbs site and, consequently, the role of the core
pressor function with BCL6. Although ZC3H7B retained its TPR and LD 
motifs, it lost its C2H2- and C3H1-type zinc fingers. ZC3H7B recognizes 
the hairpins of miR-7-1, miR-16-2, and weaker miR-29a. Knockout of 
ZC3H7B in HEK293 cells reduced mature miR7 levels [86]. The trun
cation of the protein and loss of its C2H2 and C3H1 zinc fingers, which 
may interact with RNA [87–89], could potentially impact its interaction 
with miR-7, leading to compromised RNA-binding capabilities, dis
rupting post-transcriptional gene regulation and contributing to the 
dysregulation of crucial pathways such as miRNA biogenesis [90]. Due 
to the fusion of KMT2D and BCOR genes, the resulting chimera protein 
does not contain the Bbs of the BCOR. Consequently, the protein has lost 
its BCL6 corepressor function. The lost ePHD may have had a DNA 
binding function [91] while the FYRN/C and SET domains are crucial for 
protein-protein interactions within the COMPASS complex. This com
plex is crucial for the methylation of histone H3 at lysine 4 (H3K4) and 
plays an essential role in gene regulation and development [92]. The loss 
of the FYRN/C, ePHD, and SET domains destabilizes chromatin 
remodeling, leading to aberrant gene expression and genomic instability 
[93]. Regarding the CIITA::BCOR fusion, the BCOR lost its Bbs while the 
CIITA protein lost its main part (146–1130) excepting the N-terminal 
region; this change may potentially impact the protein’s self-association 
[94] and the transcriptional activation of the major histocompatibility 
complex class II, possibly impairing MHC class II gene expression and 
potentially enabling immune evasion by tumor cells [95]. RTL9 is also 
known as sushi-ichi retrotransposon homolog 10 (SIRH10) or retro
transposon Gag domain-containing protein 1 (RGAG1). This protein 
belongs to the family of the so-called gag-like proteins whose domains 
are homologous to those of retroviral and retrotransposon polyproteins 
including the capsid structural protein [71,96]. The 1169–1316 region 
of RTL9, close to its C terminus, encompasses both the N- and C-terminal 
subdomains of the capsid-like domain. This domain shares a high 
structural similarity with the capsid domain of the human immunode
ficiency virus and with the capsid-like domain of other mammalian 
gag-like proteins, such as activity-regulated cytoskeleton-associated 
proteins (Arc/Arg3.1). These proteins and other gag-like proteins 
including the members of the RTL family such as RTL1 (also known as 
PEG11) and RTL2 (also known as PEG10 or RGAG3) are known to have 
the ability to self-assemble into viral capsid-like particles, via oligo
merization of the capsid-like domains [97]. The intact RTL9 protein may 
also be potentially able for self-assembly, but this has not been proved 
experimentally so far. The RTL9:BCOR-2 fusion protein contains only 
the 1–1199 residues of the RTL9, almost the entire capsid-like domain of 
RTL9 is deleted upon fusion. Consequently, the RTL9 cannot facilitate 
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the oligomerization of the fusion protein via its capsid-like domain. The 
AHR in the AHR::BCOR-2 chimeric protein suffers no loss of functional 
domain but, the addition of BCOR sequences likely alters its interaction 
dynamics, potentially disrupting xenobiotic metabolism and immune 
response pathways critical for tumor suppression [98] (Fig. 1).

The physicochemical properties of the fusion proteins were investi
gated and compared to those of the wild-type proteins (Fig. 2 and 
Table 2). The study revealed the GRAVY values of fusion proteins 
decreased (35.95 %) compared to wild-type proteins (Fig. 2C). This 
reduction indicates a decrease in hydrophobicity, which can potentially 
impact protein folding and interactions significantly. This may result in 
improper assembly and function within cellular environments. Hydro
phobic interactions play a pivotal role in stabilizing protein folding and 
assembling multi-protein complexes [99]. A reduction in hydrophobic
ity has the potential to disrupt the proper folding and stability of pro
teins, which may result in aggregation or loss of function [100]. 
Furthermore, alterations in hydrophobicity can impact protein-protein 
interactions and the overall stability of protein structures, particularly 
under conditions of stress [101]. However, the values did not reach a 
positive range. This indicates that the protein structures may still be 
predicted to adopt a globular configuration [45]. The AI values 
remained largely unaltered.

The increase in the II value points to a reduction in protein stability 
and a corresponding decrease in the in vivo half-life [43] (Fig. 2A–C). 
This instability may disrupt protein homeostasis (proteostasis), which is 
critical for maintaining cellular functions and signaling pathways. Dis
rupted proteostasis overwhelms the cell’s quality control mechanisms, 
including molecular chaperones and proteasomes, leading to cellular 
dysfunction and disease [102]. The high expression of the BCOR protein 
is described in cases of BRS [103] and may serve as a marker for dis
rupted proteostasis. It has been demonstrated that overexpression of 
BCOR results in the forming of nuclear aggregates distinct from classical 
aggresomes [104]. In cancer cells, this deregulation promotes survival 
and proliferation under proteotoxic stress, aiding tumor progression 
[105]. Instability triggers the unfolded protein response (UPR), aiming 
to restore proteostasis by enhancing protein folding capacity, degrading 
misfolded proteins, and reducing protein synthesis. However, chronic 
UPR activation has been shown to support tumorigenesis by enabling 
cancer cells to survive and proliferate under stress [106].

The alterations in the EC values of the fusion proteins (Fig. 2) may 
have notable implications for their functional properties and detection 
methods. An elevated EC value is indicative of increased content of ar
omatic amino acids, particularly tryptophan, tyrosine, and cysteine 
residues, which exhibit ultraviolet light absorption at 280 nm [41]. This 
enhancement in absorbance facilitates more precise quantification of the 
proteins using spectrophotometric assays, which is a critical factor for 
accurate biochemical analyses and protein characterization [107]. 
However, alterations in the aromatic amino acid composition can 
impact the protein’s folding and stability. Aromatic residues play a 
pivotal role in the hydrophobic interactions that are responsible for 
stabilizing protein tertiary structures [108]. Such alterations may affect 
the folding pathways, potentially leading to conformational changes 
that impact the protein’s biological activity and its interactions with 
other macromolecules. Furthermore, alterations in the EC may indicate 
modifications in the protein’s surface properties, which could influence 
cellular localization, protein-protein interactions, and susceptibility to 
post-translational modifications [40].

The observed alterations in the TpI of the fusion proteins in com
parison to their partner proteins (Fig. 2 and Table 2) indicate notable 
implications for their biochemical behavior and potential role in disease 
pathogenesis. Most fusion proteins exhibited a reduction in pI values in 
comparison to their native counterparts (Fig. 2). A reduction in pI may 
result in decreased solubility at physiological pH, which could impact 
protein stability and enhance the likelihood of aggregation [109]. Pro
teins with lower pI values carry a higher negative charge at neutral pH, 
which can affect their cellular localization, interaction with other 

macromolecules, and participation in protein complexes [110]. 
Conversely, the observed increase in pI indicates a shift towards a more 
positive net charge under physiological conditions. This may also result 
in alterations to the protein’s interaction dynamics and functional ac
tivity [111].

Our SignalP 6.0, and DeepLoc 2.0 findings were largely constant with 
the literature (Table 3). However, some already described signal pep
tides were not recognized by these tools. Only calmegin was found to 
have secreted signal peptides, while AHR also contains two NLS at 
13–16 and 37–42 residues [112], which were not lost upon the fusion 
event. The DeepLoc 2.0 results indicate that almost all fusion proteins 
may be found in the nucleus, except BCOR::CLGN which may located in 
the endoplasmic reticulum. These results are consistent with the 
PANTHER GO term cellular component, which also indicates nuclear 
localization for most of the fusion proteins. Only for the BCOR::CLGN, 
we observed ER localization using DeepLoc 2.0, but nuclear localization 
using PATHER GO terms. The CLGN is known to contain an N-terminal 
hydrophobic signal peptide [113] at predicted position 1–19 [27], 
which is responsible for ER localization, and a hydrophilic C-terminus 
with a transmembrane domain and ER retention signal [85]. As a result 
of the fusion event, the N-terminal hydrophobic signal is lost with the 
first 295 AA of the protein, but the C-terminal sites remain intact 
(1931–1952 residues, according to BCOR::CLGN). The N-terminal hy
drophobic signal peptide is crucial for directing calmegin protein to the 
ER. Without this signal peptide, calmegin may not be correctly targeted 
to the ER, which can affect its proper localization and function within 
the cell. The C-terminus of CLGN functions to anchor the protein to the 
ER membrane and ensure its retention within the ER for its chaperone 
functions. This signal is crucial for maintaining calmegin’s localization 
within the ER, where it plays an important role in protein folding, 
quality control, and interactions related to spermatogenesis and 
sperm-egg interactions [85,114]. DeepLoc 2.0 identified the C-terminus 
of CLGN and located it in the ER, despite the absence of the N-terminus 
(Table 3). The KMT2D and KMT2D::BCOR’s cellular component term is 
MLL3/4 complex (GO:0044666) which is a histone methyltransferase 
complex located in the nucleoplasm of the nucleus (Table A.1). No 
literature data were available for RTL9:BCOR-2.

BCOR-rearranged sarcoma is characterized by its small-sized tumors 
with fibrovascular stroma sometimes with myxoid change. The tumor 
nuclei can be round or ovoid, but the common feature is the scant 
cytoplasm, like Ewing sarcoma. Although fusion proteins could theo
retically be detected in the cytoplasm or ER, their minimal amount 
makes the interpretation of immunohistochemical stains challenging.

The analysis of the disorder propensities by using IUPred3 revealed a 
significant increase in the disorder of BCORNTs in regionPUFD of the 
fusion proteins as compared to wBCOR (Fig. 3). This increase may affect 
the interactions of BCOR with the PCGF1’s RAWUL domain and with the 
KDM2B’s C terminus, potentially interfering with the formation of the 
PRC1.1 complex.

The fusion events were hypothesized to influence the interaction 
dynamics between BCOR and its binding partners. To investigate this 
hypothesis, we constructed the BCOR-PCGF1 and PRC1.1 complexes 
with AF3 and assessed their binding affinities (Figs. 4 and 5, Fig Fig. 7). 
Structural analyses of the 450-450 complexes revealed significant vari
ations in binding affinity across both dimeric (Figs. 4 and 5) and tetra
meric forms of BCOR (Fig. 7A and B) and its interaction partners (Fig. 7C 
and D). Of the 92 multiple comparisons conducted (Figs. 5 and 7), 32 
(35 %) demonstrated altered ΔG values. Notably, two additional inter
action surfaces within BCOR, designated ISNT/CT and ISLeu, were iden
tified (Fig. 6), both of which were impacted by the fusion events 
(Fig. 4D,E,G,I). Moreover, interactions involving BRS proteins indirectly 
affected binding affinities within the tetramer, particularly between 
PCGF1-KDM2B (Fig. 7C) and KDM2B-SKP1 (Fig. 7D).

Fusion proteins such as BCOR::CCNB3, BCOR::MAML3, BCOR-2: 
MAML1, and RTL9:BCOR-2 exhibited increased binding affinities with 
PRODGY, whereas BCOR::CLGN, ZC3H7B::BCOR, CIITA::BCOR, and 
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AHR::BCOR-2 displayed decreased affinities (Fig. 4). While reduced af
finities indicate weakened binding, increased affinities suggest 
enhanced complex assembly. However, PRC1.1-mediated epigenetic 
regulation requires a balance between stability and flexibility to main
tain dynamic assembly and disassembly essential for precise gene 
regulation [115]. Overstabilization can hinder these dynamics, impair 
cellular signal responsiveness, and disrupt gene expression [116].

Furthermore, molecular dynamics (MD) simulations (10 ns) revealed 
significant changes in RMSD, hydrogen bond pattern, and binding af
finities among the nine most accurate dimer structures. The results of the 
gmx_MMPBSA binding affinity predictions demonstrated a strong cor
relation with the PRODIGY scores, thereby substantiating the reliability 
of the findings. The results obtained highlight the structural and ener
getic impact of BCOR fusion proteins on dimer stability and interaction 
dynamics with PCGF1.

The dynamic behavior of fusion proteins observed in the MD simu
lations provides mechanistic insights into how these rearrangements 
disrupt PRC1.1 assembly beyond what can be inferred from static 
structures alone. The consistent pattern of increased conformational 
flexibility suggests that even when essential binding domains are pre
served in fusion proteins, their dynamic properties are fundamentally 
altered. Domain destabilization, in ZC3H7B::BCOR and CIITA::BCOR 
fusions, appears to propagate throughout the protein structure, as evi
denced by their increased radius of gyration and reduced compactness.

These alterations in dynamics are likely to explain the paradoxical 
observation that fusion proteins retaining complete BCOR sequences 
still exhibit functional deficiencies in epigenetic regulation. The corre
lation between hydrogen bond instability and reduced binding affinity 
demonstrates how subtle changes in residue flexibility can dramatically 
impact interaction strength at critical interfaces. This paradigm provides 
a novel framework for comprehending the mechanisms by which 
cancer-associated fusion events disrupt biological processes, extending 
beyond the scope of simple domain truncation. A limitation of this study 
is the utilization of 10 ns MD simulations in favor of a longer 100 ns. Due 
to computational resource constraints and the necessity of analyzing 
nine BCOR-PCGF1 dimers, 10 ns simulations were employed, a duration 
that is sufficient for capturing key structural and interaction trends.

Excessive binding affinity may induce conformational changes that 
inhibit the recruitment of cofactors or enzymatic activities necessary for 
PRC1.1 function, such as RING1B’s E3 ubiquitin ligase activity critical 
for histone H2A ubiquitination [117]. Fusion proteins may also exert 
dominant-negative effects by outcompeting wild-type BCOR in PRC1.1 
complexes but failing to sustain normal function due to structural al
terations [118]. The introduction of novel protein segments by fusions 
can disrupt BCOR’s regulatory role, even if essential domains remain 
intact [119,120]. This phenomenon is observed in other cancers, where 
chimeric proteins alter localization and function despite the retention of 
regulatory elements [121].

Such disruptions may compromise BCOR’s ability to recruit and 
assemble the PRC1.1 complex at target gene loci, which could result in 
ineffective repression of oncogenic genes, particularly those within the 
HOX gene cluster [122]. Impaired recruitment of PRC1.1 results in a 
reduction in the monoubiquitination of H2A-K119 (H2A-K119-ub1), an 
essential epigenetic mark for maintaining gene silencing [123]. Conse
quently, the aberrant upregulation of HOX genes due to disrupted gene 
silencing mechanisms can drive oncogenesis by promoting uncontrolled 
cell proliferation and interfering with normal differentiation pathways 
[122]. Additionally, these BCOR rearrangements may alter the epige
netic landscape, further contributing to gene expression dysregulation 
and tumorigenesis [124,125]. Therefore, the molecular changes result
ing from BCOR rearrangements significantly impair its role in gene 
silencing, collectively contributing to the development and progression 
of oncological diseases.

Furthermore, physicochemical changes, such as decreased hydro
phobicity and increased instability, may exacerbate dysfunction by 
affecting protein folding or promoting aggregation [100,101]. Protein 

aggregation can sequester functional components or form dysfunctional 
complexes, compromising PRC1.1’s chromatin-modifying capacity and 
gene regulatory function. These findings underscore that the retention of 
essential domains is insufficient if fusion-derived sequences impair 
protein function or interactions.

In summary, our results indicate that BCOR fusion proteins disrupt 
the molecular interplay within PRC1.1, driving oncogenesis through 
dysregulated gene expression. Despite their theoretical ability to 
assemble into complexes, fusion proteins fail as effective epigenetic 
regulators, underscoring their role in the pathogenesis of BCOR-rear
ranged sarcomas.

Targeting these vulnerabilities requires multifaceted approaches, as 
no effective therapeutic options are specifically designed for BRS caused 
by fusion events [69]. However, it is crucial to investigate how existing 
or potential therapeutic agents can be applied to these fusions to 
improve treatment outcomes. CDK4/6 inhibitors, such as palbociclib, 
have shown promise in the treatment of different sarcoma subtypes via 
targeting cell cycle deregulation. Preclinical models and clinical trials 
also demonstrated disease control, particularly in tumors with CDK4 
overexpression [126,127]. A phase II trial of palbociclib demonstrated 
activity in various sarcoma subtypes, selected by CDK4/CDKN2A 
expression, showing promising progression-free survival and overall 
survival in heavily pretreated patients with advanced sarcomas over
expressing CDK4 [127]. In parallel, conventional chemotherapy regi
mens, such as vincristine/doxorubicin/cyclophosphamide alternating 
with ifosfamide/etoposide, have demonstrated chemosensitivity and 
complete radiographic responses in infants with BRS [128]. While PARP 
inhibitors have been explored in various cancers, their specific role in 
BRS, particularly in combination with HMGA1-chromatin modifiers or 
ATR/CHK1 inhibitors to induce homologous recombination deficiency, 
requires further investigation [129,130]. Epigenetic modulation via 
EZH2 inhibitors and RING1B ubiquitin ligase blockers aims to restore 
PRC1.1 function, and PROTAC technologies might be able to selectively 
degrade dysfunctional BCOR fusion proteins, though direct evidence in 
BRS is still emerging [131,132]. Preclinical data suggest that BCOR 
fusion-induced destabilization of PRC1.1 leads to the deregulation of 
myeloid differentiation genes; however, more targeted research is 
needed [133]. Immunotherapeutic strategies, such as TCR-engineered T 
cells (TCR-T) targeting tumor-specific antigens, are also promising, 
particularly for tumors expressing intracellular antigens like BCOR fu
sions [134–137]. Furthermore, combination therapies also have 
considerable potential; meta-analyses suggest that non-Ewing treatment 
strategies (e.g. doxorubicin-based regimens) can be considered as a safe 
option, survival rates being comparable to Ewing protocols for BRS (20 
% vs. 21.8 % mortality) can also be achieved [69]. Clinically, molecular 
diagnostics (e.g. BCOR FISH/RNA sequencing) are indispensable for 
identifying fusion-specific targets (e.g. BCOR::CCNB3 vs. BCOR:: 
MAML3), as therapeutic outcomes depend on genetic variants [103,
138]. Given the rarity of these tumors and the lack of consensus 
guidelines, ongoing research (e.g., NCT04889924) and clinical trials 
evaluating PARP/checkpoint inhibitors are crucial to define optimal 
therapeutic strategies and advance personalized approaches [139–145].

5. Conclusions

This comparative structural study aimed to ascertain the impact of 
BCOR-rearrangements on the sequence and interaction characteristics of 
the BCOR protein and its fusion partners in BRS. Our findings demon
strate that the fusion events result in disruption of the fusion partners’ 
domain composition and physicochemical properties, although, the 
majority of BCORs in the BCORNT group remain intact. However, in the 
BCORNT group, the absence of the Bbs site may result in oncogenic ef
fects, as evidenced in murine models [146]. Additionally, the truncation 
of the N terminus may impede the transcriptional repression effect of 
BCOR [21] and might be associated with reduced levels of 
H2A-K119-ub1 at PRC1 target promoters, including Hoxa7, Hoxa9, and 
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Cebpa [146]. Interestingly, despite the presence of the Bbs site in BCOR 
in the case of fusion proteins belonging to the BCORCT group, its inter
action with BCL6 might be possibly attenuated, which may be attributed 
to physicochemical alterations. The fusion events alter domain archi
tectures, binding affinities, and physicochemical properties of BCOR and 
its fusion partners, impairing the assembly and function of the PRC1.1 
being a suppressor of critical differentiation programs [21]. These dis
ruptions compromise histone H2A monoubiquitination, leading to dys
regulation of oncogenic pathways, notably the upregulation of HOX 
genes [22,125]. Some possible limitations of this study are described as 
follows. The findings rely on the results of in silico analyses and pre
dictions, therefore, the results might be confirmed by experimental 
studies, and the predicted changes of binding affinities and structural 
alterations are expected to be validated by biochemical and cellular 
assays. Additionally, the development of therapeutic strategies targeting 
the disrupted PRC1.1 complex or other pathways influenced by BCOR 
fusions represents a significant avenue for translational research. 
Furthermore, future investigations will be directed towards exploring 
the oncogenic effects of BCOR-ITDs.

Our findings highlight the critical role of BCOR in maintaining 
chromatin homeostasis and emphasize that structural integrity and 
physicochemical properties are essential for its function. Understanding 
the complex interplay between BCOR fusion proteins and PRC1.1 ad
vances insights into the molecular mechanisms underlying BRS. These 
protein changes delineate the multifaceted nature of BCOR alterations 
and their consequential effects on protein’s functionality, and in
teractions, through pluripotency, key regulator rule in various devel
opmental processes, including embryogenesis, mesenchymal stem cell 
function, hematopoiesis, and lymphoid development [147].

These insights may contribute to the advancement of diagnostic, 
prognostic, and therapeutic strategies for these rare malignancies.
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