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Abstract 

Context: The development of curcumin analog compounds containing boron as anticancer agents is ongoing. Diboronocurcumin analogs are promising for 

development as selective and targeted anti-breast cancer agents. We designed five novel diboronocurcumin analogs (CCB-4 to CCB-8) featuring heterocyclic 

ketones to address current limitations in breast cancer treatment, including resistance and toxicity. 

Aims: To identify potential targets and molecular pathways of diboronocurcumin analogs in breast cancer, utilizing a bioinformatics technique and structure-

based in silico research. 

Methods: Target prediction was performed using databases including TargetNet, GeneCards, OMIM, and NCBI. Functional network analysis tools, such as 

STRING, Cytoscape, GO, and KEGG, were utilized to identify key signaling pathways in breast cancer. Molecular docking was employed to evaluate the binding 

interactions between diboronocurcumin analogs and the predicted target proteins. 

Results: ESR1, RELA, HDAC1, and MMP9 were four targets of diboronocurcumin analogs implicated in the processes of breast cancer cell proliferation, 

metastasis, and death, according to bioinformatics approaches. Molecular docking studies revealed that diboronocurcumin analogs had a high affinity for the 

four targets. CCB-4 to CCB-8 demonstrated stronger binding to ESR1 (-10.18, -10.49, -9.19, -10.24, and -10.85 kcal/mol, respectively) than tamoxifen (-9.52 

kcal/mol). In addition, CCB-5 and CCB-8 exhibited greater binding to IKK (upstream pathway kinase of RELA), compared to doxorubicin, tamoxifen, and 

lapatinib.  

Conclusions: This study provides insights into the multi-target potential of diboronocurcumin analogs in suppressing breast cancer progression. Further in 

vitro and in vivo validation is supported by encouraging in silico results, particularly for CCB-5 and CCB-8.  

Keywords: bioinformatics; boronic acid compounds; curcumin analog; in silico analysis; multi-target ligand. 

 

Resumen 

Contexto: El desarrollo de compuestos análogos de la curcumina que contienen boro como agentes anticancerígenos está en curso. Los análogos de 

diboronocurcumina son prometedores para su desarrollo como agentes selectivos y específicos contra el cáncer de mama. Diseñamos cinco nuevos análogos 

de diboronocurcumina (CCB-4 a CCB-8) con cetonas heterocíclicas para abordar las limitaciones actuales en el tratamiento del cáncer de mama, incluyendo 

la resistencia y la toxicidad.  

Objetivos: Identificar posibles dianas y vías moleculares de los análogos de diboronocurcumina en el cáncer de mama, utilizando una técnica bioinformática e 

investigación in silico basada en la estructura. 

Métodos: La predicción de dianas se realizó utilizando bases de datos como TargetNet, GeneCards, OMIM y NCBI. Se utilizaron herramientas de análisis de 

redes funcionales, como STRING, Cytoscape, GO y KEGG, para identificar vías de señalización clave en el cáncer de mama. Se empleó acoplamiento molecular 

para evaluar las interacciones de unión entre los análogos de diboronocurcumina y las proteínas diana previstas. 

Resultados: ESR1, RELA, HDAC1 y MMP9 fueron cuatro dianas de análogos de diboronocurcumina implicadas en los procesos de proliferación, metástasis y 

muerte celular en cáncer de mama, según enfoques bioinformáticos. Estudios de acoplamiento molecular revelaron una alta afinidad de los análogos de 

diboronocurcumina por las cuatro dianas. Los compuestos CCB-4 a CCB-8 mostraron una unión más fuerte a ESR1 (-10,18, -10,49, -9,19, -10,24 y -10,85 

kcal/mol, respectivamente) que el tamoxifeno (-9,52 kcal/mol). Además, CCB-5 y CCB-8 mostraron una mayor unión a IKK (quinasa de la vía ascendente de 

RELA), en comparación con doxorrubicina, tamoxifeno y lapatinib. 

Conclusiones: Este estudio proporciona información sobre el potencial multidiana de los análogos de diboronocurcumina para suprimir la progresión del 

cáncer de mama. La validación in vitro e in vivo se ve respaldada por resultados in silico alentadores, en particular para CCB-5 y CCB-8. 

Palabras Clave: análogo de curcumina; análisis in silico; bioinformática; compuestos de ácido borónico; ligando multidiana. 
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Abbreviations: ADME: absorption, distribution, metabolism, and excretion; ADMET: absoption, distribution, metabolism, excretion, 
toxicity; APOBEC3A: apolipoprotein B mRNA editing enzyme; AUC: area under curve; BC: betweenness centrality; BP: biological process; 
CACNA: the voltage-dependent T-type calcium channel subunit alpha-1H; CACNA1B: the voltage-dependent N-type calcium channel 
subunit alpha-1B; CC: cellular component; CCB: chemoprevention curcumin boron; ClC: closeness centrality; CLK1: CDC-like kinase 1; 
CTDSP1: carboxy-terminal domain RNA polymerase II polypeptide A small phosphatase 1; DC: degree centrality; EGFR: epidermal growth 
factor receptor; ER: estrogen receptors; ESR1: estrogen receptor 1; GO: gene ontology; HBA: hydrogen bond acceptors; HBD: hydrogen 
bond donor; HDAC1: histone deacetylase 1; HER2: human epidermal growth factor receptor 2; HRH4: histamine H4 receptor; ICAM1: 
intercellular adhesion molecule 1; IKK: inhibitor of nuclear factor kappa B kinase; IMPDH2: inosine-5'-monophosphate dehydrogenase 2, 
ITPs: indirect target proteins; KEGG: Kyoto Encyclopedia of Genes and Genomes; MF: molecular function; MMP9: matrix 
metalloproteinase 9; MW: molecular weight; NCBI: National Center for Biotechnology Information; Non-TNBC: non-triple negative breast 
cancer; OMIM: online Mendelian inheritance in man; P-gp: P-glycoprotein; PPI: protein-protein interaction; PR: progesterone receptors; 
PTPRC: protein tyrosine phosphatase receptor type C; RELA: REL-associated protein involved in NF-κB heterodimer formation; RMSD: 
root mean square distances; TCGA: the cancer genome atlas; TNBC: triple negative breast cancer. 

 

INTRODUCTION 

Breast cancer cells exhibit abnormal characteristics 
compared to normal cells; the overexpression of cer-
tain genes causes uncontrolled cell proliferation. 
Breast cancer exhibits distinct characteristics in pa-
tients, and typically, three receptors are identified, 
namely estrogen receptors (ER), progesterone recep-
tors (PR), and human epidermal growth factor recep-
tor 2 (HER2). Types of breast cancer can be differenti-
ated based on these receptors, namely, triple negative 
breast cancer (TNBC) and non-TNBC (Gonçalves et 
al., 2023; Shaath et al., 2021). TNBC is breast cancer 
that is negative for all three receptors, while non-
TNBC is positive for one or all of them. All subtypes 
of breast cancer have a high ability to avoid apoptotic 
mechanisms, especially for TNBC, so the effects of 
promoting apoptosis and inhibiting cell migration by 
chemotherapy agents are highly expected (Gonçalves 
et al., 2018; Liao et al., 2022; Yang et al., 2022; Yao et 
al., 2016). On average, 3-5 years from the first treat-
ment, patients will experience a recurrence (Feng et 
al., 2018; Guo et al., 2023). One way to treat breast 
cancer is to use medical treatment, such as surgery, 
chemotherapy, hormone therapy, radiation therapy, 
and immunotherapy. This treatment aims to kill and 
even inhibit the development of cancer cells. Howev-
er, currently available anticancer drugs generally 
have dangerous side effects because they can damage 
normal cells that divide rapidly, such as bone marrow 
cells, gastrointestinal mucosal cells, hair follicle cells, 
and lymphocyte cells (Amjad et al., 2024; Anand et al., 
2022). 

Curcumin from Curcuma longa L. is known to have 
anticancer potential. Numerous studies have been 
conducted to investigate its anticancer activity 
(Giordano and Tommonaro, 2019; Islam et al., 2024; 
Wilken et al., 2011). Curcumin exerts a cytotoxic effect 
on several cancer cells through various action path-
ways, including interference with cell cycle regula-
tion, inhibition of signal transduction, and inhibition 
of metastasis mechanisms (Meiyanto et al., 2021; Po-
ma et al., 2007). Through the following mechanisms, 
curcumin modulates breast cancer cell pathways by 

inducing cell cycle arrest, suppressing transcription 
factors such as NF-κB, and downregulating anti-
apoptotic proteins, including Bcl-2 (Berrak et al., 2016; 
Dai et al., 2018; Mo et al., 2012; Mohammad et al., 
2022). Curcumin shows promise as a therapeutic and 
chemopreventive agent in cancer due to its diverse 
bioactive properties (Amaroli et al., 2024; Farghadani 
and Naidu, 2022). However, natural curcumin is easi-
ly hydrolyzed and degraded and has relatively low 
solubility in water. This is an obstacle to administer-
ing it in clinical conditions. Therefore, curcumin ana-
logs have been developed as compounds with im-
proved therapeutic effectiveness compared to curcu-
min (Hassanzadeh et al., 2020; Landeros et al., 2017; 
Sohn et al., 2021).  

Curcumin analog compounds with heterocyclic 
ketones such as tetrahydropyran-4-one, piperidine-4-
one, or their derivatives have been proven to have a 
more potent cytotoxic effect than analogs with carbo-
cyclic ketones on melanoma and MDA-MB-231 cancer 
cells (Adams et al., 2004; Fiona et al., 2021). Curcumin 
analog compounds, when combined with other heter-
ocyclic ketones, such as 1-Boc-piperidin-4-one, exhibit 
potent cytotoxic effects on LoVo, COLO-205, PC3, and 
22RV1 colon cancer cells (Ocasio-Malavé et al., 2020). 
Curcumin analog compounds with heterocyclic ke-
tones and boronic acid have also been reported to 
have a cytotoxic effect on HCT116 colon cancer cells 
with an IC50 of 1.5 µM (Achanta et al., 2006). There-
fore, modifying the structure of curcumin analogs 
containing a monocarbonyl substituted by a heterocy-
clic monoketone is necessary. Modifications to the 
structure of curcumin analogs are expected to in-
crease selectivity against cancer cells, particularly 
breast cancer, enhance solubility, and improve the 
stability of the compound, thereby increasing its bio-
availability and effectiveness compared to curcumin. 

In recent studies, analogs of curcumin that contain 
boronic acid, specifically diboronocurcumin analogs, 
have been identified as potent anticancer drugs 
(Hermawan et al., 2023; Kusumastuti et al., 2019; Mei-
yanto et al., 2020). These substances integrate the bio-
logical properties of curcumin with boronic acid to 
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enhance cytotoxicity against various cancer cell lines, 
potentially circumventing some of curcumin's limita-
tions. One unique compound, CCB-2, was developed 
as a curcumin analog with a boronic acid group. The 
CCB-2 exhibited a dose-dependent response in multi-
ple cancer cell lines, including MCF-7 and RAW 264.7, 
and demonstrated strong cytotoxic effects against 
highly metastatic cancer cells, particularly the 4T1 
triple-negative breast cancer cells. The efficacy of di-
boronocurcumin analogs was thought to be aided by 
the boronic acid group, which enhances their interac-
tion with cellular constituents (Meiyanto et al., 2020). 
Boronic acid-substituted curcumin analogs with car-
bocyclic ketones have also been successfully synthe-
sized, but their cytotoxic effects are still less potent 
(Utomo et al., 2022). Diboronocurcumin analogs were 
reported to have the ability to inhibit proliferation 
and induce apoptosis in several cancer cells. The 
presence of boron in a compound makes its presence 
or distribution easily detectable, allowing for the easi-
er tracing of targeted anticancer drugs with a specific 
mechanism (Das et al., 2022). In this study, we intro-
duce a novel class of diboronocurcumin analogs fea-
turing heterocyclic ketones, which are hypothesized 
to improve target specificity and biological activity 
compared to previously reported carbocyclic analogs. 
Therefore, this research focuses on the development 
and exploration of diboronocurcumin analogs with 
heterocyclic ketones as breast anticancer agents. 
While the anticancer mechanisms of curcumin have 
been reported, the molecular mechanisms of diboro-
nocurcumin analogs with heterocyclic ketones in 
breast cancer treatment remain to be fully elucidated. 

This study aims to identify potential targets and 
molecular interactions of diboronocurcumin analogs 
with heterocyclic ketones in breast cancer, utilizing a 
bioinformatics approach, and to explore the use of 
diboronocurcumin analogs in overcoming breast can-
cer through structure-based in silico analysis. Bioin-
formatics can aid in the development of new drugs in 
several practical and efficient ways. Using STRING 
and Cytoscape, bioinformatics can analyze and identi-
fy genes that cause disease and proteins that interact 
with drugs. Additionally, the bioinformatics tools 
help understand the metabolic pathways of diseases 
and interactions between drugs and proteins, thereby 
increasing the effectiveness of drug development 
using databases such as KEGG, which can perform 
more sophisticated molecular simulations (Sihombing 
and Arsianti, 2024). An in silico analysis using molecu-
lar docking was also conducted to predict the interac-
tions between diboronocurcumin analogs and target 
proteins, thereby providing insights into their binding 
mechanisms and potential anti-breast cancer thera-
peutic effects.  

MATERIAL AND METHODS 

Integrated bioinformatics analysis 

Analysis of potential targets of diboronocurcumin analogs 
in breast cancer 

The possible targets of five newly designed dibo-
ronocurcumin analogs (CCB-4 to CCB-8) were pre-
dicted using TargetNet, an open-access platform for 
estimating compound–target interactions (Yao et al., 
2016). Conical smiles from each compound were ana-
lyzed using a target-based predictive approach with 
established selection criteria, namely area under the 
curve (AUC) ≥0.7 and probability score >0.6, specifi-
cally for the species Homo sapiens. Finding potential 
targets associated with breast cancer was conducted 
using the GeneCards (https://www.genecards.org/) 
(Stelzer et al., 2016), OMIM 
(https://www.omim.org/) (McKusick, 2007), and 
NCBI (https://www.ncbi.nlm.nih.gov/) databases 
(Sayers et al., 2021). The synchronization and selec-
tion of targets were performed using an online Venn 
diagram tool 
(https://bioinfogp.cnb.csic.es/tools/venny/index2.0.
2.html) to identify the intersection between breast 
cancer-related targets and targets from compounds 
predicted using TargetNet. This process yields a set of 
candidate targets that are estimated to be relevant to 
breast cancer and have the potential to interact with 
diboronocurcumin analogs. 

Determination of the primary targets of diboronocurcumin 
analogs in breast cancer 

The targets resulting from the intersection between 
predicted targets and proteins associated with breast 
cancer were further analyzed using the STRING data-
base to map specific protein-protein interaction (PPI) 
networks in Homo sapiens. This investigation identi-
fied indirect target proteins (ITPs) that may be in-
volved in the compound's mode of action. The targets 
were filtered using the CytoNCA plug-in in Cyto-
scape software (https://cytoscape.org/, version 3.7.2) 
according to their topological parameters of Degree 
Centrality (DC), Closeness Centrality (ClC), and Be-
tweenness Centrality (BC) to investigate the mecha-
nism of action of curcumin analog's boronic acid 
against breast cancer. The threshold was established 
using each centrality parameter's median value. With 
each median value serving as the threshold, the first 
method only used DC, whereas the second method 
used DC, ClC, and BC (Niu et al., 2018; Yang et al., 
2021). 
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Functional enrichment analysis of target proteins through 
GO and KEGG pathways  

The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database was used in conjunction with the 
STRING database for functional enrichment analysis. 
The analysis was conducted with the highest possible 
confidence level (0.900). Gene Ontology (GO) was 
investigated in this study, utilizing the Database for 
Annotation, Visualisation, and Integrated Discovery 
(DAVID database, https://david.ncifcrf.gov/). Mo-
lecular function (MF), biological process (BP), and 
cellular component (CC) are the three categories that 
constitute the GO analysis. Only the significant path-
ways of cellular component, biological process, and 
MF were selected for further investigation after the 
GO and KEGG pathway analyses were found to be 
statistically significant at p<0.05. Every result re-
vealed a target for diboronocurcumin analogs and 
breast cancer (Chen et al., 2015; Kanehisa et al., 2017). 
Furthermore, GO and KEGG were demonstrated us-
ing the Bioinformatics website platform 
(http://www.bio-informatics.com.cn). 

Evaluation of the effect of predicted targets on regulating 
breast cancer 

UALCAN is an integrated cancer data analysis 
platform that can be used for various cancer-related 
bioinformatics tests 
(https://ualcan.path.uab.edu/analysis.html) (Gao et 
al., 2018). It can provide information and images re-
garding the potential targets related to boronic acid-
substituted curcumin analogs to modulate the devel-
opment and growth of cancer cells. UALCAN also 
provides an overview of gene expression levels and 
survival rates. This work involved investigating genes 
associated with survival and high gene expression in 
invasive breast cancer. 

Prediction of drug-likeness, physicochemical, and 
pharmacokinetic properties 

Before conducting a molecular docking study to 
analyze the ability of diboronocurcumin analogs to 
bind to target proteins responsible for breast cancer, 
the research begins with an analysis of drug-likeness, 
followed by an estimate of the pharmacokinetic prop-
erties. Drug-likeness analysis is carried out based on 
Lipinski's rule of five, which states that a compound 
has properties similar to a drug if the molecular 
weight of the compound is less than 500 Daltons, the 
log P partition coefficient value is less than 5, the 
number of hydrogen bond donor is less than 5, and 
the number of hydrogen bond acceptors is less than 
10. Pharmacokinetic predictions of compounds are 
evaluated through in silico simulations of absorption, 

distribution, metabolism, and excretion (Sihombing 
and Arsianti, 2024). 

The Lipinski Rule of Five prediction was conduct-
ed to determine the physicochemical profile of the test 
compound and evaluate its potential as a drug candi-
date. The physicochemical properties of both the ref-
erence and test compounds included the assessment 
of absorption, distribution, metabolism, excretion, 
and toxicity (ADMET). The Lipinski rule of five anal-
ysis and ADMET evaluation were carried out using 
the pkCSM online tool, accessible via the website 
(http://biosig.unimelb.edu.au/pkcsm/prediction). 
Toxicity predictions were made by considering the 
mutagenic and carcinogenic potential of the com-
pound through AMES testing, as well as evaluating 
the possibility of hepatotoxicity. AMES testing was 
used to assess the mutagenic potential of the com-
pound, as mutagenic compounds also pose a carcino-
genic risk. Additionally, analysis using pkCSM was 
conducted to evaluate whether diboronocurcumin 
analogs act as substrates or inhibitors of P-
glycoprotein (P-gp). This evaluation is important be-
cause P-gp plays a crucial role in determining a drug's 
pharmacokinetics, therapeutic efficacy, and potential 
for drug interactions. Compounds identified as P-gp 
substrates are at risk of being excreted before reaching 
their target site, thereby reducing their bioavailability 
and efficacy as therapeutic agents (Pires et al., 2015). 

Molecular docking analysis 

Ligand optimization 

The ligands in this study were five novel diboro-
nocurcumin analogs (CCB-4 to CCB-8), which were 
designed de novo based on the structure of a previ-
ously reported curcumin-boronic acid analog (CCB-
2). Table 1 describes the structure of the test com-
pounds. The test compounds in .pdb format were 
optimized using the Hyperchem 8 program. The 3-
dimensional structure of the test compounds was 
optimized using the AM1 semi-empirical computing 
method, single-point calculations, and geometry op-
timization. The results obtained from a single point 
were the total energy of a configuration. At the same 
time, geometric optimization yielded a stable configu-
ration with a total energy value lower than that ob-
tained from single-point calculations (Dnyandev et 
al., 2021; Prieto-Martinez et al., 2018). 

Protein preparation 

The target protein used in molecular docking was 
previously identified through a bioinformatics ap-
proach, which has been shown to be a target for cur-
cumin and its analogs in the treatment of breast can-
cer.  
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Table 1. Diboronocurcumin analogs structure as a test compound in bioinformatic approach and in-silico assay using molecular 

docking 

Name of compound Conical SMILES  2D Structure of test compound 

3,5-bis(4-boronic 

acid)benzylidene 1-methyl- 

piperidin-4-one (CCB-4) 

CN1C\C(=C/C2=CC=C(C=C2)B(O)O)C(=O)\C

(C1)=C\C1=CC=C(C=C1)B(O)O 

 

3,5-bis(4-boronic 
acid)benzylidene 1-boc- 

piperidin-4-one (CCB-5) 

CC(C)(C)OC(=O)N1C\C(=C/C2=CC=C(C=C2)
B(O)O)C(=O)\C(C1)=C\C1=CC=C(C=C1)B(O)

O 

 

 

3,5-bis(4-boronic 
acid)benzylidene 1-asetil- 

piperidin-4-one (CCB-6) 

CC(=O)N1C\C(=C/C2=CC=C(C=C2)B(O)O)C(

=O)\C(C1)=C\C1=CC=C(C=C1)B(O)O 

 

3,5-bis(4-boronic 

acid)benzylidene oxa-4-one 

(CCB-7) 

OB(O)C1=CC=C(\C=C2/COC\C(=C/C3=CC=C

(C=C3)B(O)O)C2=O)C=C1 

 

 

3,5-bis(4-boronic 

acid)benzylidene thian-4-

one (CCB-8) 

OB(O)C1=CC=C(\C=C2/CSC\C(=C/C3=CC=C

(C=C3)B(O)O)C2=O)C=C1 

 

2,5-bis(4-boronic 

acid)benzylidene 

cyclopentanone (PGB-0) 

OB(O)C1=CC=C(\C=C2/CC\C(=C/C3=CC=C(

C=C3)B(O)O)C2=O)C=C1 

 

 

2,5-bis (4-hydroxy-3,5 

dimethylbensilidene) 

cyclopentanone (PGV-1) 

CC1=CC(\C=C2/CC\C(=C/C3=CC(C)=C(O)C(

C)=C3)C2=O)=CC(C)=C1O 

 

 

Curcumin  
O=C(\C=C\c1ccc(O)c(OC)c1)CC(=O)\C=C\c

2cc(OC)c(O)cc2  

 

 
The protein preparation process began by selecting 

a protein in an active form that binds to a native lig-
and with inhibitory activity against the target protein, 
as listed in the RSCB Protein Data Bank. The first 
stage of protein preparation was the removal of water 
molecules from the target protein. The native ligand 
was then removed using the Chimera 1.11.1 program 
to create space (pocket/cavity), allowing the spatial 
coordinates and binding site center to be defined as 

docking material (Ferreira et al., 2015; Prieto-Martinez 
et al., 2018). The separated native ligand is saved in a 
.pdb file and used in method validation. 

Validation of molecular docking methods 

Docking protocol validation was carried out by 
redocking the native ligand to the target protein from 
which it had been removed. Redocking was per-
formed using the AutoDockTools 1.5.6 program, 

https://jppres.com/


Laksmiani et al. In silico exploration of diboronocurcumin analogs 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S171 

 

which was equipped with the AutoDock 4.2 and Au-
toGrid programs. The method validation parameter is 
the root mean square distance (RMSD) value, which 
represents the deviation from the actual binding posi-
tion of the native ligand. The molecular docking 
method is valid if the resulting RMSD value is ≤ 3 Å 
(Jain and Nicholls, 2008). 

Molecular docking of ligands with targeted proteins 

Validated docking protocols were used to dock the 
optimized ligands (CCB-4 to CCB-8) into the prepared 
target proteins. The docking simulations were carried 
out using AutoDockTools 1.5.6 with AutoDock 4 and 
AutoGrid 4. Hydrogen bonding interactions, binding 
poses, and binding energy values are included within 
the output data. If the binding energy was ≤ -9.0 
kcal/mol, the binding affinity was considered high. In 
computational drug discovery research, this is a gen-
erally recognised cutoff point for high-affinity interac-
tions (Dankwa et al., 2022; Wong et al., 2022). 

Data analysis  

Descriptive data analysis was carried out using the 
techniques outlined in each section. Standard criteria 
and visualization tools were used to analyze the re-
sults of molecular docking, target prediction, gene 
enrichment, and protein–protein interaction net-
works. Hub proteins were identified based on net-
work centrality, whereas functional enrichment fo-
cused on pathways associated with cancer. Hydrogen 
bond interactions, comparison with native ligand 
binding sites, and binding energy values (≤ –9.0 
kcal/mol declared strong affinity) were used to ana-
lyze the docking data. The stronger interaction be-
tween the ligand and the target protein is indicated by 
more negative binding energy (Dankwa et al., 2022; 
Wong et al., 2022).  

RESULTS  

Identification of target genes of diboronocurcumin 
analogs in breast cancer 

Potential targets of diboronocurcumin analogs using 
Targetnet analysis 

Exploration of potential targets of diboronocur-
cumin with heterocyclic ketones, chemoprevention 
curcumin boron (CCB)4-8 (Table 1) using the Target-
net bioinformatics platform 
(http://targetnet.scbdd.com/). The Targetnet found 
101 target genes. This stage begins by combining the 
targets obtained from each curcumin analog com-
pound with the boronic acid content and ensuring 

that no duplicate target genes exist. The Targetnet 
expressed 101 targets for the curcumin analog com-
pounds. 

The target genes associated with breast cancer using 
GeneCard, OMIM, and NCBI 

Based on a search for target genes using Gene-
Card, 17623 genes related to breast cancer were 
found. OMIM revealed 20 genes, and NCBI revealed 
5746 genes. In the next stage, the genes were com-
bined, and the same targets were removed from the 
three platforms, resulting in 17,647 targets related to 
breast cancer. There were 90 genes from diboronocur-
cumin analogs that correlated with breast cancer 
when the breast cancer gene was incorporated with 
curcumin targets, as shown in the Venn diagram (Fig. 
1). 

The primary targets of diboronocurcumin analogs to 
overcome breast cancer 

Visualization of protein-protein interactions using 
the STRING web server is presented in Fig. 1. The 
interaction results showed that seven genes were not 
connected to the leading network; therefore, these 
seven genes were excluded from further processing. 
The seven genes were CTDSP1 (carboxy-terminal 
domain RNA polymerase II polypeptide A small 
phosphatase 1), CLK1 (CDC-like kinase 1), CACNA1B 
(voltage-dependent N-type calcium channel subunit 
alpha-1B), CACNA (voltage-dependent T-type calci-
um channel subunit alpha-1H), APOBEC3A (apolipo-
protein B mRNA editing enzyme), HRH4 (histamine 
H4 receptor), and IMPDH2 (inosine-5'-
monophosphate dehydrogenase 2). The PPI network's 
topological features include 83 nodes and 283 edges. 
The targets were identified and further characterized 
using Degree Centrality (DC) analysis in Cytoscape. 
DC is an index of interactions possessed by a target. 

Through the DC approach, 34 genes were obtained 
from the 83 genes previously obtained via STRING. 
Thirty-four genes have degree values above the me-
dian degree of all genes, namely 6.6588. The next 
stage involved screening the 34 genes obtained from 
DC analysis using three parameters: DC, BC, and ClC. 
BC is the magnitude of the influence of one target on 
another target in a network of protein interactions, 
while ClC is how quickly information spreads from 
one target to another. The median values of DC, ClC, 
and BC were 8.8824, 0.5558, and 27.2353, respectively. 
Through these three parameters, seven main targets 
related to diboronocurcumin analogs for treating 
breast cancer (Fig. 2). 
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Functional enrichment analysis of target proteins through 
GO and KEGG Pathways  

The GO analysis aimed to determine how the sev-
en primary targets of diboronocurcumin analogs af-
fected MF, BP, and CC of cancer. The results with 10 

MF, 9 BP, and 4 CC were determined based on statis-
tical significance, with p<0.05. The color intensity in 
Fig. 3 indicated statistical significance [-log10 (p-
value)]. 

 

 

Figure 1. Protein-protein interaction network of potential targets of diboronocurcumin analogs (CCB) in regulating breast cancer, 

analyzed using STRING.  

Number of nodes: 83 (After deleting seven targets that have not been linked to the top network, number of edges 283 with average node degree 6.29, the 

average local clustering coefficient: 0.544, expected number of edges: 111, and the PPI enrichment p<1.0e-16. 

 

 

Figure 2. Discovering the target genes using Cytoscape based on three centrality parameters, Degrees Centrality (DC), Closeness 

Centrality (CC), and Betweenness Centrality (BC). ESR1, RELA, MMP-9, ICAM1, HDAC1, PTPRC, and APP were expressed in the final results.  
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Figure 3. KEGG pathway analysis (A) and GO analysis (B).  
KEGG pathways analysis showed ESR1, HDAC1, RELA, and MMP-9 associated with cancer pathway, and Gene Ontology defined the target proteins of 

diboronocurcumin analogs on breast cancer, including Biological Processes, Molecular Functions, and Cellular Components. The color gradient indicated 

the statistical significance (-log10 p-value), where darker red reflected higher significance. The bar length (Counts) represented the number of genes involved 

in each category. 

 
In the biological process category, highly signifi-

cant enrichment (shown in red) was observed in pro-
cesses such as positive regulation of the ERK1 and 
ERK2 cascade, negative regulation of gene expression, 
and positive regulation of transcription by RNA pol-
ymerase II that involve the signaling cascades, tu-
mour suppression and transcriptional control linked 
to tumour (Fig. 3). In the context of molecular func-
tion, it was revealed that the target functions include 
enzyme binding, protein kinase binding, and NF-κB 
binding. In addition, the target is located in structures 
related to membranes, including membrane rafts, cell 
surfaces, and exosomes. GO analysis revealed that the 
target plays a crucial role in cellular communication 
and cell-cell interactions, which are essential for the 
development and progression of cancer.  

The KEGG pathway results showed that seven 
targets from the Cytoscape results were associated 
with seven pathways, with two pathways specifically 
linked to cancer (as seen in Table 2 and Fig. 3). The 
target genes linked to cancer included HDAC1, ESR1, 
MMP9, and RELA. These four primary targets were 
evaluated for their binding ability with diboronocur-

cumin analogs, CCB-4 to CCB-8, using an in silico 
molecular docking assay. 

Evaluation of the effect of predicted target genes on 
regulating breast cancer 

The UALCAN platform provides the Cancer Ge-
nome Atlas (TCGA) dataset to determine and com-
pare the expression levels of specific genes between 
normal tissue and cancer tissue in breast cancer cases, 
as well as analyzing the survival of breast cancer pa-
tients by providing data on the relationship between 
gene expression and patient survival (Chandrashekar 
et al., 2022). The assessment of the effect of predicted 
target proteins on modulating breast cancer can be 
carried out using the UALCAN platform by entering 
the four target proteins, namely, HDAC1, ESR1, 
MMP-9, and RELA, in the TCGA data set and select-
ing the "Expression" and "Survival" buttons. By eval-
uating the gene expression of the target protein and 
its survival rate, it is possible to identify the develop-
ment of new therapeutic targets and identify and 
analyze changes in the signaling pathways that occur 
in breast cancer or the mechanisms of breast cancer 
development (Siregar et al., 2024). 
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Table 2. KEGG pathway enrichment analysis.   

KEGG pathway Count Percentage p-value Genes 
FDR 

correction 

Significance after FDR 

correction 

TNF signaling 

pathway 

3 42.86 0.002601891 MMP-9, RELA, ICAM1 0.013 Significant 

Fluid shear stress 
and 

atherosclerosis 

3 42.86 0.003633346 MMP-9, RELA, ICAM1 0.013 Significant 

Pathways in 

cancer 

4 57.14 0.003799946 HDAC1, ESR1, MMP-9, 

RELA 

0.013 Significant 

Transcriptional 

misregulation in 

cancer 

3 42.86 0.006713524 HDAC1, MMP-9, RELA 0.014 Significant 

Epstein-Barr virus 

infection 

3 42.86 0.007406564 HDAC1, RELA, ICAM1 0.014 Significant 

Lipid and 

atherosclerosis 

3 42.86 0.008354901 MMP-9, RELA, ICAM1 0.143 Not Significant 

Prolactin signaling 

pathway 
2 28.57 0.047245823 ESR1, RELA 0.5151 Not Significant 

 
 

A B 

 
 

C D 

  

Figure 4. Expression levels of HDAC1, ESR1, MMP9, and RELA were elevated in breast cancer tissues compared to normal, indicating 

their potential role in tumorigenesis. 

 (A) HDAC1 expression level; (B) ESR1 expression level; (C) MMP-9 expression level; (D) RELA expression level. ―Normal,  ―Breast 

cancer. 

 
Fig. 4 describes that HDAC1, ESR1, MMP-9, and 

RELA had increased gene expression levels in breast 
cancer patients. Breast cancer can be overcome by 
inhibiting the expression of these four targets. Apart 

from expression levels, an analysis was also carried 
out regarding the survival rate of breast cancer pa-
tients. Fig. 5 revealed that the expression of HDAC1, 
ESR1, MMP-9, and RELA positively correlated with 
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survival rate in breast cancer patients. The survival 
rate was lower in patients with high gene expression 
levels compared to those with low gene expression 
levels. 

The evaluation of the relationship between ex-
pected gene expression levels and breast cancer pa-
tient survival, using Kaplan-Meier survival analysis, 
revealed that only patients with high MMP-9 expres-
sion had a higher survival probability rate compared 
to those with low expression. Still, both high and low 
expression levels of MMP-9 could persist for up to 
8,000 days. Of the four target proteins, only ESR1 
showed that patients with high ESR1 expression lev-
els had a survival rate of only 5,000 days, whereas 
patients with low ESR1 expression levels could sur-

vive more than 8,000 days. 

Predicted physicochemical characteristics and 
pharmacokinetic properties of diboronocurcumin 
analogs 

Table 3 shows the in silico predictions of physico-
chemical parameter values for the diboronocurcumin 
analogs. All compounds fulfilled Lipinski’s rule of 
five, except for PGV-1, which had a logP value of 5.16. 
The pkCSM analysis indicated that a logP above five 
classified PGV-1 as a nonpolar compound, potentially 
reducing bioavailability. Table 4 summarizes the pre-
dicted toxicity profiles of the diboronocurcumin ana-
logs, involving results from the AMES test, potential 
hepatotoxicity, and P-gp interaction predictions.   

 
 

A B 

  

C D 

  

Figure 5. Kaplan-Meier plots showed that patients with high expression of HDAC1, ESR1, MMP9, and RELA had reduced overall survival compared to 

those with low expression, suggesting their potential as negative prognostic markers.  

(A) HDAC1 expression level; (B) ESR1 expression level ; (C) MMP-9 expression level; (D) RELA expression level.  

 ―Low/medium expression,  ―High expression 
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Table 3. Prediction of drug-likeness, physicochemical, and pharmacokinetic properties of diboronocurcumin analogs using pkCSM. 

Compound 

Water 

solubility  

(log mol/L) 

Intestinal 

absorption  

(% absorbed) 

BBB permeability 

and fraction 
unbound 

(distribution) 

Metabolism 

Total 
clearance 

(excretion) 

Lipinski 

rules 

CCB-4 -3.195 52.627 -0.648 and 0.309 CYP3A4 substrate 0.559 qualify 

CCB-5 -3.398 49.958 -0.941 and 0.121 CYP3A4 substrate 0.035 qualify 

CCB-6 -3.041 49.082 -0.732 and 0.211 CYP3A4 substrate 0.564 qualify 

CCB-7 -3.222 58.163 -0.728 and 0.097 CYP3A4 substrate 0.405 qualify 

CCB-8 -3.493 62.048 -0.7 and 0.109 CYP3A4 substrate -0.44 qualify 

PGB-0 -3.352 63.937 -0.634 and 0.114 CYP3A4 substrate 0.395 qualify 

PGV-1 -4.785 93.665 -0.413 and 0 CYP3A4 substrate, CYP1A2 inhibitor, 

CYP2C19 inhibitor, CYP2C9 inhibitor, 

CYP3A4 inhibitor 

0.367 not 

eligible, 

logP >5 

Curcumin -4.048 87.577 -0.511 and 0.038 CYP3A4 substrate, CYP1A2 inhibitor, 

CYP2C19 inhibitor, CYP2C9 inhibitor, 

CYP2D6 inhibitor CYP3A4 inhibitor 

0.06 qualify 

 
 

Table 4. Prediction of diboronocurcumin analogs as P-glycoprotein (P-gp) substrate, P-gp inhibitor, and toxicity result using pkCSM. 

Compound P-gp substrate P-gp I inhibitor  P-gp II inhibitor Hepatotoxicity AMES toxicity 

CCB-4 Yes No Yes Yes No 

CCB-5 Yes Yes Yes Yes No 

CCB-6 Yes Yes No Yes No 

CCB-7 Yes No No Yes No 

CCB-8 Yes Yes No Yes No 

PGB-0 Yes No No Yes No 

PGV-1 Yes Yes No No No 

Curcumin Yes Yes Yes No No 

 
Molecular docking analysis of diboronocurcumin 
analogs 

After obtaining the breast cancer target protein 
that meets the in-silico test requirements, the diboro-
nocurcumin analogs, chemoprevention curcumin 
boron (CCB) 4-8 (Table 1), were evaluated for anti-
cancer activity in silico using the molecular docking 
method. Molecular docking is a primary computa-
tional method for preliminary drug discovery, ena-
bling the identification of ligand-receptor interactions 
by estimating binding strength and predicting com-
pound activity. The aim of conducting a molecular 
docking test was to simulate the interaction between a 
compound and the target protein in an in vitro setting. 

Ligand optimization 

Ligand optimization yields a more stable com-
pound structure through geometry optimization. The 
structure shifts from an unstable position to a more 
stable one. Optimization of the compound is declared 
successful if there is a decrease in the total energy 

value of the compound from single-point calculations 
to geometric optimization. Table 5 shows that all di-
boronocurcumin analogs and positive control drugs, 
such as lapatinib, doxorubicin, and tamoxifen, experi-
enced a decrease in total energy value after ligand 
optimization. 

Protein preparation 

Preparation of the target protein, producing native 
ligand structures and macromolecular structures 
(proteins without native ligands). In this preparation, 
apart from separating the native ligand from the tar-
get protein, water molecules were also removed to 
maximize the interaction between the test compound 
and the amino acid residues in the protein binding 
site. Water molecules in proteins facilitate interactions 
during docking, which can interfere with the ligands' 
interaction process with amino acid residues. This 
process will also provide a platform for pairing the 
test compound with the macromolecules of the target 
protein. The results of the target protein preparation 
are shown in Fig. 6. 
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Table 5. Optimization of the energy of curcumin analogs containing boronic acid. 

Active compound Single-point calculation (kcal/mol) Geometry optimization (kcal/mol) 

CCB-4 -1433.98 -6938.75 

CCB-5 -3931.16 -8260.56 

CCB-6 -2360.39 -7213.30 

CCB-7 -1521.33 -6236.52 

CCB-8 -1162.26 -6175.55 

PGB-0 -325.80 -6002.90 

PGV-1 -590.74 -6359.13 

Curcumin -3327.50 -6338.12 

Lapatinib -7093.99 -7132.12 

Doxorubicin -7259.58 -7299.25 

Tamoxifen -6061.11 -6076.74 

 

ESR1, one of the target genes identified from the 
bioinformatic process, can be traced through molecu-
lar docking regarding the potential of diboronocur-
cumin analogs to bind to ESR1 (PDB ID: 3ERT). This 
research will also explore the binding ability of com-
pounds with HER2 and EGFR, in addition to 
ESR1/ERα. HER2 (PDB ID: 3PP0) and EGFR (PDB ID: 
1XKK) are members of the ErbB family of transmem-
brane receptor tyrosine kinases. HER2 and EGFR are 
also target proteins because types of breast cancer 
have been identified through centuries of research 
into the molecular characteristics of the disease, based 
on the current status of hormone receptors, such as 
ER/PR and HER2 (Dustin et al., 2019). 

RELA is another target gene that was explored in 
silico using molecular docking. RELA, otherwise 
RelA/p65 subunit, is a 65 kDa subunit of NF-κB. NF-
κB is a transcription factor that is inactive in the cyto-
plasm. If there is a response to an activation signal, 
IκB kinase (IKK) phosphorylates IκB. It directs it to 
ubiquitinate and degrade IκB via the proteasome, 
allowing the p65 subunit of NF-κB to become activat-
ed. It translocates to the nucleus, and transcription 
and cell proliferation occur (Anderson and Perkins, 
2003). In this research, diboronocurcumin analogs, 
CCB-4 to CCB-8, will be investigated for their ability 
to bind to IKK (PDB ID: 4KIK), thereby inhibiting IKK 
and suppressing the activation process of the 
RelA/p65 subunit of NF-κB, ultimately leading to 
inhibition of cell proliferation. 

Apart from ESR1 and RELA, HDAC1 and MMP-9 
are also diboronocurcumin analog targets that play a 
role in the development of breast cancer. HDAC1 
(PDB ID: 6Z2J) is a histone deacetylase enzyme that 
removes acetyl groups from lysine residues on his-
tones and non-histone proteins. HDAC1 generally 
leads to transcriptional repression. Meanwhile, MMP-

9 (PDB ID: 1GKC), also known as matrix metallopro-
teinase-9, degrades extracellular matrix proteins, 
thereby removing physical barriers to cell migration 
and facilitating the invasion and metastasis of cancer 
cells. 

Validation of molecular docking methods 

The molecular docking method was validated to 
prove that it met the requirements and could be trust-
ed for analysis. RMSD represents the deviation value 
from the native ligand's position after re-docking into 
the protein. Deviation indicates an error in docking 
the native ligand in the protein, which can affect the 
predicted results of the interaction between the native 
ligand and the target protein. The smaller the RMSD 
value, the smaller the deviation that occurs, or the 
docking of the native ligand is closer to the actual 
position for binding, according to the position before 
separation. However, the greater the RMSD value, the 
greater the deviation that occurs, indicating that the 
docking of the native ligand is further away from the 
actual position. The RMSD values of each target pro-
tein, ESR1/ERα, HER2, EGFR, IKK, HDAC1, and 
MMP-9, were found to be ≤3 Å, specifically 0.93 Å, 
0.73 Å, 1.78 Å, 0.53 Å, 1.90 Å, and 1.06 Å, respectively. 

Molecular docking of ligands with targeted proteins 

Test compounds were docked into each target pro-
tein's binding site using the same grid box settings as 
those used in the validation process. Using the same 
grid box aims to ensure that the interaction between 
the test compounds occurs precisely at the binding 
site of the target protein. The overall binding energy 
of the interaction between the target protein and the 
test compound, positive control, and its native ligand 
was negative, so the compound has an affinity for the 
target protein (Tables 6-11). 
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Figure 6. The target protein (ESR1/ER alpha, HER2, EGFR, IKK, HDAC1, and MMP-9) preparation.  

a.1: ESR1/ER alpha structure with native ligand (PDB ID: 3RT); a.2: ESR1/ER alpha structure without native ligand; a.3: native ligand (4-Hydroxytamoxifen) structure; b.1: 

HER2 structure with native ligand (PDB ID: 3PP0); b.2: HER2 structure without native ligand; b.3: native ligand (2-{2-[4-({5-chloro-6-[3-(trifluoromethyl)phenoxy]pyridin-

3-yl}amino)-5H-pyrrolo[3,2-d]pyrimidin-5-yl]ethoxy}ethanol) structure; c.1: EGFR structure with native ligand (PDB ID: 1XKK); c.2: EGFR structure without native ligand; 

c.3: native ligand (N-{3-chloro-4-[(3-fluorobenzyl)oxy]phenyl}-6-[5-({[2-(methylsulfonyl)ethyl]amino}methyl)-2-furyl]-4-quinazolinamine) structure; d.1: IKK structure 

with native ligand (PDB ID: 4KIK), d.2: IKK structure without native ligand; d.3: native ligand (K-25A) structure; e.1: HDAC1 structure with native ligand (PDB ID: 6Z2J); 

e.2: HDAC1 structure without native ligand; a.3: native ligand (Inositol hexakisphosphate) structure; f.1: MMP-9 structure with native ligand (PDB ID: 1GKC); f.2: MMP-9 

structure without native ligand; f.3: native ligand (N~2~-[(2R)-2-{[formyl(hydroxy)amino]methyl}-4-methylpentanoyl]-N,3-dimethyl-L-valinamide) structure. 

Binding site  
of ESR1/ER alpha 

Binding site  
of HER2 

Binding site 
of EGFR 

Binding site 

of IKK 

Binding site 
of HDAC1 

Binding site 
of MMP-9 

https://jppres.com/


Laksmiani et al. In silico exploration of diboronocurcumin analogs 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S179 

 

 

 

Figure 7. Heatmap of docking scores (kcal/mol) between ligands and target proteins. Blue indicates 

stronger binding (more negative energy).  

CCB-5 and CCB-8 showed strong affinities across multiple targets, especially HDAC1 and ESR1. 

 
 

Table 6. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(ESR1/ER alpha). 

Ligand  Target 

protein 

Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(4-hydroxytamoxifen) 

ESR1/ER 

alpha 

-11.30 ARG394 HH22-O4 

CCB-4 -10.18 - - 

CCB-5 -10.49 - - 

CCB-6 -9.19 CYS530 HN-O 

CCB-7 -10.24 - - 

CCB-8 -10.85 ARG394 HH22-O 

PGB-0 -9.04 ARG394 HH22-O 

PGV-1 -9.10 CYS530 HN-O 

Curcumin -6.45 
ARG394 HH22-O 

GLU353 OE2-H 

Doxorubicin -9.23 
THR347 OG1-H 

GLU419 O-H 

Lapatinib -9.52 - - 

Tamoxifen -10.47 ARG394 HH22-O 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon, 
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Table 7. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(HER2). 

Ligand  Target 

protein 

Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(2-{2-[4-({5-chloro-6-[3-
(trifluoromethyl)phenoxy]p

yridin-3-yl}amino)-5H-

pyrrolo[3,2-d]pyrimidin-5-

yl]ethoxy}ethanol) 

HER2 

-10.52 ARG849 H-O1 

MET801 HN-N11 

CCB-4 -9.20 MET801 HN-O1 

CCB-5 -11.68 ARG849 H-O 

CCB-6 -7.95 - - 

CCB-7 -10.05 - - 

CCB-8 -11.75 ARG849 H-O 

PGB-0 -8.44 MET801 HN-O 

 

PGV-1 -11.36 

ASP863 OD2-H51 

SER728 HN-O1 

GLU770 OE2-H1 

Curcumin -8.00 

ASP863 OD2-H30 

MET801 HN-O1 

MET801 H28 

Doxorubicin -4.81 

ASP863 OD2-H1 

MET801 HN-O1 

GLN799 O-H1 

Lapatinib -12.51 
ARG849 O-H1 

MET801 HN-N1 

Tamoxifen -7.71 MET801 HN-O1 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon. 

 

https://jppres.com/


Laksmiani et al. In silico exploration of diboronocurcumin analogs 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S181 

 

 
 
 

Table 8. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(EGFR). 

Ligand  Target 

protein 

Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(N-{3-chloro-4-[(3-

fluorobenzyl)oxy]phenyl}-
6-[5-({[2-

(methylsulfonyl)ethyl]amin

o}methyl)-2-furyl]-4-

quinazolinamine) 

EGFR 

-10.68 THR854 OG1-H1 

ALA722 HN-O4 

CCB-4 -9.25 MET793 HN-O1 

CCB-5 -10.58 ASN842 OD1-H1 

CCB-6 -10.05 - - 

CCB-7 -9.88 - - 

CCB-8 -10.65 ALA722 HN-O 

PGB-0 -6.65 - - 

PGV-1 -7.78 

ARG841 O-H25 

MET793 HN-O1 

ASP855 OD2-H24 

LYS745 HZ3-O1 

Curcumin -6.26 ASP855 OD2-H30 

  ALA743 O-H28 

Doxorubicin -8.76 
GLN791 O-H1 

LYS745 HZ3-O1 

  MET793 HN-O1 

Lapatinib -9.10 
ASP800 OD2-H 

MET793 HN-N 

Tamoxifen -6.95 THR854 OG1-H 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon. 
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Table 9. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(IKK). 

Ligand  The target protein Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(K-25A) 

IKK 

-10.52 
ARG849 H-O1 

MET801 HN-N11 

CCB-4 -9.93 - - 

CCB-5 -10.55 
LEU21 OB-O1 

CYS99 HN-O1 

CCB-6 -9.99 - - 

CCB-7 -9.88 MET801 HN-O 

CCB-8 -10.67 
ARG849 H-O 

MET801 HN-S 

PGB-0 -8.45 - - 

PGV-1 

-9.96 

CYS99 HN-O1 

GLU149 O-H51 

LYS44 HZ3-O1 

   GLU97 O-H1 

Curcumin -7.72 

GLU97 OB-H30 

ASP103 OD2-H29 

CYS99 HN-O1 

LYS106 HZ2-O1 

Doxorubicin -10.18 

CYS99 HN-O1 

LEU21 O-H1 

LYS106 HZ2-O1 

TYR98 HH-O1 

GLY22 O-H1 

Lapatinib -9.21 CYS99 HN-N1 

Tamoxifen -8.08 - - 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon. 
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Table 10. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(HDAC1). 

Ligand  Target 

protein 

Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(Inositol 

hexakisphosphate) 

HDAC1 

-11.30 ARG394 HH22-O4 

CCB-4 -6.97 
ARG270 HH21-N 

ARG306 HE-O 

CCB-5 -7.11 LYS31 HZ1-O 

CCB-6 -6.11 - - 

CCB-7 -7.27 LYS31 HE-O 

CCB-8 -8.65 ARG394 HH22-O 

PGB-0 -5.04 - - 

PGV-1 -6.40 ILE305 HN-O 

Curcumin -4.14 

ARG306 HH21-O 

LYS31 HZ1-O 

GLY27 O-H28 

Doxorubicin -4.16 TYR336 OH-H 

Lapatinib -4.28 
LYS31 HZ2-O 

ARG306 HH21-O 

Tamoxifen -4.70 - - 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon. 
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Table 11. Comparison of bond energies of the diboronocurcumin analogs and native ligand with the target protein 

(MMP-9). 

Ligand  Target 

protein 

Bond energy 

(kcal/mol) 

Amino acid residues Hydrogen bond 

protein-ligand 

Native ligand  

(N~2~-[(2R)-2-

{[formyl(hydroxy)amino]methyl
}-4-methylpentanoyl]-N,3-

dimethyl-L-valinamide) 

MMP-9 

-7.99 LEU188 HN-O 

HIS401 HE2-OM 

HIS405 HE2-OM 

HIS411 HE2-OM 

TRY423 HN-O1 

CCB-4 -10.72 - - 

CCB-5 -10.26 - - 

CCB-6 -10.18 - - 

CCB-7 -10.67 - - 

CCB-8 -10.66 HIS405 HE2-O 

PGB-0 -9.63 - - 

PGV-1 -10.51 - - 

Curcumin -7.63 

LEU188 HN- 

ALA191 HN- 

ARG424 HN- 

Doxorubicin -9.69 PRO421 O-H1 

  GLU402 OE2-H1 

  TRY423 HN-O1 

Lapatinib -9.81 
PRO421 O-H1 

ARG424 HN-O 

Tamoxifen -9.87 - - 

CCB: Chemoprevention Curcumin Boron; PGB: Pentagamaboronon; PGV: Pentagamavunon. 

 
A molecular docking study was performed to 

evaluate the binding affinity of various ligands, in-
cluding native ligands, curcumin analogs, and refer-
ence drugs, against six breast cancer-related target 
proteins (ESR1, HER2, EGFR, IKK, HDAC1, and 
MMP-9). As shown in Fig. 7, the more negative dock-
ing scores reflected the more reliable predicted bind-
ing affinities. Among all the screened compounds, 
CCB-5 and CCB-8 showed the best binding energy 
values for several targets, particularly ESR1 (–10.49 
and –10.85 kcal/mol, respectively) and HER2 (–11.68 
and –11.75 kcal/mol, respectively). Native ligands 
also showed high affinity, mainly in ESR1 (–11.30 
kcal/mol) and HER2 (–10.52 kcal/mol). On the other 
hand, curcumin and tamoxifen had significantly re-
duced binding, particularly toward HDAC1 (–4.14 
and –4.70 kcal/mol, respectively). 

DISCUSSION 

Cancer is a disease characterized by the abnormal 
growth of cells. In 2020, 2.3 million women were di-
agnosed with breast cancer, making it the most com-

mon cancer in the world (Arnold et al., 2022; Wil-
kinson and Gathani, 2022). Breast cancer involves four 
subtypes molecularly, namely luminal A breast can-
cer, luminal B breast cancer, HER2-enriched, and 
basal-like. Luminal breast cancer consists of two 
types, namely luminal A and luminal B breast cancer. 
Luminal A breast cancer has the following character-
istics: positive ER with or without PR and negative 
HER2. Clinically, luminal A type of cancer is a type of 
breast cancer with a low level of malignancy, slow 
cancer cell growth, and a good prognosis. In contrast 
to luminal B breast cancer, there is a higher level of 
malignancy and a poor prognosis. Luminal B breast 
cancer is breast cancer characterized by positive ER 
and possibly negative PR with or without positive 
HER2. 

HER2-enriched breast cancer occurs in around 10-
15% of breast cancer patients, which is distinguished 
by high expression of HER2 with the absence of ER 
and PR. HER2-enriched subtype breast cancer has 
very rapid growth and proliferation compared to 
luminal and has the worst prognosis. Another sub-
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type of breast cancer is basal-like breast cancer, 
known as TNBC, which is characterized by being 
negative for all three receptors (ER/PR/HER-2) (Or-
rantia-Borunda et al., 2022). The molecular mecha-
nism of breast cancer is fundamental to know so that 
the determination of the therapy given is appropriate 
and effective. In this study, we investigated the target 
proteins involved in breast cancer progression using a 
bioinformatics approach and assessed the molecular 
mechanism of diboronocurcumin analogs in silico to 
combat breast cancer through molecular docking. 

A bioinformatics approach by utilizing the Tar-
getNet application to identify target genes related to 
test compounds and GeneCard, OMIM, and NCBI to 
identify target genes that play a role in the develop-
ment and progression of breast cancer, found 90 
genes that have the potential to be targets of diboro-
nocurcumin analogs incorporating heterocyclic ke-
tones, chemopreventive curcumin boron (CCB)4-8 to 
inhibit breast cancer. STRING identified seven out of 
90 targets that did not interact with any other targets, 
so we removed these seven targets and did not ana-
lyze them further with Cytoscape. Cytoscape displays 
and integrates biomolecular interaction networks into 
an integrated conceptual framework. Nodes depict 
biological molecules such as proteins or compounds, 
while interactions between molecules are depicted as 
connecting lines (edges). The topology analysis aims 
to determine the average shortest path length param-
eter, the average shortest distance between two tar-
gets, and the degree of interaction index associated 
with a gene or protein. Through DC analysis alone 
and continued by utilizing three parameters, namely 
DC, CC, and BB, the Cytoscape obtained seven target 
genes from the highest degree values, namely ESR1 
(25), RELA (19), MMP 9 (17) ICAM1 (14), HDAC1 (13), 
PTPRC (12), and APP with a degree value of 10. We 
identified seven genes through GO and KEGG path-
way enrichment analysis, which revealed that the 
diboronocurcumin analogs are associated with path-
ways related to cancer and transcriptional misregula-
tion in cancer, with the target genes being ESR1, 
RELA, MMP-9, and HDAC1. In contrast, ICAM1, 
PTPRC, and APP are not related to the cancer path-
way. 

Estrogen receptor 1 (ESR1) is a protein that func-
tions as an estrogen hormone receptor in cells. The 
estrogen hormone plays an important role in the 
growth and development of female reproductive tis-
sue, including breast tissue. When estrogen binds to 
ESR1, it triggers a series of chemical reactions in the 
cell, ultimately stimulating cell growth (Lung et al., 
2020). Typically, this process is managed. However, 
the regulatory mechanism in cancer cells is often dis-
rupted, causing excessive and uncontrolled cell pro-

liferation. Breast cancer, whose cells have many ESR1 
receptors, is called ESR1-positive breast cancer. This 
type of cancer tends to be more sensitive to the hor-
mone estrogen. Therefore, hormonal therapy that 
aims to block estrogen activity is used to treat ESR1-
positive breast cancer, such as tamoxifen (De Santo et 
al., 2019). In breast cancer patients from the UALCAN 
analysis, ESR1 overexpression was seen, so this path-
way can be used as a therapeutic target for the devel-
opment of compounds to treat breast cancer. In this 
study, a molecular docking evaluation was conducted 
to elucidate the binding ability of diboronocurcumin 
analogs with heterocyclic ketones, namely CCB-4, 
CCB-5, CCB-6, CCB-7, and CCB-8, on the ESR1 target 
protein and compared with tamoxifen and its native 
ligand as a positive control. All curcumin analog 
compounds exhibit a high affinity, characterized by 
negative binding energy values, resulting in very 
stable bonds that can inhibit estrogen hormone bind-
ing to ESR1. The downstream signaling pathway does 
not occur, and cell proliferation can be suppressed. 
Table 6 shows that tamoxifen, a hormonal agent used 
in breast cancer treatment, has a lower binding energy 
than several diboronocurcumin analogs, except for 
CCB-5.  

ESR1 interacts with HER2 and EGFR. The associa-
tion between ESR1 and HER2 or EGFR enhances the 
activity of cell growth signals, promoting tumor de-
velopment. HER2 and EGFR are tyrosine kinase re-
ceptors that regulate cell growth, proliferation, differ-
entiation, and angiogenesis. The interaction of HER2 
with EGFR can occur in the form of crosstalk, where 
mutually reinforcing signal activation and the regula-
tion of the same gene or related genes lead to cancer 
cells becoming more aggressive and resistant to ther-
apy. Another crosstalk mechanism involves the for-
mation of protein complexes with other proteins, such 
as adaptor proteins or protein kinases, thereby alter-
ing protein function and enhancing cell growth sig-
nals (Pegram et al., 2023). 

For this reason, we explored the molecular mecha-
nism of diboronocurcumin analogs, which will be 
developed to overcome the crosstalk phenomenon 
between ESR1, HER2, and EGFR, in silico using mo-
lecular docking. Tables 7 and 8 showed that CCB 
compounds have an affinity with HER2 and EGFR. 
CCB-5 and CCB-8 compounds have lower binding 
energy than the native ligands, indicating that CCB-5 
and CCB-8 have a stronger affinity than native lig-
ands. Lapatinib has the lowest binding energy com-
pared to other compounds on HER2, while doxorubi-
cin, as an anticancer, has a binding energy of only -
4.81 kcal/mol. Lapatinib is a first-line targeted thera-
py agent for HER2-positive breast cancer patients, 
while doxorubicin is a chemotherapy agent that dis-

https://jppres.com/


Laksmiani et al. In silico exploration of diboronocurcumin analogs 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S186 

 

rupts DNA copying by inhibiting topoisomerase-2, 
thereby inhibiting cell growth and inducing cell 
death. In this research, the molecular docking data 
revealed that each chemotherapy agent targeted the 
same site of action. Doxorubicin is a chemotherapy 
agent that does not have a mechanism of action on 
HER2, so its affinity is the lowest for HER2. 

RELA was the second target protein of diborono-
curcumin analogs called chemoprevention curcumin 
boron (CCB). RELA (p65) is one of the five protein 
subunits of NF-κB. The other four protein subunits of 
NF-κB are RELB, c-Rel, NF-κB1 (p50), and NF-κB2 
(p52). These subunits can combine to form various 
heterodimers or homodimers, thereby affecting the 
activation of target genes. NF-κB is inactive in the 
cytoplasm, bound to the inhibitory protein IκB. When 
cells receive specific signals, IκB is degraded, allow-
ing NF-κB to translocate to the cell nucleus and acti-
vate the expression of its target genes. According to 
Liu et al. (2017), NF-κB target genes include those 
related to the immune system, inflammation, cell 
division, and programmed cell death. Breast cancer 
patients with RELA overexpression had a poorer sur-
vival rate than those without it, according to Figs. 4 
and 5’s use of UALCAN on the TCGA dataset. This 
phenomenon can provide insight into the molecular 
mechanism that can be developed as a therapeutic 
target for CCB compounds, specifically the inhibition 
of excessive RELA expression by suppressing IKK 
activation. Our research described the potency of the 
CCB compound against IKK protein targets, particu-
larly CCB-5 and CCB-8, which exhibit a higher affini-
ty than chemotherapeutic agents such as doxorubicin, 
tamoxifen, and lapatinib (Table 9). 

The third target protein was MMP-9, as deter-
mined by bioinformatics analysis. MMP-9 is an en-
zyme belonging to the family of matrix metallopro-
teinases. This enzyme plays a crucial role in breaking 
down extracellular matrix (ECM) proteins, which are 
structural components that support cells in tissues, 
including collagen, laminin, and proteoglycans 
(Kalavska et al., 2021). Cancer cells can penetrate tis-
sue boundaries and spread to other tissues by break-
ing down the ECM. After cancer cells break away 
from the primary tumor, MMP-9 enables them to 
penetrate blood vessels or lymphatics and spread to 
distant organs. Additionally, MMP-9 facilitates the 
formation of new blood vessels that supply nutrients 
and oxygen to cancer cells, enabling them to continue 
growing (Mehner et al., 2014). Table 11 describes the 
CCB compound's interaction with MMP-9, exhibiting 
a stable affinity. This means that the analog curcumin 
containing boronic acid inhibits MMP-9 activity, po-
tentially discouraging metastatic breast cancer pro-
gression. 

The fourth target protein of CCB was histone 
deacetylase 1 (HDAC1). HDAC1 is an enzyme that 
regulates gene expression. This enzyme functions 
under a branch of enzymes known as histone deacety-
lases (HDACs). Histone deacetylases are responsible 
for stripping acetyl groups from histone proteins, 
which are structural proteins that organize DNA into 
chromatin. HDAC1 facilitates the removal of acetyl 
groups from histone proteins, thereby assisting in the 
compaction of chromatin. This process makes it chal-
lenging for transcription factors to reach the DNA 
and initiate transcription, leading to gene inactivation. 
HDAC1’s activity leads to the inactivation of tumor 
suppressor genes, while the activation of oncogenic 
genes leads to rampant cell division and heightened 
survival of cancer cells. HDAC1 can also inhibit apop-
tosis (programmed cell death) so that cancer cells can 
avoid death and continue to grow (Bahl et al., 2021). 
That is why HDAC1 is essential in regulating gene 
expression and breast cancer development. By target-
ing HDAC1 using an inhibitor, we can develop a new, 
more effective therapy agent to treat breast cancer. 
Molecular docking analysis using Autodock provides 
a precise measure of the ability of CCB compounds to 
inhibit the HDAC1 protein, as indicated by its nega-
tive binding energy (Table 10). 

Based on molecular docking studies and bioinfor-
matics analysis, this study identifies the potential 
mechanisms of action by which diboronocurcumin 
analogs (CCB compounds) exert their anti-breast can-
cer effects. The findings are consistent with the theory 
that CCB compounds inhibit MMP-9-driven metasta-
sis, modulate ESR1, ER, EGFR, and IKK, and induce 
apoptosis through HDAC1. These multi-targeted 
mechanisms of CCB compounds suggest their further 
development as therapeutic agents for both triple-
negative breast cancers (TNBC) via attacking IKK, 
HDAC1, and MMP9 and non-TNBC (via ESR1 and 
HER2). These mechanisms, however, have been pro-
posed only in silico analyses. Hence, further experi-
mental work, particularly in vitro and in vivo, is need-
ed to validate the pharmacological and therapeutic 
effects of diboronocurcumin analogs in breast cancer. 

CONCLUSION 

This study found that diboronocurcumin analogs 
(CCB-4 to CCB-8) can be developed as agents against 
breast cancer, focusing on ESR1, RELA, MMP9, and 
HDAC1 as key targets linked to cell growth, pro-
grammed cell death, and spread of cancer. Com-
pounds CCB-5 and CCB-8 showed strong binding to 
IKK, HER2, and EGFR, which helps in tackling the 
progression of both triple-negative breast cancer 
(TNBC) and non-TNBC. More research is necessary to 
create CCB compounds and examine their effective-
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ness in killing cancer cells in lab settings or in living 
organisms across different types of breast cancer. 
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