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Cholangiocarcinoma (CCA) remains a highly aggressive malignancy with limited 
therapeutic options and poor prognosis, particularly in Southeast Asia, including 
Indonesia. The identification of novel molecular targets is essential to improve 
treatment strategies. This study aimed to identify key therapeutic targets in CCA 
and evaluate the potential of Indonesian jamu-derived phytochemicals as 
candidate inhibitors using an integrated computational approach. Differentially 
expressed genes (DEGs) associated with CCA were analyzed and intersected with 
disease-related datasets to construct a protein–protein interaction (PPI) 
network, from which hub genes were identified. Among these, CCNA2, a critical 
regulator of cell cycle progression, was selected as the primary target due to its 
central role in tumor proliferation and strong network connectivity. 
Subsequently, selected phytochemicals derived from Indonesian medicinal plants 
commonly used in jamu, including Curcuma longa, Curcuma xanthorrhiza, Zingiber 
officinale, and Kaempferia galanga, were screened for ethnobotanical relevance, 
their reported anticancer activities in modulating cell cycle progression, and 
drug-likeness using Lipinski’s rule of five. Molecular docking analysis was 
performed to evaluate the binding affinity of these compounds against CCNA2. 
Several phytochemicals demonstrated favorable binding energies comparable to 
or exceeding that of the native ligand (−8.8 kcal/mol), indicating strong 
interaction potential within the active site of the protein. The binding interactions 
were stabilized through hydrogen bonding, hydrophobic interactions, and 
π- related interactions, suggesting a plausible mechanism for inhibitory activity. 
This study highlights CCNA2 as a promising therapeutic target in CCA and 
demonstrates the potential of Indonesian jamu phytochemicals as candidate 
inhibitors. These findings provide a scientific basis for further experimental 
validation and support the integration of traditional herbal medicine into modern 
drug discovery pipelines for cholangiocarcinoma treatment. 

 

1. Introduction 

Cholangiocarcinoma (CCA) represents a significant 
and increasingly recognized malignancy in Asia. The 
incidence of CCA reaches 0.3-6 per 100,000 people per 
year, with a mortality rate of 1–6 per 100,000 people per 
year [1]. The epidemiological patterns are influenced by 
regional risk factors such as chronic liver inflammation, 

hepatobiliary diseases, and environmental exposures. 
CCA contributes substantially to liver cancer–related 
mortality, with outcomes remaining poor due to late-
stage diagnosis and limited treatment efficacy. Previous 
studies have highlighted that CCA is often asymptomatic 
in early stages, leading to delayed clinical detection and a 
5-year survival rate below 9% [2, 3, 4]. In Southeast Asian 
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populations, including neighboring endemic regions, the 
burden is even higher due to additional risk factors such 
as liver fluke infection and chronic biliary inflammation 
[5]. These findings emphasize the urgent need for 
improved strategies in early detection and targeted 
therapy development, particularly in countries like 
Indonesia, where healthcare access and diagnostic 
capacity may vary. 

Understanding the molecular mechanisms 
underlying CCA progression is essential for identifying 
novel therapeutic targets and improving treatment 
outcomes. Recent advances in transcriptomics and 
systems biology have revealed that CCA development is 
driven by complex dysregulation of signaling pathways, 
particularly those involved in cell cycle control, 
apoptosis, and proliferation [6]. Key regulators such as 
cyclins, cyclin-dependent kinases, and mitotic 
checkpoint proteins have been shown to play critical roles 
in tumor growth and progression [7]. Targeting these hub 
genes is considered a promising strategy because their 
inhibition can disrupt multiple downstream pathways 
simultaneously [6]. 

In parallel, the exploration of natural products as 
therapeutic agents has gained increasing attention, 
particularly in biodiverse countries like Indonesia. Jamu, 
a traditional herbal drink from Indonesia, was officially 
designated as an Intangible Cultural Heritage (ICH) by 
UNESCO on December 6, 2023 [8]. It has been widely used 
for generations to help prevent and treat a variety of 
diseases [9]. This herbal preparation typically consists of 
a combination of medicinal plants, including turmeric 
(Curcuma longa), curcuma (Curcuma xanthorrhiza), ginger 
(Zingiber officinale), aromatic ginger (Kaempferia 
galanga), bitter ginger (Zingiber zerumbet), and finger 
root (Boesenbergia pandurata). These medicinal plants are 
rich in bioactive phytochemicals. including curcumin, 
xanthorrhizol, gingerol, kaempferol, quercetin, 
boesenbergin, and others, which have demonstrated 
various pharmacological activities, including anticancer, 
anti-inflammatory, and antioxidant effects [10]. 
Importantly, recent studies have shown that 
phytochemicals derived from these plants can modulate 
key cancer-related pathways, including cell cycle 
regulation and apoptosis, making them promising 
candidates for targeted therapy [11, 12, 13, 14]. 

Notably, several of these compounds exhibit 
anticancer effects through modulation of key signaling 
pathways and cell cycle regulation. For instance, 
curcumin, a key curcuminoid in C. longa, inhibits the 
PI3K/Akt/mTOR kinase pathway by suppressing Akt 
phosphorylation, which directly leads to the 
downregulation of cyclin D1, cyclin B1, and CDK1 (CDC2), 
alongside the upregulation of the CDK inhibitor p21. This 
combined effect induces G1/S or G2/M phase cell cycle 
arrest. Simultaneously, curcumin shifts the cellular 
apoptosis balance by decreasing anti-apoptotic bcl-2 
expression, enhancing bax accumulation, and activating 
executioner caspase-3 [15, 16]. Curcumin also enhances 
p53 expression, followed by increased p21 (WAF-1/CIP-
1), leading to cell cycle arrest at the G0/G1 and/or G2/M 
phases [12]. Quercetin and kaempferol, the major 

flavonoids from Z. zerumbet and K. galanga, exert ATP-
competitive inhibition against upstream regulatory 
kinases (including PI3K and PKC), resulting in the 
suppression of surviving and cyclin B1/CDK1 activity, 
which subsequently triggers mitochondrial-mediated 
apoptosis via caspase-9 and caspase-3 activation [17, 18]. 
In addition, Boesenbergin A, isolated from B. pandurata, 
has been reported to induce G2/M phase cell cycle arrest 
in human T4-lymphoblastoid cells [19]. 

Network-based approaches, including protein–
protein interaction (PPI) analysis and hub gene 
identification, have further enabled the prioritization of 
central genes, which function as critical nodes in 
maintaining cancer cell survival. Integrating 
bioinformatics analyses with molecular docking provides 
a rational framework for identifying and validating 
potential therapeutic targets in CCA. By combining 
ethnopharmacological knowledge with modern 
computational approaches such as molecular docking and 
drug-likeness screening, jamu-derived phytochemicals 
can be systematically evaluated as potential inhibitors of 
key targets, offering a novel and culturally relevant 
strategy for CCA drug discovery. 

2. Experimental 

2.1. Cholangiocarcinoma Gene Mining 

The cholangiocarcinoma genes were retrieved from 
GeneCards (https://www.genecards.org/). As this study 
focused on cholangiocarcinoma tumor signaling, 
proliferation, and resistance pathways, multiple 
keywords were used in a pathway-based search, 
including “Cholangiocarcinoma”, “Cholangiocarcinoma 
proliferation”, “Cholangiocarcinoma resistance”, and 
“Cholangiocarcinoma cell signaling”. All genes were 
filtered by relevance score >10, and protein-coding genes 
only. 

2.2. Transcriptomic Validation 

To confirm that the genes obtained from the 
GeneCards database are actually dysregulated in real 
cholangiocarcinoma patient tissues compared to normal 
controls, the validation was performed using the 
transcriptomic data from the Gene Expression Omnibus 
(GEO, https://www.ncbi.nlm.nih.gov/geo/) Database. The 
GSE26566, microarray dataset (Molecular classification 
of human cholangiocarcinoma) from the GEO, which was 
deposited by Andersen J.B. and Thorgeirsson S.S., as 
described in the original article, was used. The dataset 
comprised 104 CCA tumor tissue samples, 59 surrounding 
liver tissue samples, and 6 normal intrahepatic bile duct 
samples. DEGs analysis was conducted using GEO2R, with 
CCA tumor tissues designated as the test group and 
normal intrahepatic bile duct tissues as the control group. 
To account for multiple testing, p-values were adjusted 
using the Benjamini–Hochberg method. Genes were 
considered significantly differentially expressed when 
the adjusted p-value was <0.05, with genes showing a 
log2 fold change (log2FC)>1 classified as upregulated and 
those with a log2FC <−1 classified as downregulated 
genes. 

https://www.genecards.org/
https://www.ncbi.nlm.nih.gov/geo/
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The volcano plot was used to visualize statistically 
significantly differentially expressed genes (DEGs), 
where the x-axis shows the log2FC, and the y-axis shows 
−log10 (p-value adjusted). The top 250 DEG based on the 
p-value, which also included the upregulated genes, were 
intersected with the CCA genes from GeneCards using 
Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). 
Prior to intersection analysis, gene symbols from the GEO 
and GeneCards datasets were standardized to ensure 
consistency. As GEO2R outputs were already provided in 
gene symbols, standardization was performed using the 
HUGO Gene Nomenclature Committee (HGNC) database 
(https://www.genenames.org/) in Microsoft Excel to 
correct discrepancies due to aliases, outdated 
nomenclature, or case sensitivity. Duplicate genes were 
removed in Excel. 

2.3. Protein-Protein Interaction 

The STRING database was used to create and display 
the PPI network. The shared genes from GEO and 
GeneCards were submitted to the STRING 12 
(https://string-db.org/) database, with “Homo sapiens” 
chosen as the species and employing a high confidence 
level of 0.700. The Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were conducted on the entire set of 
12 gene nodes obtained from PPI using STRING. The 
ShinyGO online tools version 0.85.1 
(https://bioinformatics.sdstate.edu/go/) were utilized to 
identify GO, which includes molecular function (MF), 
cellular component (CC), and biological process (BP), and 
the KEGG was used for the enrichment analysis of hub 
network genes. Statistical significance for the enrichment 
analysis was assessed using a threshold of p-value <0.05. 

2.4. Hub Gene Identification 

Cytoscape 3.10.2 was used to visualize the PPI 
network obtained from the STRING database. This 
software platform is developed for the visualization, 
analysis, and interpretation of complex biological 
systems and molecular interaction information. 
CytoHubba, a Cytoscape plugin, was used to identify hub 
genes in the established PPI network using multiple 
metrics. The metrics used in this study were MCC, MNC, 
Degree, and closeness. The ten hub genes exhibiting the 
shortest pathways were identified, and the highest-
scoring genes in the most metrics were selected as 
therapeutic targets for the molecular docking analysis. 

2.5. Phytochemicals Data 

To explore phytochemicals that can bind to potential 
protein targets from the hub genes, we extensively 
searched the KNApSAcK World database 
(https://www.knapsackfamily.com) for Indonesian 
medicinal plants widely used in jamu. The search by 
country (“Indonesia”) was applied. It contains 
information on thousands of species, including medicinal 
plants used in the region, along with their associated 
phytochemicals. An additional literature-based 
phytochemical search was also conducted to confirm the 
quantities of the phytochemicals in each medicinal plant. 
The criteria used to select the phytochemical components 

were abundance and drug-likeness, based on the Lipinski 
Rules, using the web-based tool SwissADME 
(https://www.swissadme.ch/). 

In addition to Lipinski’s Rule of Five, 
pharmacokinetic parameters, including topological polar 
surface area (TPSA) and gastrointestinal (GI) absorption, 
predicted by SwissADME were also evaluated. Although 
most compounds met the recommended criteria, 
compounds with less favorable properties were still 
subjected to molecular docking to comprehensively 
assess their binding potential. 

2.6. Molecular Docking 

Molecular docking simulations were performed 
using a personal laptop with the following specifications: 
an AMD Ryzen 5 processor (4500U), 12 GB RAM, running 
on a 64-bit Windows 10 Pro operating system. The 
computational visualization was supported by a Radeon 
Graphics 2.38 GHz. The molecular docking was performed 
on a laptop. The AutoDock tools software was used to 
prepare the receptors and ligands for docking. Crystal 
structures of the CCNA2 receptor (PDB ID: 7QHL) were 
obtained from the Protein Data Bank (www.rcsb.org). The 
hydrogen polar and Kollman charges were added to the 
protein, and the protein was converted to pdbqt format. 
The ligand’s 3D structure, which is the phytochemicals 
from the chosen medicinal plants, was obtained from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/). All 
atoms were assigned Gasteiger charges, and nonpolar 
hydrogen bonds were eliminated. The default number of 
rotatable bonds for the ligand was determined. These 
were saved in PDBQT format. The grid box for CCNA2 was 
defined with X = 24.911, Y = −16.195, and Z = 37.495 axes, 
and a grid spacing of x = 22, y = 20, and z = 34 Å. 

AutoDock Vina was used for molecular docking 
simulations to evaluate the interactions between 
therapeutic targets and their receptor binding sites. The 
docking method was validated by redocking the native 
ligand and calculating the RMSD. Molecular docking 
simulations were performed to predict the binding poses 
and interactions of flexible small-molecule ligands 
within the binding site of a macromolecular receptor with 
a known three-dimensional structure. Compounds 
exhibiting more favorable binding affinity values 
(kcal/mol) were considered to have stronger predicted 
interactions with the receptor. The resulting docking 
poses and molecular interactions were subsequently 
analyzed and visualized in both 2D and 3D using 
Discovery Studio. 

3. Results and Discussion 

3.1. Gene Mining for Target Identification in 
Cholangiocarcinoma 

The purpose of gene mining was to comprehensively 
identify candidate molecular targets associated with CCA 
pathogenesis, signaling, proliferation, and therapeutic 
resistance. These categories collectively represent the 
major hallmarks of cancer, including sustained 
proliferative signaling, evasion of apoptosis, and therapy 
resistance, which are critical in CCA progression [20]. 
Using the GeneCards database, four biologically relevant 

https://bioinfogp.cnb.csic.es/tools/venny/
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categories were queried, yielding a total of 1251 non-
redundant protein-coding genes after filtering (relevance 
score >10) as shown in Figure 1. The large number of genes 
obtained underscores the molecular complexity of CCA, 
which is known to involve dysregulation of multiple 
oncogenic pathways [21]. Importantly, integrating 
disease-specific and pathway-based gene sets increases 
the likelihood of identifying clinically relevant targets 
rather than isolated biomarkers, thereby strengthening 
the translational relevance for phytochemical 
intervention. 

3.2. Transcriptomic Validation Using GEO Dataset 
(GSE26566) 

The purpose of transcriptomic validation was to 
refine the candidate gene list by identifying genes that are 
not only theoretically associated with CCA but also 
significantly dysregulated in patient-derived datasets. 
Differential expression analysis using GEO2R on 
GSE26566 (CCA vs. normal intrahepatic bile duct) 
identified 807 DEGs, of which 786 genes were significant 
DEGs (p-value <0.05 and |log2FC>1|) as shown in the 
volcano plot in Figure 2A. From the top 250 DEG, 237 
genes were included in the significant DEG, which 
consists of 135 upregulated and 102 downregulated genes 
after stringent filtering. 

Intersecting the 135 significantly upregulated DEGs 
with the 1251 GeneCards-derived genes yielded 32 
overlapping genes (Figure 2B), representing high-
confidence targets. This integrative approach reduces 
false positives and highlights genes that are consistently 
overexpressed in tumor tissue, which are more suitable as 
therapeutic targets. The predominance of upregulated 
genes is particularly important for drug discovery, as 
these genes often encode proteins that drive oncogenic 
processes such as cell cycle progression, mitotic spindle 
formation, and DNA replication [22]. These processes are 
frequently hyperactivated in CCA and are associated with 
poor prognosis and chemoresistance. 

3.3. Protein–Protein Interaction Network Analysis 

The purpose of PPI analysis was to identify central 
hub proteins and functional modules among the validated 
targets, thereby prioritizing key molecular drivers for 
therapeutic intervention. Using STRING with a high-

confidence threshold (0.700), the 32 candidate proteins 
were refined into a tightly connected network of 12 nodes 
(Figure 3), indicating strong functional interdependence. 
The resulting network highlights several critical hub 
proteins, including KIF11, CCNA2, CDK7, TOP2A, CDC20, 
TPX2, UBE2T, UHRF1, TACC3, E2F3, TYMS, and 
RAD51AP1. These proteins are predominantly involved in 
cell cycle regulation, mitotic spindle assembly, and DNA 
replication/repair [23, 24]. For instance, KIF11 is essential 
for bipolar spindle formation during mitosis, and its 
inhibition leads to mitotic arrest and apoptosis [25]. 
Similarly, CCNA2 and CDK7 regulate cell cycle transitions, 
particularly the G1/S and G2/M phases, which are 
frequently dysregulated in cancer [23]. 

The clustering of these proteins within a single 
network suggests that CCA progression is heavily 
dependent on coordinated activation of mitotic and 
proliferative machinery. This is consistent with previous 
findings that uncontrolled cell cycle progression is a 
hallmark of aggressive CCA phenotypes [26]. From a 
biomedical perspective, targeting such hub proteins 
offers a strategic advantage, as inhibition of a single node 
can disrupt multiple downstream oncogenic processes. 

 

Figure 1. Distribution of CCA-associated genes identified 
through GeneCards-based gene mining across four 

functional categories: disease-related genes (18.22%), 
cell signaling genes (0.80%), proliferation-associated 

genes (64.60%), and resistance-related genes (16.38%). 
The analysis was performed using keyword-driven 

queries representing major oncogenic processes, 
followed by filtering for protein-coding genes with a 

relevance score >10 

 

Figure 2. Integrated transcriptomic validation and gene prioritization for CCA target identification. (A) Volcano plot of 
DEG analysis derived from the GSE26566 dataset comparing cholangiocarcinoma tissues to normal intrahepatic bile 

duct samples. Significantly upregulated genes (red) and downregulated genes (blue) were defined using thresholds of 
p < 0.05 and |log2FC > 1|. (B) Venn diagram of the intersection between significantly upregulated genes (n = 135) and 

GeneCards-derived cholangiocarcinoma-associated genes (n = 1251), resulting in 32 overlapping candidate genes 
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Figure 3. PPI network of 32 candidate proteins in STRING 

3.4. Gene Ontology Analysis 

GO analysis is a bioinformatics approach used to 
systematically classify genes into standardized 
functional categories based on the BP, CC, and MF 
domains. The principle of GO analysis is enrichment 
testing, in which a given gene set is statistically compared 
against a background genome to identify overrepresented 
biological terms, thereby revealing dominant functional 
themes [27]. Fold enrichment represents how much more 
frequently a specific GO term appears in the input gene 
set, suggesting a central and highly specific role in the 
disease mechanism. The number of genes reflects how 
many genes contribute to the same biological function. 

The purpose of GO analysis in this study is to 
elucidate the biological roles and molecular mechanisms 
of the 12 candidate genes associated with CCA. This step 
directly supports the study objective by identifying 
critical biological pathways and molecular functions that 
can be targeted by Indonesian jamu-derived 
phytochemicals, particularly in the context of cancer 
proliferation, mitosis, and therapeutic resistance. 

The GO-BP results (Figure 4A) demonstrate strong 
enrichment in processes related to mitotic spindle 
assembly, chromosome segregation, nuclear division, 
and cell cycle progression. The highest fold enrichment is 
observed in mitotic spindle assembly and mitotic spindle 
organization, indicating that the candidate genes are 
heavily involved in regulating mitosis. This finding is 
highly relevant to cholangiocarcinoma, as uncontrolled 
cell division is a hallmark of cancer, driven by 
dysregulation of mitotic machinery [20, 28]. Processes 
such as sister chromatid segregation and chromosome 
segregation are essential for genomic stability, and their 
disruption leads to chromosomal instability, a key feature 
of aggressive CCA [26]. Additionally, enrichment in DNA 
metabolic processes and cell cycle processes suggests that 
these genes contribute to rapid tumor cell proliferation. 
This supports the earlier GeneCards result, in which 
proliferation-associated genes constituted the largest 
proportion (64.60%), confirming that cell cycle 
dysregulation is a central driver of CCA pathogenesis. 

 

Figure 4. The bar plot of the GO enrichment analysis of 
the 12 connected genes associated with CCA 

The GO-CC analysis (Figure 4B) reveals that the 
identified proteins are primarily localized in cyclin-CDK 
complexes, the mitotic spindle, the spindle pole, the 
microtubule cytoskeleton, and the nucleoplasm. The 
enrichment of cyclin A2-CDK2 complex and CDK 
holoenzyme complex highlights the importance of 
cyclin-dependent kinase regulation in CCA. CDKs are 
central regulators of cell cycle transitions, and their 
overactivation is commonly observed in cancers, 
including cholangiocarcinoma [29]. Furthermore, 
localization to the mitotic spindle and microtubule-
organizing centers reinforces the importance of 
cytoskeletal dynamics in tumor progression. Proteins 
such as KIF11 and TPX2, identified in the PPI network, are 
directly involved in spindle assembly and stabilization 
[30]. Disruption of these structures can impair 
chromosome segregation, leading to apoptosis. The 
presence of these proteins in the nucleoplasm and 
chromosomal regions also indicates their involvement in 
DNA replication and transcriptional regulation, further 
linking them to oncogenic transformation [31, 32]. 

The GO-MF results (Figure 4C) indicate enrichment 
in functions such as DNA topoisomerase activity, ATP-
dependent DNA activity, kinase binding, and protein 
kinase binding. The enrichment of DNA topoisomerase 
type II activity is particularly significant, as TOP2A 
(identified in the PPI network) is a well-known target in 
cancer therapy. This enzyme is critical for DNA 
replication and chromosome segregation, and its 
inhibition leads to DNA damage and cell death [33]. 
Additionally, enrichment in kinase binding and protein 
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kinase binding suggests that many of these proteins 
interact with signaling pathways that regulate cell 
proliferation, such as CDK-mediated phosphorylation 
cascades. This supports the involvement of key oncogenic 
pathways (e.g., PI3K/AKT and MAPK) identified during 
gene mining. The presence of ATP-dependent activities 
acting on DNA further emphasizes the high metabolic and 
replicative demand of CCA cells, which can be exploited 
therapeutically by compounds that disrupt ATP-binding 
or enzymatic activity [34]. 

Collectively, the GO analysis reveals that the 
candidate genes are functionally convergent on mitotic 
regulation, cell cycle progression, and DNA metabolism, 
which are critical processes driving cholangiocarcinoma 
development. This convergence strongly supports the 
hypothesis that CCA is highly dependent on proliferative 
and mitotic machinery, making these pathways ideal 
targets for therapeutic intervention. 

3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Analysis 

KEGG pathway enrichment analysis translates the 
GO functional signals into pathway-level mechanisms. In 
this study, KEGG analysis, which was performed on 12 hub 
genes from STRING PPI, reveals a strong convergence 
toward cell cycle–related mechanisms, which is highly 
consistent with the GO results (Figure 5). The cell cycle 
pathway exhibits the highest fold enrichment and 
statistical significance, indicating that a substantial 
proportion of these interconnected genes are directly 
involved in regulating mitotic progression and cellular 
proliferation. This finding reinforces the GO BP terms, 
including mitotic spindle organization, chromosome 
segregation, and overall cell cycle regulation, confirming 
that uncontrolled proliferation is the central driver of 
cholangiocarcinoma in this dataset [35]. Additionally, 
enrichment in pathways such as cellular senescence 
suggests a disruption in the balance between 
proliferation and growth arrest, where tumor cells may 
bypass senescence checkpoints while still retaining 
partial regulatory signaling [36]. 

Interestingly, several enriched pathways, including 
human T-cell leukemia virus 1 infection, Epstein–Barr 
virus infection, hepatitis B, and viral carcinogenesis, do 
not necessarily indicate viral involvement but rather 
reflect shared oncogenic signaling components [37], such 
as NF-κB activation, anti-apoptotic pathways, and cell 
cycle dysregulation. These pathways highlight the 
overlap between tumor biology and mechanisms 
commonly exploited during virus-induced 
transformation, further supporting the presence of a 
broad oncogenic network [38]. 

The KEGG enrichment results demonstrating strong 
involvement of the cell cycle pathway are consistent with 
GO findings and reflect a fundamental mechanism of 
tumorigenesis, as dysregulated cell cycle progression is a 
hallmark of cancer [39]. 

 

Figure 5. KEGG pathway enrichment analysis of 12 hub 
genes from STRING PPI. The dot plot shows significantly 
enriched pathways ranked by fold enrichment (x-axis), 

with dot size representing gene count and color 
indicating statistical significance (−log10 FDR) 

3.6. Hub Gene Identification 

The CytoHubba, a Cytoscape plugin, was used to 
analyze the PPI network and identify key hub genes using 
multiple topological algorithms [40]. In this study, the 
MCC, MNC, Degree, and Closeness centrality metrics were 
employed, providing a robust and comprehensive 
evaluation of node importance. Across all four metrics, a 
consistent pattern emerged in which CCNA2, KIF11, 
CDC20, and TOP2A were repeatedly ranked among the top 
nodes, indicating their strong centrality and critical 
regulatory roles within the network. In the MCC analysis, 
which is widely regarded as one of the most reliable 
methods for identifying essential proteins in biological 
networks, CCNA2 and KIF11 showed the highest scores, 
suggesting their involvement in highly interconnected 
functional modules (Figure 6A). 

Similarly, MNC analysis highlighted KIF11 and 
CCNA2 as top-ranked genes, reflecting their importance 
within densely connected subnetworks (Figure 6B). 
Degree centrality further confirmed CCNA2 as the most 
connected node, followed by KIF11 and CDC20, indicating 
that these proteins interact with multiple partners and 
likely exert broad regulatory influence (Figure 6C). 
Closeness centrality again ranked CCNA2 and KIF11 at the 
top, suggesting their ability to efficiently communicate 
with other nodes and rapidly influence the entire network 
(Figure 6D) [41]. 

The consistency of these results across different 
algorithms strengthens the reliability of these genes as 
true hub genes rather than artifacts of a single metric. 
Functionally, the identified hubs are well-established 
regulators of the cell cycle and mitotic progression, which 
is in strong agreement with the GO and KEGG enrichment 
results. CCNA2 or cyclin A2 plays a crucial role in cell cycle 
phase transition, KIF11 is essential for mitotic spindle 
assembly, CDC20 regulates the anaphase-promoting 
complex, and TOP2A is required for DNA replication and 
chromosome segregation. These genes are frequently 
overexpressed and associated with poor prognosis in 
multiple cancers, further supporting their biological 
importance [42]. 
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Figure 6. Identification of hub genes from the PPI network using the CytoHubba plugin in Cytoscape. Hub genes were 
ranked according to four topological algorithms: (A) Maximal Clique Centrality (MCC), (B) Maximum Neighborhood 

Component (MNC), (C) Degree, and (D) Closeness centrality. Nodes are colored according to their ranking scores 

The convergence of results from PPI network 
analysis, GO, and KEGG enrichment provides multi-layer 
validation, increasing confidence that these genes are not 
only topologically central but also biologically and 
clinically significant. Several of these hub genes, 
particularly KIF11 and TOP2A, have already been explored 
as anticancer drug targets, highlighting the translational 
relevance of this approach [24, 25]. Collectively, the 
CytoHubba analysis identifies a core module of mitosis-
related hub genes that represent promising candidates 
for further molecular docking and targeted therapeutic 
development. 

CCNA2 was selected as the primary target for further 
molecular docking analysis. Biologically, CCNA2 encodes 
cyclin A2, a critical regulator of both S phase progression 
and the G2/M transition, making it a key driver of cell 
cycle control [43]. Compared to other hub genes such as 
KIF11 (primarily involved in mitotic spindle formation), 
CDC20 (a co-activator of the anaphase-promoting 
complex), and TOP2A (a DNA topology regulator), CCNA2 
operates at multiple checkpoints of the cell cycle, 
providing a wider therapeutic intervention window. 
Moreover, CCNA2 dysregulation has been consistently 
associated with tumor aggressiveness, poor prognosis, 
and uncontrolled proliferation, reinforcing its clinical 
significance [31, 44]. From a drug discovery perspective, 
targeting such a central regulator increases the likelihood 
of disrupting coordinated cell cycle progression rather 
than a single mitotic event, thereby enhancing 
therapeutic efficacy. 

3.7. Docking Method Validation 

Prior to evaluating the binding affinity of test 
compounds, molecular docking protocols must be 
validated to ensure that the selected docking parameters 
can accurately reproduce the experimentally observed 
ligand-binding mode. Docking validation was performed 
through a re-docking procedure. The resulting docked 
pose is then compared with the experimentally 
determined crystallographic pose by calculating the Root 
Mean Square Deviation (RMSD) between the two 
conformations. RMSD measures the average distance 
between corresponding atoms of the crystallographic and 
predicted ligand conformations after optimal structural 
alignment. This validation step is essential because it 
assesses the reliability of the docking protocol in 
predicting ligand orientation and receptor–ligand 
interactions within the active site. 

 

Figure 7. Molecular docking validation by re-docking the 
native ligand D5P into the CCNA2 binding site. 
Superimposition of the crystallographic ligand 

conformation (magenta) and the predicted docking pose 
(cyan) yielded an RMSD value of 2.584 Å 
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Figure 7 shows the superimposition of the 
crystallographic native ligand 5-(2-amino-1-ethyl)thio-
3-cyclobutyl-7-[4-(pyrazol-1-yl)benzyl]amino-1(2)H-
pyrazolo[4,3-d]pyrimidine (D5P) pose (magenta) and the 
re-docked pose (cyan) within the receptor cavity. Most of 
the central molecular scaffold occupies the same region of 
the binding pocket, with only minor deviations observed 
at the terminal portions of the ligand, indicating that the 
docking algorithm successfully reproduced the 
experimentally observed binding mode. Such deviations 
are commonly observed due to the intrinsic flexibility of 
ligand side chains and the rigid receptor approximation 
employed in docking protocols. 

Lower RMSD values indicate better agreement 
between experimental and predicted binding poses. An 
RMSD value below 2.0 Å is generally considered excellent, 
whereas values of 2.0–3.0 Å are generally acceptable for 
docking validation. Values above 3.0 Å may indicate poor 
reproduction of the native binding mode [45]. The 
obtained RMSD value of 2.584 Å generally indicates a 
moderate validation range, indicating that the docking 
protocol possesses sufficient predictive capability to 
reproduce the experimentally observed binding 
orientation of D5P within the CCNA2 active site. Although 
the value slightly exceeds the ideal threshold of 2.0 Å, the 
overall overlap between the superimposed structures 
indicates that the key binding interactions and spatial 
positioning of the ligand are preserved. The acceptable 
RMSD value provides confidence that the predicted 
binding poses and interaction profiles are likely to reflect 
biologically relevant receptor–ligand interactions. Thus, 
the validated protocol was considered suitable for 
subsequent virtual screening and molecular docking of 
phytochemicals. 

3.8. Phytochemicals Exploration from Indonesian-
Jamu Medicinal Plants 

The selection of the phytochemicals was rationally 
based on their ethnobotanical relevance, particularly 
their longstanding use as jamu, the traditional 
Indonesian herbal beverages widely consumed for 
maintaining health and treating various ailments [9]. 
Medicinal plants such as C. longa, C. xanthorrhiza, 
Z. officinale, K. galanga, Z. zerumbet, and B. pandurata are 
traditionally recognized for their anti-inflammatory, 
anticancer, and antimicrobial properties. Compounds 
including curcumin, demethoxycurcumin, 
bisdemethoxycurcumin, xanthorrhizol, α-curcumene, β-
sesquiphellandrene, gingerol, and others were further 
screened based on drug-likeness criteria, particularly 
Lipinski’s Rule of Five, ensuring favorable 
pharmacokinetic properties such as appropriate 
molecular weight, lipophilicity, hydrogen bond 
donors/acceptors, and oral bioavailability potential. 

In addition to Lipinski’s Rule of Five, most selected 
phytochemicals exhibited favorable TPSA values (≤140 Å) 
[46] and high predicted GI absorption in Table 1. Two 
compounds showed higher TPSA values (>140 Å) and low 

GI absorption. These compounds were still included in the 
molecular docking analysis to comprehensively assess 
their interaction potential with the target protein. 
However, the docking results showed unfavorable 
binding energies, supporting their lower prioritization. 
This approach ensures that compound selection was 
guided by both pharmacokinetic properties and 
structure-based binding evaluation. 

The binding energy from the molecular docking 
results presented in Table 2 indicates the binding affinity 
of selected phytochemicals from ethnomedicinal plants 
toward the CCNA2 protein, where more negative binding 
energy values indicate stronger and more stable ligand–
protein interactions. When compared to the native ligand, 
which exhibits a binding affinity of −8.8 kcal/mol, 
curcumenol, kaempferol, quercetin, and boesenbergin A 
exhibit stronger binding affinity to CCNA2, suggesting 
their potential to interfere with cyclin A2 function and 
consequently disrupt cell cycle progression. Several 
phytochemicals demonstrate comparable or slightly 
weaker interactions with the CCNA2 protein. Although 
most tested phytochemicals may not surpass the binding 
strength of the native ligand, their comparable affinities, 
combined with the natural origin, favorable drug-
likeness, and pharmacokinetic properties, highlight their 
potential as safer alternative candidate inhibitors or lead 
compounds for further optimization. 

To understand how the ligand binds within the active 
site of the CCNA2 protein at the atomic level, revealing the 
key amino acid residues involved, the types of 
intermolecular interactions formed, and the chemical 
forces that stabilize the ligand–protein complex, the 
visualization was performed using BioVia Discovery 
Studio. Figure 8 shows the interaction of native ligand 
D5P in the active site of CCNA2. As shown in Figure 8A, the 
ligand is well accommodated within the binding pocket of 
CCNA2, indicating a favorable spatial fit and proper 
orientation for interaction. The detailed 3D interaction in 
Figure 8B and the 2D schematic in Figure 8C highlight 
that the binding is predominantly stabilized by hydrogen 
bonding and hydrophobic interactions, which are critical 
for ligand affinity and specificity. 

A conventional hydrogen bond is observed with 
Lys33, serving as a key polar interaction that anchors the 
ligand within the binding site and contributes 
significantly to binding specificity and stability [47]. 
Multiple π–sigma and π–alkyl interactions between the 
aromatic rings of the ligand and hydrophobic residues 
such as Ile10, Val18, Val64, Leu134, Ala31, and Ala144, 
reflecting strong van der Waals and hydrophobic 
contacts. These interactions arise from the electron-rich 
π systems of the ligand engaging with nonpolar side 
chains, which enhances binding through dispersion 
forces. The presence of alkyl interactions further supports 
the hydrophobic environment of the binding pocket, 
facilitating ligand stabilization by minimizing solvent 
exposure [48]. 
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Table 1. The Indonesian jamu medicinal plant, selected phytochemicals, and binding affinity against the CCNA2 protein 
were obtained through molecular docking analysis 

Medicinal plant Phytochemical 
Violation of 

Lipinski’s rule TPSA 
GI 

adsorption 
Binding energy 

(kcal/mol) 

- CCNA2 native ligand (D5P) 0 - - -8.8 

Turmeric (C. longa) [49] Curcumenol 0 29.46 High -8.9 

Curcumin 0 93.06 High -8.6 

Desmethoxycurcumin 0 83.83 High -8.6 

Bisdemetoxycurcumin 0 74.60 High -8.6 

-Eudesmol 0 20.23 High -8.7 

Javanese turmeric 
(C. xanthorrhiza) [49] 

Xanthorrhizol 0 17.07 High -7.9 

ar-curcumene 0 0.00 Low -7.8 

-bisabolol 0 20.23 High -7.2 

Germacrone 0 17.07 High -8.4 

-elemenen 0 17.07 High -8.2 

Ginger (Z. officinale) [50, 51] 6-gingerol 0 66.76 High -7.1 

6-shogaol 0 46.53 High -7.3 

Gingerdione 0 63.60 High -7.1 

Zingerone 0 46.53 High -6.9 

Paradol 0 46.53 High -7.1 

Aromatic ginger (K. galanga) 
[52] 

Ethyl cinnamate 0 26.30 High -7 

Kaempferol 0 - - -9 

Kaempferide 0 100.13 High -8.1 

Galangin 0 90.90 High -8.4 

Ethyl-p-methoxycinnamate 0 46.53 High -6.4 

Bitter ginger (Z. zerumbet) 
[53, 54] 

Tectorigenin 0 100.13 High -8.5 

Cisimaritin 0 89.13 High -8.6 

Zerumbone 0 17.07 High -8 

Kaempferol 3-O-rhamnoside 0 172.88 Low -8.9 

Quercetin 0 131.36 High -9.2 

Finger root (B. pandurata) 
[55, 56] 

Pinocembrin 0 66.76 High -8.8 

Pinostrobin 0 55.76 High -8.5 

5-O-methylnaringenin 0 75.99 High -8.6 

Boesenbergin A 0 55.76 High -9.3 

Sakuranetin 0 75.99 High -8.5 

 

Figure 8. Molecular docking visualization of the native ligand (D5P) bound to the CCNA2 protein. (A) 3D structure of 
CCNA2 showing the ligand positioned within the active binding pocket. (B) Detailed 3D interaction illustrating key 

amino acid residues involved in ligand binding and the types of intermolecular interactions. (C) 2D interaction diagram 
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Figure 9. Molecular docking visualization of boesenbergin A bound to the CCNA2 protein. (A) 3D structure of CCNA2 
showing the ligand positioned within the active binding pocket. (B) Detailed 3D interaction illustrating key amino acid 

residues involved in ligand binding and the types of intermolecular interactions. (C) 2D interaction diagram 

Chemically, the combination of polar (hydrogen 
bonding) and nonpolar (π-based and alkyl) interactions 
indicates that the ligand achieves an optimal balance 
between specificity and binding strength, a hallmark of 
effective protein–ligand complexes. Overall, this 
interaction profile confirms that the native ligand is 
strongly stabilized within the CCNA2 binding pocket 
through cooperative non-covalent forces, providing a 
reliable reference model for evaluating and comparing 
the binding behavior of candidate phytochemicals. 

Figure 9 shows the interaction between the lowest 
binding affinity phytochemical, boesenbergin A, a 
chalcone-derived bioactive compound from finger root 
(B. pandurata), and the cyclin A2 (CCNA2) receptor. The 3D 
docking pose (Figure 9A) demonstrates that 
boesenbergin A is well accommodated within the binding 
pocket of CCNA2. The ligand adopts a conformation that 
allows both its aromatic rings and oxygen-containing 
functional groups to interact favorably with the 
surrounding residues, suggesting that it is sterically 
compatible with the receptor cavity and capable of 
establishing multiple stabilizing interactions. 

A closer examination of the binding site (Figure 9B) 
reveals that hydrogen bonding and hydrophobic 
interactions are the primary forces stabilizing the 
boesenbergin A and CCNA2 complex. Two conventional 
hydrogen bonds (green dashed lines) are formed between 
the oxygen atoms of boesenbergin A and residues Gln131 
and Asp145. Hydrogen bonds are highly directional 
electrostatic interactions that play a critical role in ligand 
recognition and specificity. The carbonyl and ether 
oxygen atoms of boesenbergin A act as hydrogen-bond 
acceptors, interacting with hydrogen-bond donor groups 
from the amino acid side chains. These interactions help 
anchor the ligand within the binding pocket and 
significantly stabilize the complex [47]. 

Extensive hydrophobic interactions are observed at 
several residues, including Val18, Val64, Ile10, Leu134, 
Ala144, and Lys33, which participate in alkyl and π-alkyl 

interactions with the aromatic and aliphatic regions of 
boesenbergin A. Alkyl and π-alkyl interactions arise from 
favorable van der Waals contacts between hydrophobic 
amino acid side chains and the π-electron cloud of 
aromatic rings. A particularly notable interaction is the 
π–π stacking between the aromatic ring of boesenbergin 
A and Phe80, enabling favorable interactions between 
delocalized π-electron clouds. This interaction is 
especially important because aromatic residues, such as 
phenylalanine, often contribute significantly to ligand 
stabilization within protein binding sites [57]. The 
presence of π–π stacking suggests that the aromatic 
scaffold of boesenbergin A is a key structural feature 
responsible for its affinity toward CCNA2. 

The 2D interaction diagram (Figure 9C) further 
confirms that the residues Val18, Val64, Ile10, Leu134, 
Ala144, and Phe80 create a hydrophobic environment 
that accommodates the phenyl rings and prenylated side 
chain of boesenbergin A. The hydrophobic nature of these 
interactions is chemically consistent with the structure of 
boesenbergin A, which contains multiple aromatic rings 
and nonpolar carbon chains. Meanwhile, the oxygen-
containing functional groups remain oriented toward 
polar residues (Gln131 and Asp145), maximizing 
hydrogen-bond formation while preserving hydrophobic 
complementarity [58]. 

It is important to note that the molecular docking 
performed in this study assumes a rigid receptor 
conformation, which may not fully represent the dynamic 
nature of proteins under physiological conditions. In 
reality, ligand binding can induce conformational 
changes in the target protein (induced-fit effects), 
particularly in flexible regions involved in binding or 
protein–protein interactions, such as those present in 
CCNA2 [59]. Therefore, the predicted binding affinities 
may not completely reflect the true interaction dynamics. 
Incorporating protein flexibility through approaches 
such as molecular dynamics simulations would provide a 
more accurate assessment of ligand binding stability and 
interaction mechanisms [60]. 
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Table 2. A summary of the chemical interaction types and the amino acid residue of phytochemicals with the lowest 
binding energy 

Compound 
Binding energy 

(kcal/mol) 
Binding type Amino acid residue 

D5P -8.8 Hydrogen bonding LYS33   
Alkyl ALA31, VAL64, PHE60, ALA144,   
π-Alkyl VAL18, ALA31   
π-sigma LEU134, ILE10 

Boesenbergin A -9.3 Hydrogen bonding LYS33, ASP145, GLN131   
π-π stacked PHE80   
Alkyl LEU134, ILE10, VAL18   
π-Alkyl VAL18, ALA144,VAL64 

Quercetin -9.2 Hydrogen bonding LEU83, LYS33   
π-π T shape PHE80   
π-Alkyl ALA144, VAL18, VAL64, ALA31   
π-sigma LEU134, ILE10 

Kaempferol -9 Hydrogen bonding LEU83, GLU81, ASP86, GLU51   
π-Alkyl ALA31,VAL18, ALA144, VAL64   
π-sigma LEU134, ILE10 

In terms of selectivity, flavonoids such as quercetin 
and chalcone derivatives, including boesenbergin A, 
share structural features that are well known for their 
polypharmacological behavior. This is attributed to their 
planar structure, hydroxyl groups, and ability to form 
hydrogen bonds, which enable binding to various kinases 
or non-kinase proteins. These compounds have been 
reported to modulate multiple signaling pathways, 
potentially enhancing their efficacy through multi-
pathway inhibition. On the other hand, this broad-
spectrum activity also suggests a likelihood of off-target 
binding and limited selectivity [61]. 

Unlike classical kinase targets, CCNA2 (cyclin A2) is a 
non-kinase regulatory protein that controls cell cycle 
progression through interactions with cyclin-dependent 
kinases (CDKs) rather than intrinsic enzymatic activity 
[62]. In the context of CCNA2, the observed binding 
affinity may therefore reflect the ability of these 
compounds to interact with protein–protein interaction 
interfaces, potentially influencing the formation or 
stability of CCNA2–CDK complexes. However, such 
interactions may not be highly specific. Therefore, their 
lack of target selectivity and potential off-target 
interactions should be considered. This is particularly 
relevant since CCNA2 is involved in tightly regulated cell 
cycle processes, and non-specific modulation could affect 
multiple pathways [63]. Further validation, such as 
molecular dynamics simulations, binding assays, or cell-
based functional studies, is required to determine 
whether these compounds specifically disrupt CCNA2-
related interactions or exert broader biological effects. 

4. Conclusion 

In conclusion, this study successfully identified 
CCNA2 as a key therapeutic target through integrative 
network pharmacology and protein–protein interaction 
analysis, consistently ranking as a top hub gene across 
multiple CytoHubba algorithms, indicating its central 

role in regulating cell cycle progression. Functional 
enrichment further supported this finding by 
highlighting the dominance of cell cycle–related 
pathways, reinforcing the biological relevance of CCNA2 
as a strategic intervention point. Subsequent molecular 
docking analysis demonstrated that selected 
phytochemicals derived from Indonesian jamu medicinal 
plants exhibit favorable binding affinities toward CCNA2, 
with several compounds showing the lowest and others 
comparable to the native ligand, suggesting their 
potential to effectively interact with and inhibit the 
protein. The binding interactions were stabilized by a 
combination of hydrogen bonding and hydrophobic 
forces, reflecting the formation of a chemically favorable 
ligand–protein complex. Importantly, the selection of 
these compounds was grounded in ethnobotanical 
evidence and supported by drug-likeness screening using 
Lipinski’s Rule of Five, thereby strengthening their 
feasibility as orally active therapeutic candidates. Overall, 
this study highlights the promise of Indonesian jamu 
phytochemicals as potential CCNA2 inhibitors and 
provides a strong computational foundation for their 
further development as novel therapeutic agents 
targeting cell-cycle dysregulation. To bridge these 
computational predictions with experimental validation, 
immediate forward-looking in vitro studies are 
warranted. First, direct target engagement and binding 
kinetics should be quantified using cell-free recombinant 
CCNA2/CDK2 kinase inhibition assays to determine exact 
IC50 values. Second, phenotypic validation should be 
performed on human cholangiocarcinoma cell lines to 
measure cytotoxicity and cell-cycle arrest specifically at 
S and G2/M phases via flow cytometry. Third, an animal 
model will further confirm target-specific tumor 
suppression in vivo. These experimental steps will 
provide critical evidence to establish Indonesian jamu 
phytochemicals as viable drug leads against CCNA2-
driven cholangiocarcinoma. 
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