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Ribosomal biogenesis involves coordination of protein 
complexes for translation, cell growth and differentia-
tion. An analysis of ribosomal biogenesis factor ERB1/ 
BOP1 in evolution and cancer was carried out using 
comparative bioinformatics approaches focusing on 
protein domain identification, phylogenetic analysis, 
homology modelling, analyses of gene expression and 
interaction networks. We have identified WD40  
domain as an essential co-occurring domain in all the 
BOP1 proteins predominantly in eukaryotes and also 
identified some key structural motifs in BOP1. A 
strong correlation of BOP1 has been observed in mul-
tiple signalling pathways, dysregulation of which leads 
to cancer. Using interaction networks and data min-
ing, which are literature-derived, we have identified 
important interaction partners of PeBoW complex 
that co-express with BOP1 in signalling pathways. 
Analysis of BOP1 differential gene expression and  
interaction pathways reveals that BOP1 plays an  
important role in regulating p53 signalling and cell-
cycle networks, and provides a crosstalk with key cel-
lular processes. Examination of cancer and tissue ex-
pression profiling points to the upregulation of BOP1 
in a variety of cancers. Thus BOP1 can be considered 
as a potential cancer biomarker and therapeutic  
target. 
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ERB1/BOP1 is a protein involved in ribosomal biogene-
sis, an energetically challenging event and a hallmark of 
evolution1. Eukaryotic 80S ribosomes are composed of 
60S and 40S subunits. Proper assembly of these subunits 
requires multiple proteins2. Eukaryotic ribosomal bioge-
nesis factor (ERB1), commonly referred to as block of 
proliferation protein (BOP1), has a special function in the 
processing of rRNA precursors that give rise to the matu-
ration of 5.8S, 25/28S to the 60S ribosomal subunit. The 
BOP1 gene is found in the 8q24.3 region of chromosome 
8 in Homo sapiens3. Increased copy number of BOP1 
gene alters the chromosomal segregation and is observed 
in 8q24 amplification in colorectal cancers4. 

 ERB1/BOP1 protein consists of primarily two domains, 
namely BOP1 and WD40 (ref. 5). The evolutionary loss 
or gain of function of these domains along with other  
associated functional domains makes BOP1 an interesting 
candidate to study evolution of the ribosomal assembly 
and rRNA processing. We performed domain analysis of 
BOP1 protein from over 1000 organisms, to see how the 
BOP1 gene has evolved to gain biological functions and 
how gain of function works in favour of these organisms. 
We have examined adaptive evolutionary patterns and 
found that BOP1 domains occur only once per organism 
in ERB1 protein, and BOP1 pseudogenes or paralogs 
were not observed. BOP1, was first isolated from the 
cDNA library screening for growth-related sequences in 
mouse embryonic fibroblasts6 and was shown to interact 
with Pes1 (ref. 7) and p53 complex8. BOP1 forms PeBoW 
(PES1/BOP1/WDR12) protein complex in the maturation 
of rRNAs (28S, 5.8S) and biogenesis of the 60S ribosom-
al subunit. Phylogenetic analysis confirms this aspect to 
be consistent in multiple eukaryotes, thus signifying evo-
lutionarily conserved features of ribosomal biogenesis. 
BOP1 domain, also referred to as BOP1NT (domain in 
the N-terminal region), is relatively similar across differ-
ent organisms. However there is variation in the number 
of domain combinations and its association with WD40. 
The number of different domain architectures is variable 
and is related to the complexity and environmental adap-
tation of the organism. We applied molecular phylogenet-
ic approach to gain insight into the evolutionary 
relationship of the BOP1 protein among different phyla. 
A ‘supertree’9 was constructed using both the BOP1  
domain and the complete BOP1 sequence to address  
molecular diversity, and build evolutionary relationships 
and patterns10 using hierarchical clustering11. The three-
dimensional structure of BOP1 has not yet been identified 
and deposited in any structural genomics databases. 
Hence, using homology modelling of BOP1 followed by 
quality evaluation, we observed conservation of predicted 
structures in multiple species. Gene expression profiling 
of BOP1 overexpression data has uncovered many signal-
ling pathways that are directly or indirectly regulated by 
BOP1. Functional module connectivity maps made using 
existing gene–gene interaction networks from various  
databases have allowed the generation of novel hypotheses 
regarding potential functional roles of BOP1 and its  
involvement in cancers. 
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Methods 

Data mining and domain analysis 

Non-redundant protein sequences from 1061 organisms 
across all life forms containing BOP1 domain were  
retrieved from the NCBI database12, facilitated by Con-
served Domain Architecture Retrieval Tool (CDART). 
BOP1 domain positions were then identified in the pro-
tein sequences and extracted using a Python script. The 
domain analysis was largely based on the resources avail-
able in CDD (accession: cl19763)13, SMART (accession: 
SM01035)14 and PFAM (accession: PF08145)15. 

Sequence alignment and phylogeny 

Based on taxonomy, domain sequences were divided and 
subjected to multiple sequence alignment to visualize the 
conserved regions in the domain. A phylogenetic tree was 
constructed with the help of MEGA7 (ref. 16). Multiple 
sequence alignments were carried out using MAFFT (ref. 
17) and the tree was constructed based on maximum like-
lihood method18. 

Co-expression profiling and heat map 

Network analysis for protein–protein interaction and  
co-expression profiling was done using STRING. A cohe-
rent set-up in STRING iteratively merges the orthologous 
groups at the various clades and levels, until a fully con-
sistent state is achieved. In co-expression analysis, 
STRING generates scores based on the interaction  
between different proteins with the input protein and pre-
dicts the functional partner. All the data are collected 
through text-mining, experiments, databases and co-
expression results. We constructed a heat map using pre-
dicted gene expression values obtained from different 
model organisms. After giving BOP1 as input, Saccha-
romyces cerevisiae was chosen as the reference organism. 
In the data settings we selected active interaction sources 
and maintained high association score (confidence 
>0.700) to limit the false positive rate. In the interaction 
network we have divided this main network into sub 
groups based on their molecular function. 

Differential gene expression and interaction network  
analysis 

A list of differentially expressed (DE) genes was obtained 
using GEO2R analysis tool of NCBI, followed by meta 
analysis using on-line tool iPathwayGuide (AdvaitaBio) 
for normalized microarray data analysis19. The method 
begins with the searching of GEO datasets related to 
BOP1. The expression profiling array datasets having  
accession (GSE50841)20, selected for the present analysis20 

and two groups of colon cancer cell lines were compared, 
of which one group had cells constitutively overexpress-
ing BOP1. In order to identify the DE genes, the data 
generated by GE02R were retrieved and uploaded in 
iPathwayGuide for meta analysis, and 340 genes that 
were identified to be differentially expressed were se-
lected for network analysis after stringent normalization. 
The DE genes based on their statistical significance were 
identified by analysing GEO datasets with the help of 
Advaita tool in iPathwayGuide21,22. The DE genes were 
searched for their involvement in different biological 
pathways relying on standalone repositories such as 
Reactome23–25 and WikiPathways26. A volcano plot was 
generated in R studio (version 0.99.903) using a graphing 
package ‘ggplot2’ (cran.r-project.org/package=ggplot2). 
In the plot, fold change between the two groups (on a log 
scale) was plotted on the X-axis, while t-test significance 
P-values (on negative log scale) were plotted on the  
Y-axis. Colour threshold for –log10 P-value was set at 
4.221. A heat map was generated in R using gplots pack-
age representing the degree of up- and down-regulation 
of genes in association with their different biological 
pathways. We divided interactions into functional sets 
and defined interactions as conserved sequences between 
gene sets. We also studied the degree of distribution of all 
genes in GGIN, to see whether or not they are scale-free. 
We have performed manual functional annotation of 
every gene (using http://www.genecards.org/) for their 
involvement in the biological pathways. 
 BOP1 along with the identified up- and down-regulated 
genes were searched in ConsensusPathDB27 to find their 
interaction networks. In order to conjure up the interac-
tion network, all the possible interactions were selected 
irrespective of their confidence level and mapping crite-
ria. There were five interaction sources from which the 
network was generated: Biogrid28, IntAct29, Spike30, 
Mint31 and HPRD32. For proper visualization, the whole 
network was exported as a computer-readable file (Bio-
PAX level 3), and it was used as an input to Cytoscape 
(version 3.4.0)33. 

Homology modelling, structure prediction and  
evaluation 

Homology models of BOP1 proteins were generated  
using SWISS-MODEL34. The quality of the obtained 
model has been evaluated for internal consistency and re-
liability through Z-score using ERRAT35 and RAMPAGE36 
Ramachandran plot analysis. Sequence pattern recogni-
tion was performed using WebLogo37. 

Normal and cancer tissue profiling 

Absolute expression values, generated in Affymetrix  
Microarray U133 Plus2 platform, for BOP1, ACTB and
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Figure 1. BOP1 domain architecture and association with WD40 and other functional protein domains as analysed by CDART, SMART and 
Pfam. 
 
 
KRAS genes of normal and cancerous tissues were obtai-
ned from GENT (Gene Expression database of Normal 
and Tumour tissues) database38. For swift visualization 
and analysis of cancer outliers, log2 transformation was 
carried out and COPA package was used in R environment. 

Post-translational modifications 

Search in HPRD32 and PhophoSitePlus39 have allowed us 
to map post-translational modifications in BOP1. 

Results and discussion 

Association of BOP1 domain with other functional  
domains 

BOP1 domain is found to be associated with WD40  
repeats in a majority of species. WD40 domains are 40 
amino acid peptide repeats terminating in tryptophan (W) 
and aspartate (D) residues, due to the presence of which 
the protein takes beta propeller fold-like conformation40.
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Figure 2. Phylogenetic tree of (a) BOP1 Protein and (b) BOP1 domain obtained by ML method with 1000 bootstrap replicates. The tree was dis-
played and annotated using web-based phylogenetic tool, iTOL. Each kingdom in the tree is depicted using discrete colours for proper visualiza-
tion. 
 
 

BOP1 domain at the N-terminus followed by WD40  
repeats forming seven-bladed β-propeller architecture, 
could stabilize BOP1 in its interaction with biogenesis 
assembly proteins. WD40 domain-containing proteins,  
although abundant in eukaryotes not restricted to BOP1 
protein, are rarely present in prokaryotes41. In few organ-
isms ERB1 also has other domains which are gained in 
different timeline of evolution. These domains have added 
new functions to ERB1. We observed WD40 repeats  
varying in number and/or position (Figure 1). This may 
be important in offering varying conformations in diffe-
rential interactions of BOP1. Some of the additional func-
tional domains include dsRNA binding domain, RNA 
recognition motif, zinc-binding ribosomal protein, pep-
tidyl tRNA hydrolase II, phosphopantetheinyl transferase, 
pectin lyase, carbohydrate-binding and hydrolysis do-
mains that are usually absent in other ribosomal assembly 
proteins. Such domains are present in a few organisms, 
pointing out to their adaptation and survival in different 
environments. 
 BOP1 homolog of Oxytricha trifallax (a protozoan 
with 16,000 chromosomes) has an anaphase-promoting 
complex domain having WD40 repeats. In Nannochlo-
ropsis gaditana, there is a chaperone domain DNAj/ 
Hsp40 domain at the C-terminal end. Trichinella spiralis 
contains double-stranded RNA-binding domain. BOP1 of 
Poeciliopsis prolifica shows a domain architecture con-
sisting of Toll B-like receptor. Brassica rapa has a  
complex of pectinesterase inhibitor (PMEI) and sugar  
hydrolysis (CASH) domains. BOP1 homolog of Pyrone-
ma omphalodes has a peptidyl-tRNA hydrolase (Pth2) 

domain. The occurrence of these functional domains 
along with the BOP1 domain presents evidence of a  
single protein carrying out concerted actions through evo-
lutionary gain of advantage in divergent species. 

Molecular phylogeny 

Protein domains are discrete evolutionary units and are 
considered to have emerged only once during evolution42. 
Molecular phylogeny studies for taxonomical purposes 
are based on ribosomal RNA genes43, but a few focusing 
on ribosomal proteins have revealed functional evolutio-
nary aspects44. There are around 32 ribosomal proteins 
that are well conserved across eukaryotes, bacteria and 
archaea, representing a universal pool of ribosomal archi-
tecture and a common ancestor45. Evolutionary theory 
envisages a simple machinery for primitive protein syn-
thesis45. The phylogenetic analysis for protein ERB1 in 
whole and BOP1 domains yielded similar trees of life for 
classifying most species. It is evident from the tree that 
ERB1 has emerged during the course of evolution and 
can be observed in 41 unique phyla (Figure 2 a and b).  
Interestingly, in the phylogenetic analysis, we observed 
BOP1-like domains in viruses, bacteria and protista. Tree 
analysis was conducted to study the significance of BOP1 
domain as a phylogenetic marker to gain better under-
standing of its origin and evolution. This analysis draws 
evolutionary and taxonomical inference through the  
occurrence of BOP1 domain as well as other functional 
domains. The results generated by this BOP1-centric tree 
showcase the conservation of this gene across a majority 
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of species, while a few display divergence from their 
clade in the tree of life. Considering the conserved nature 
of the super tree, we consider BOP1 as a potential marker 
for constructing phylogenetic trees, especially of euka-
ryotes. This tree reveals the diversified evolutionary pat-
terns and interestingly both BOP1 domain and ERB1 
protein sequences give predictable, yet comparative and 
similar trees. 

Co-expression profile of BOP1 in eukaryotic model  
organisms 

Knowledge on biological systems can be gained by  
understanding their biological networks, mainly protein–
protein interactions (PPIs)46 and gene co-expression  
networks47. To elucidate ERB1 gene function on a global 
scale, we used a co-expression matrix consisting of a set 
of 51 genes in Saccharomyces cerevisiae and compared it 
with co-expression in other model organisms (Arabiodop-
sis thaliana, Bos taurus, Caenor habditis elegans, Danio 
rerio, Drosophila melanogaster, Mus musculus, Oryza 
sativa japonica, Plasmodium falciparum and Schizosac-
charomyces pombe). One important aspect of the analysis 
was that co-expression of genes was first analysed in S. 
cerevisiae, and the promising genes were compared for 
their co-expression in nine other model organisms. We 
observed that S. cerevisiae expression of ERB1 gene has 
positive correlations with 48 out of 50 genes and negative 
correlation with TIF6 and SPB4 (Figure 3 a). Whereas in 
other model organism, BOP1 gene expression is negative-
ly correlated with RIX7, RLP7, NSA2, and RIX1 along 
with TIF6 (Figure 3 b). TIF6 shows similar negative cor-
relation of co-expression with ERB1 in both S. cerevisiae 
and model organisms. Mammalian homolog TIF6 in yeast 
has lost transcription initiation function, but shows in-
volvement in ribosomal biogenesis. Similarly, SPB4 with 
a helicase function has also been reported to be involved 
in ribosomal biogenesis48. RRP12 shows good co-
expression correlation in five different organisms (A. tha-
liana, C. elegans, D. melanogaster, O. sativa japonica 
and S. pombe), NOC2, NOC3, PUF6, YTM1 in three or-
ganisms (A. thaliana, D. melanogaster and O. sativa ja-
ponica), RPA135 in three organisms (A. thaliana, D. 
melanogaster and S. pombe), NSA2 in two organisms (A. 
thaliana and O. sativa japonica) and NOG1 in two organ-
isms (A. thaliana and P. falciparum; Figure 3 c). In S.  
cerevisiae, CBF5P is the essential nucleolar protein in 
box H/ACA small nucleolar RNPs (snoRNPs) and codes 
for pseudouridine (Psi) synthase enzyme49. RPA135 is a 
gene with good coorrelation and similar co-expression 
values as that of BOP1. RPA135 has a C-terminal Zn-
binding domain and is the second-largest subunit of yeast 
RNA polymerase I (ref. 50). PUF6 has important func-
tional roles in asymmetric mRNA distribution and ribo-
some biogenesis localized to the nucleolus51. RRP12 is an 

essential protein for the export of pre-40S and pre-60S 
particles out of the nucleus52. NOC2, NOC3 genes are in-
volved in intranuclear transport of the pre-60S subunit53. 
NOG1 is a nucleolar GTP-binding protein functionally 
linked to ribosome biogenesis54. Nsa2 gene is required for 
the maturation of 27 SB pre-rRNAs55, while RLP7 is re-
quired for large ribosomal subunit biogenesis56. We 
found co-expression relationships, each of which has 
been conserved across certain species, which might con-
fer a selective functional advantage in evolution. From 
this we conclude that these genes could be integral part-
ners of ERB1 functional complex in ribosomal biogene-
sis. We confer that the co-expressed genes show positive 
correlation with BOP1 and have proven involvement in 
ribosomal biogenesis and show nucleolar localization. 

BOP1 interactome 

After identification of nucleolar proteins with good  
co-expression correlation to BOP1, we analysed BOP1 
interaction networks in protein interaction databases. 
Four major classes of ERB1-interacting proteins have 
been identified based on biological functions (ribosomal 
biogenesis, regulation of gene expression, DNA synthesis 
and metabolic regulation; Figure 4). The interactome  
displays 40 closely knit proteins showing involvement in 
ribosomal biogenesis, 24 in gene regulation, 17 in meta-
bolic regulation and 19 in DNA synthesis; all of them  
are connected to each other and to BOP1. Most of the  
interacting proteins belong to the ribosome biogenesis 
pathway as expected. From this observation it is evident 
that BOP1 is a critical protein in the synthesis and matu-
ration of ribosomal subunits. The complex of PES1, 
WDR12 with BOP1 forms the important PeBOW com-
plex whose significance lies in the maturation of the 60S 
subunit, and an aberration in any one of the interacting 
partners could lead to serious health implications57. Anal-
ysis revealed more number of interactomes of BOP1 than 
known before, participating in diverse cellular functions. 
We infer that there are several pathways in which BOP1 
is involved, probably acting as a scaffold or as a down-
stream regulator of ribosomal biogenesis and gene regula-
tion. 
 Most of the interactomes of BOP1 (58%), irrespective 
of their metabolic functions, are located in the nucleus, 
nucleoplasm and nucleolus. The role of BOP1 in ubiqui-
tination of proteins could be justified by the presence of a 
major part of its interactomes in protein ubiquitination 
(10%), proteasome degradation (10%), protein transport 
(7%) and polyubiquitination (5%; Figure 4). This infor-
mation also shows how BOP1 could regulate the protein 
transport and ubiquitination-dependent degradation. The 
WDR family of proteins was considered as the possible  
target for anti-fungal drugs57–60. Since we show that 
BOP1 has interactions with proteins of the WDR family
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Figure 3. Co-expression matrix of a set of 51 genes in (a) Saccharomyces cerevisiae and (b) combined single-vector  
expression scores of other model organisms delineated as a heat map. (c) Expression analysis showing nine model organ-
isms to be associated with most of the co-expressed genes. ERB1 centric in-depth analysis was further performed with 
these model organisms. 

 
 
and also co-expressed with some WDR genes, BOP1  
itself could be a novel anti-fungal therapeutic target. 
BOP1 also interacts with NOP family of proteins (NOP2, 
NOP34, NOP58 and NOP56) that are considered as a tar-
get for analgesic drugs61, and studies focusing on NOP 
and BOP1 might lead to better understanding of infection 
and inflammation. 

BOP1 gene expression in normal and cancer tissues 

We carried out comparative gene expression analysis of 
BOP1 in normal and cancer tissues along with K-Ras  
oncogene and ACTB (actin-B)62 as housekeeping gene. 
KRAS (Ki-ras2 Kirsten rat sarcoma viral oncogene  
homolog) is the most common mutated gene of the RAS 
family in cancer63. The results obtained by comparative 
gene expression analyses show that BOP1 expression  
levels are upregulated in numerous cancer tissues (Figure 
5 a). The plot shows clear comparison of BOP1 expres-

sion levels in both cancer and normal tissues, thus aiding 
in making a comprehensive conclusion about the role of 
BOP1 in cancer pathways. When comparing normal and 
cancer tissues, there is a pronounced increase of BOP1 
expression in the latter. This remarkable observation was 
also more pronounced when BOP1 expression was com-
pared to that of ACTB and KRAS. Block of proliferation 
protein (BOP1) was originally identified to be upregulated 
in hepatocellular cancinoma as part of 8q24 amplifica-
tion, and the upregulation was observed to be much more 
than the candidate marker C-MYC63–65. This means that 
BOP1 might have the potential to act as a marker gene for 
most cancers and also a potential pharmacological target. 
 Especially higher expression levels of BOP1 were  
observed in blood, brain, colon, lung and skin cancer  
tissues when compared to other cancers. Evidences of 
BOP1 overexpression in cancer tissues were prominent 
and conclusive, although the mechanism of carcinogene-
sis is not understood. Overexpression of BOP1 gene 
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Figure 4. Interaction of BOP1 with different genes obtained after interactome analysis. Four clusters of genes associated 
with ribosome biogenesis, gene expression regulation, and metabolic regulation and DNA synthesis are found to interact 
with BOP1. Quantitative analysis of these genes based on their (a) cellular compartment of expression; (b) biological 
processes they are involved in and (c) cellular functions carried out by them, affirms that most of the genes interacting 
with BOP1 are involved in RNA processing, and they are highly expressed in the nuclear region of the cell. 

 
 
accompanied by chromosomal aberrations like 8q24  
amplification could be a lethal causal factor for colorectal 
cancer. Another significant aspect of BOP1 is that it is one 
of the candidates for methylation-dependent expression 
variations. It was shown to overexpress and had lower 
methylation rates when compared to other genes in ova-
rian cancer66. The present study also provides the same 
result, with BOP1 expression levels in Ovary-C way 
higher than Ovary-N. We have also examined if any 
SNPs and mutations in the coding regions are available in 
dbSNP67. We found a total of 1282 SNPs associated with 
the BOP1 gene, of which 1158 were from the intronic re-
gion and 124 were from the exonic region. SNPs found in 
the exon regions were further analysed, and it was found 
that missense and synonymous type of SNPs were more 

prevalent in the coding regions. In order to find any inter-
specific conserved polymorphism in these regions, SNPs 
of H. sapiens were compared with those of Rattus norve-
gicus, Mus musculus, Macaca fascicularis and Danio  
rerio. However, no significant conservation match was 
found. 
 We have also searched for post-translational modifica-
tions of BOP1 available from the literature and proteomic 
databases. There was strong evidence for ubiquitination, 
again positively correlating with the interactome analysis. 
We also found that BOP1 protein is ubiquitinated on sev-
en residues, thus adding to its already speculated role in 
the ubiquitination pathways. We also found BOP1 to be 
hyperphosphorylated on both serine/threonine as well as 
tyrosine. We found experimental evidence showing 18
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Figure 5. a, A comparative gene expression analysis of BOP1 gene involved in normal and cancerous tissue. BOP1 is found to be overexpressed 
in most of the cancers when compared to KRAS oncogene: ACTB was taken as the housekeeping gene in this analysis. b, Schematic representation 
of translational modifications of BOP1. 
 
residues (10 serine, 4 threonine and 4 tyrosine) to be 
phosphorylated (Figure 5 b). Nine of the phosphorylated 
residues were observed in the BOP1 domain, indicating 
that there is a change in conformation and possibility of 
novel interactions. We analysed possible upstream kinas-
es based on the phosphomotifs68 and found that some of 
the phosphorylation sites had motifs specific to CDKs 
and casein kinase. 

Homology modelling and structure prediction 

Since ERB1 protein and BOP1 domain structures have 
not been solved, we chose to predict the structures using 
homology modeling and validate these predictions using 
computational approaches. Analysis of structural similari-
ty of ERB1 protein in different organisms is an index of 
evolutionarily shared functional activity. The ERB1  
protein, with its unique globular architecture consisting 
of seven-bladed β-propellers formed by seven WD40 
domains69, is well conserved across model organisms 
tested and across evolution, barring a few exceptions. 
This loop has no definitive secondary and tertiary struc-
tural features in the 60 amino acid stretch (Ser 554 to Ala 
614; Figure 6 a). PEST motifs that are composed primari-
ly of proline (P), glutamic acid (E), serine (S) and threo-
nine (T) are clusters of charged amino acids that form 
flexible loops, and are linked to protein destabilization 
and degradation in eukaryotic systems40. BOP1 proteins 
are more accessible for proteases due to the presence of 
PEST region70 for rapid cleavage, and this could be a 
mark of the many checkpoints in the control of ribosome 
biogenesis. We found that in the fungal BOP1 domains, 

two α-helices were formed by LDQLLDS and EELELIR 
sequence motifs that are highly conserved. We observed a 
small motif GTSLK (genus Candida), GQDVR and 
GRDLR motifs (Kingdom: animalia), KPP residues (class 
insecta) RKIY and DVEL (Kingdom: plantae) were in-
volved in stabilizing two β-sheet formations (Figure 6 b). 
We found α-helix favouring sequences as LDSFLAS, 
KNWRKIY (plantae), and DELDQFL (animalia). We al-
so observed proline to be well conserved as a residue at 
position 70 in the BOP1 domain. There is a unique C-
terminal free hanging loop which is prominent in all the 
organisms and even remarkable in C. albicans. A motif 
representing H(I/X)GY(D/X)(X/I)(X/N)G was promi-
nently conserved throughout the evolution, represented in 
the tree of life (Figure 6 c). 
 Proteins of the β-propeller fold are ubiquitous in nature 
and widely used as structural scaffolds for ligand-binding 
and enzymatic activity. All β-propeller proteins with dif-
ferent blade numbers adopt disc-like shape; they are  
involved in a diverse set of functions, and defects in this 
family of proteins have been associated with human dis-
eases71. We observed several PEST motifs in BOP1 pro-
teins both in the BOP1 domain and N-terminal loop just 
prior to the BOP1 domain, in the central region that over-
laps with the predicted NOP7 binding sequence72. 

Differential gene expression and networks analysis  
in BOP1 overexpression 

We analysed how BOP1 overexpression affects cellular 
signalling pathways. Gene–gene integrative network 
(GGIN) analysis has been used to build different 
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Figure 6. a, Structure of WD40 domains in BOP1 protein often folds into seven-bladed β-propellers with a funnel-like shape in 
different model organisms including S. cerevisiae, D. melanogaster, A. thaliana, M. musculus, H. sapiens, G. max and C. elegans. 
In C. albicans WD40 domain takes the hanging-loop structure, while top view of seven-bladed β-propeller in H. sapiens can be  
visualized in the centre. b, BOP1 domain structure in A. thaliana, C. albicans, C. elegans, D. melanogaster, G. max, H sapiens,  
M. musculus and S. cerevisiae. α-Helix is shown in purple colour and β-sheet in orange. Identified domain motifs are shown in 
single-letter code. c, Sequence logo for BOP1 domain repeats. The letter plots represent amino acid conservation at each position. 
The logo was designed based on structural alignment of conserved motif in the BOP1 domain. 

 
 
networks of the upregulated and down-regulated genes. 
Also, 340 DE genes were selected from the NCBI gene 
expression dataset (GSE50841) for network analysis70. 
GGIN analysis revealed molecular networks of various 
functional roles for the BOP1 gene. 
 GGIN analysis also shows that when the BOP1 gene is 
upregulated, its counterparts WDR12 and PES1 also get 
upregulated. Other upregulated genes that are part of this 
network are KLF10, ARRB1, ARRB2, LTE1 and NUDC, 
which are part of cell division. BOP1 also upregulates 

several genes involved in cellular growth and prolifera-
tion genes like CHEK2, RAF1, POLR1D, MAPKAPK2, 
SOX5 and CUL3. Ribosomal genes like NME1, RPL36A 
and RPS26 are found to be upregulated along with genes 
with significant roles in rRNA maturation, like RpS7, 
RpS24, RPL29, RPS15 and RPL36A. Other significant 
networks formed through BOP1 connect to networks with 
involvement in DNA replication (MCM10), transcription 
regulation (TAF1A), chromatin remodelling and gene ex-
pression (JMJD6). A strong link to ubiquitination through 
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BOP1 interactors ITCH and UBQLN1, TANK, RELA, 
SMAD2 was observed in the genes. 
 The present study also shows that BOP1 overexpres-
sion causes downregulation of the expression of cyclin-
dependent kinases (CDKs), thereby impairing the cell 
cycle process. It has been already demonstrated that inac-
tivation of BOP1 causes pre-RNA processing and thus 
causes multiple blocks in cell cycle progression21.  
Although it is clear from BOP1 interactome and co-
expression data that BOP1 has a strong role to play in the 
cell cycle, the BOP1 overexpression data represented by 
networks reveal several key players of the cell cycle that 
include CDC5L, CDC7, CDC14A, CDC23, CDC25, 
CDC25B, CDC34, CDC37, CDC42, CDC73, CDKN1A, 
CDKN2A, CDKN2D, CDK2, CDK4, CDK4, CDK6 and 
CDK9. We observed the interaction of BOP1 with protein 
TP53 and ITCH, an ubiquitnation regulating protein  
ligase. A p53-dependent signalling axis was earlier estab-
lished that connects ribosomal biogenesis and cell-cycle 
progression72, in which BOP1 might play a regulatory 
role. Critical to all cancer cells is the regulation of p53. It 
is known that p53 is involved in the induction of apopto-
sis and cell-cycle arrest through an intricate pathway of 
signalling molecules8. In this pathway, BOP1 was in-
volved in G1/S transition of the cell cycle73. It was inter-
esting to note that the genes involved in regulation of 
TP53 activity (L3MBTL1, DUSP4, PERP, BCL6, RRAGB, 
TP53I3 and TP53INP1) were down-regulated, while 
TP53BP2 was the only gene that was up-regulated. Using 
a predictive approach to identify the pathways in which 
BOP1 may play an influential role from the networks 
built, a heat map containing fold change values of all the 
up- and down-regulated genes and their respective path-
ways was critically analysed. Most of the genes are in-
volved in protein transport, trafficking and regulation of 
genetic processes, which is obvious from the fact that 
BOP1 has a role predominately in ribosomal biogenesis. 

Conclusion 

We have performed a comprehensive systems analysis by 
identifying several orthologs of BOP1 across various  
genomes and establishing a strong evolutionary signific-
ance to the conservation of BOP1 domain and BOP1 pro-
tein. We have built a supertree based on both domain and 
complete BOP1 protein sequences to establish a phyloge-
netic evolutionary relationship among the organisms in 
relation to ribosomal function. In this study we have  
defined the presence of additional domains with varying 
functions along with the BOP1 domain, and have shown 
strong association of the BOP1 domain to WD40  
domains. Homology modelling has provided insights into 
conservation of conformation of BOP1 in various organ-
isms and occurrence of BOP1 as well as PEST motifs in 
BOP1 sequences. The analysis has revealed crucial play-

ers which co-express, interact and are upregulated by 
BOP1 that might be important in the role of BOP1 in ri-
bosomal biogenesis and its other signalling roles. We 
have also shown BOP1 as a potential biomarker, hig-
hlighting its expression levels in cancer tissues. A critical 
correlation established between p53 and BOP1 might 
show that BOP1 is now one of the important molecules in 
regulating apoptosis and cell cycle. This study is unique 
as it involves application of several datasets in public re-
positories to implicate a specific gene hidden in databases 
as a potential evolutionary and cancer biomarker. The 
emerging role of ribosome biogenesis in cancer research 
and the dearth for potential marker genes pitches BOP1 
as a primary candidate for further studies in all types of 
cancer signalling pathways. 
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