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ABSTRACT 

 

The Hippo signaling pathway plays an important role in human diseases. This pathway takes part in the initiation, development and metastasis of 
various types of cancers, including lung cancer. The effector molecules of this pathway, Yes-associated protein 1 (YAP), Tafazzin (TAZ), undergo 
constant regulation. In the cytoplasm, YAP/TAZ are degraded in multiple ways, the ubiquitin-dependent degradation being the most prominent one. 
Ubiquitin specific proteases 21 (USP21) and YOD1 are two of the many deubiquitinating enzymes that participate in the regulation of ubiquitination 
on YAP/TAZ. Although the roles of USP21 and YOD1 vary from disease to disease, they have a tumor suppressing role in lung cancer. These two 
enzymes also interact to stabilize each other and show a synergistic effect in inhibiting cell proliferation in lung cancer. Therefore, this study was 
designed to predict which set of isoforms of USP21 and YOD1 shows stable interactions and how it could affect lung cancer. Using a number of in 
silico techniques such as protein structure prediction, structure validation, docking analysis and molecular dynamics simulation studies, it was 
identified that the USP21 isoform b and YOD1 isoform 1 show the most stable interaction. Thus, it was predicted that these set of isoforms would 
exhibit better suppression of lung cancer. 
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Introduction 
Ever since its discovery some 20 years ago in Drosophila 

melanogaster, the Hippo signaling pathway has been studied 

extensively because of its pivotal role in the development and 

homeostasis of organs. The pathway consists of many key 

components, including the mammalian STE20-like kinase 1/2 

(MST1/2), MOBKL1A/B (MOB1A/B), protein Salvador 

homologue (SAV1), Yes-associated protein 1 (YAP), Tafazzin 

(TAZ), large tumor suppressor kinase 1/2 (LATS1/2) and the 

transcriptional enhanced associated domain (TEAD) family 

(Cheng et al., 2020). YAP/TAZ regulate gene expression by 

interacting with TEAD1-4 transcriptional factors, thereby 

controlling cell proliferation, differentiation, stem cell self-

renewal and apoptosis (Kwon et al., 2013). Using the C-

terminal SARAH (Sav/Rassf/Hpo) domains, MST1/2 interacts 

with SAV1 to phosphorylate LATS1/2 kinase, MOB1 and 

SAV1 (Chan et al., 2005; Hergovich et al., 2006; Praskova et 

al., 2008). YAP and TAZ are directly phosphorylated at 

multiple sites by LATS1/2, which inhibits the nuclear 

localization of these proteins (Huang et al., 2005; Zhao et al., 

2007). Subsequently, these phosphorylated YAP/TAZ proteins 

bind to 14-3-3 and their localization is sequestered in the 

cytoplasm, which leads to YAP/TAZ inhibition. Moreover, 

phosphorylation by casein kinase 1 results in the β-TrCP-

mediated ubiquitination and proteasomal degradation of 

YAP/TAZ proteins (Liu et al., 2010; Zhao et al., 2007, 2010).  

 

Dysregulation of the Hippo pathways is a hallmark of numerous 

cancers. MST1/2 and LATS1/2 function as tumor suppressors, 

whereas YAP/TAZ were reported as oncoproteins(Hall et al., 

2010; Liu et al., 2010; Lu et al., 2010; Xia et al., 2002; Zhao et 

al., 2007, 2010; Zhou et al., 2009). Therefore, Hippo pathway 

dysregulation can lead to severe diseases, including cardiac 

disease(Austin et al., 2019; Wang, Liu, et al., 2018), eye 

disease(Lee et al., 2018; Zhu et al., 2018), pulmonary disease 

(Chanda et al., 2019), hepatic disease(Driskill and Pan, 2021; 

Russell and Camargo, 2022), renal disease (Bergmann et al., 

2018; Ma and Guan, 2018) and immune dysfunction(Hong et 

al., 2018; Zhang et al., 2018). Studies have also identified that 

the MST1/2, LATS1/2, YAP and TAZ, the four main 

component of the Hippo signaling pathway takes part in the 

development of chemotherapy resistance (Zeng and Dong, 

2021). YAP nuclear localization or overexpression of YAP and 

TAZ decrease the efficacy of doxorubicin, cisplatin, Taxol and 

5-fluoracil, while downregulation of MST1/2 and LATS1/2 
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develop resistance to 5-fluoracil and cisplatin (Qin et al., 2020; 

Ren et al., 2008; Touil et al., 2014; Wang, Sun, et al., 2018; Wu 

et al., 2021; Yao et al., 2019; Zhang et al., 2011). 

Ubiquitin enzyme marks proteins to alter their function or 

degradation (Chen and Sun, 2009) whereas the deubiquitinating 

of enzymes remove the ubiquitin from proteins, resulting in 

their rescue from degradation. Approximately, 100 

deubiquitinases (DUBs) have been identified (Nijman et al., 

2005) with the ubiquitin specific proteases (USPs) are the 

largest family of deubiquitinating enzyme. Among them, 

ubiquitin specific proteases 21 (USP21) involved in regulating 

cellular homeostasis and cancer. USP21 overexpression 

regulate the stability of MARK-1, -2 and -4, suppressing the 

transcriptional activity of YAP (Nguyen et al., 2017), which 

indicated that MARKs act as interacting partners of USP21. 

Furthermore, a recent study provides other contradictory 

evidence that USP21 interacts with and stabilizes forkhead box 

protein M1 (FoxM1), a transcription factor, to enhance the 

nuclear translocation and transcriptional activity of YAP. As 

previously described by Sun et al., FoxM1 inhibit YAP 

phosphorylation to promote nuclear translocation and 

transcriptional activity of YAP (Li et al., 2022); however, the 

underlying mechanism requires further study (Sun et al., 2020). 

Taken together, the discrepancies in USP21 modulation of the 

Hippo signaling pathway may be explained by differences in 

cell context-specific regulation. 

The OTU deubiquitinases subfamily contains 16 members in 

humans, and these enzymes have been implicated in numerous 

human diseases such as cancer, neurodegeneration, 

inflammation, and virus infection (Clague et al., 2012). In 

Drosophila melanogaster, The OTU domain was first identified 

in an ovarian tumor gene by bioinformatics analysis (Makarova 

et al., 2000). The Otu gene product participates in the division 

and differentiation of the cystoblast cell (Rodesch et al., 1995; 

Sass et al., 1995). Studies have revealed that some OTU family 

members are deubiquitinating enzymes containing putative 

catalytic histidine and cysteine residues (Balakirev et al., 2003; 

Reyes-Turcu et al., 2009). YOD1, also known as OTUD2, 

possess the ability to remove conjugated ubiquitin from 

substrates and take part in endoplasmic reticulum-associated 

degradation (ERAD) of misfolded proteins (Ernst et al., 2009). 

YOD1 harbors the essential catalytic DUB activity, but also use 

its S2 ubiquitin binding site to function as a ubiquitin sensor. 

Ubiquitin binding by YOD1 stimulates the interaction of YOD1 

with p97, in turn, p97 activates ubiquitin binding of YOD1. 

YOD1 plays a role in regulation of macroautophagy, including 

the clearance of damaged lysosome by recruiting UBXN6 

(UBX domain-containing protein 6), PLAA (phospholipase A-

2-activating protein), and VCP (valosin-containing protein) to 

damaged lysosome membranes (Papadopoulos et al., 2017). 

In the A549 cell line, there is conflicting research on the cellular 

functions of USP21. Nguyen et al. reported that YAP/TAZ 

activity and cell proliferation is increased due to knockdown of 

USP21 in A549 cells (Nguyen et al., 2017). However, another 

study reported that deubiquitination and stabilization of Yin 

Yang-1 (YY1), an oncoprotein, by USP21 promotes non-small 

cell lung cancer (NSCLC) cell proliferation, migration, and 

invasion, including A549 cells (Xu et al., 2020). YOD1 inhibits 

cell proliferation in A549 cells. Interestingly, greater inhibition 

of cell proliferation was found in co-transfection of Myc-YOD1 

and Flag-USP21 as compared to transfection with Myc-YOD1 

or Flag-USP21 alone. However, there are cell lines in which no 

synergistic effects of YOD1 and USP21 on cell proliferation 

was found. Compared to transfection with Myc-YOD1 or Flag-

USP21 alone, co-transfection of Myc-YOD1 and FlagUSP21 

did not inhibit cell proliferation in HEK293T or HeLa cell. 

Increased expression of p-YAP was observed in A549 cells co-

transfected with Myc-YOD1 and Flag-USP21 compared to 

transfection with either Myc-YOD1 or Flag-USP21 alone (Park 

and Baek, 2023). These findings suggest that the synergistic 

effect of YOD1 and USP21 can regulate the Hippo signaling 

pathway, which leads to the suppression of specific cancer cell 

proliferation. Therefore, this study employed various 

bioinformatics tools to identify the differential binding 

interactions among multiple isoforms of USP21 and YOD1 and 

to predict their effects on lung cancer through modulation of 

Hippo signaling pathway. 

 

Materials and Methods 
Sequence Retrieval 

The amino acid sequences of the USP21 isoform a (accession 

no. NP_001306776.1), USP21 isoform b (accession no. 

NP_001306777.1), USP21 isoform c (accession no. 

NP_036607.3), YOD1 isoform 1 (accession no. 

KAI4084766.1) and YOD1 isoform 2 (accession no. 

KAI4084767.1) were retrieved from the National Center for 

Biotechnology Information (NCBI) (Sayers et al., 2011).  

Secondary and Tertiary Structure Prediction 

The secondary structure of the selected proteins was predicted 

through the SIMPA96 toolkit (Gröhl et al., 2022). The tertiary 

structure of the USP21 and YOD1 isoform protein sequences 

were predicted through the HHpred (Söding et al., 2005) 

webtool of the MPI Bioinformatics toolkit server (Zimmermann 

et al., 2018). HHpred is a fast server for detection of remote 

protein homology and structure prediction and pairwise 

comparison of profile hidden Markov models (HMMs) was first 

used by this server. 

Refinement and Quality Assessment  

The GalaxyRefine server was used for further refining the 

predicted structures (Heo et al., 2013). The GalaxyRefine web 

server is based on a refinement method that has been 

successfully tested in CASP10. The structures with the best 

quality and performance were selected after analyzing all the 

potential structures generated through refinement. Evaluation 

of the 3D structure of the proteins was performed using 

PROCHECK and ERRAT modules of the SAVESv6.1 server 

(https://saves.mbi.ucla.edu/) and the QMEAN tool of the 

ExPASy server (https://www.expasy.org/) to estimate the 

QMEANDisCo score and quality of the predicted models 

(Benkert et al., 2008; Colovos and Yeates, 1993; Laskowski et 

al., 1993).  

Docking Analysis 

In order to identify the interactions of the USP21 isoforms with 

YOD1 isoforms, protein-protein docking analysis was 

performed using ClusPro and HADDOCK v2.4 tool and 

PRODIGY (Honorato et al., 2024; Kozakov et al., 2017; Xue 

et al., 2016). ClusPro is the first web-based, completely 

automated application for protein structure computational 

docking. HADDOCK (High Ambiguity Driven protein-protein 

DOCKing) encodes information from identified or expected 

protein interfaces in ambiguous interaction restraints (AIRs), 

setting it apart from ab-initio docking approaches. The web 

services under PRODIGY (PROtein binDIng enerGY 
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prediction) are aimed at predicting binding affinity in biological 

complexes and identifying biological interfaces from 

crystallographic ones. The residue level protein-protein 

interaction was visualized through BIOVIA Discovery Studio 

Visualizer (Kemmish et al., 2017).  

Molecular Dynamics Simulation Study 

The molecular dynamics simulations study was performed in 

the iMODS server. The collective functional motions of 

biological macromolecules are naturally reproduced by normal 

mode analysis (NMA) in internal (dihedral) coordinates. Even 

with massive macromolecules, iMODS makes it easier to 

explore such modes and creates workable transition paths 

between two homologous structures (López-Blanco et al., 

2014).  

Results 
Protein structure prediction and validation 

The secondary structures of the selected USP21 and YOD1 

isoforms were predicted using the SIMPA96 toolkit (Table 1). 

All isoforms showed a predominance of random coils, followed 

by α-helical regions, suggesting considerable structural 

flexibility. The three-dimensional models generated by HHpred 

were refined and subsequently evaluated using ERRAT, 

Ramachandran plot analysis, and QMEANDisCo scoring 

(Table 2). The validation results indicated acceptable model 

quality, supporting the use of these refined structures for 

subsequent docking and simulation analyses. 

 

Table 1. Secondary structure of the selected proteins predicted by SIMPA96 toolkit. 

 

      Protein  Alpha Helix Beta Turn Random Coil 

USP21 isoform a 146 (24.54%) 0 (0%) 387 (65.04%) 

USP21 isoform b 141 (25.54%) 0 (0%) 359 (65.04%) 

USP21 isoform c 141 (24.91%) 0 (0%) 366 (64.66%) 

YOD1 isoform 1 75 (21.49%) 0 (0%) 198 (56.73%) 

YOD1 isoform 2 74 (24.26%) 0 (0%) 158 (51.80%) 

 

Table 2. Evaluation of the 3D structures of selected proteins. 

 

Protein  ERRAT Quality Factor Ramachandran Favored QMEANDisCo  

USP21 isoform a 85.1266 94.50% 0.81 ± 0.05 

USP21 isoform b 92.4658 92.90% 0.80 ± 0.05 

USP21 isoform c 87.6289 93.50% 0.81 ± 0.05 

YOD1 isoform 1 90.2439 93.90% 0.65 ± 0.06 

YOD1 isoform 2 90.9091 94.40% 0.64 ± 0.06 

 

Molecular docking analysis  

Protein-protein docking was performed using ClusPro and 

HADDOCK to evaluate the binding patterns among the 

selected USP21 and YOD1 isoforms, while PRODIGY was 

used to estimate the binding affinity of the docked complexes. 

The best-ranked docking poses from each platform were 

selected for further analysis based on their respective scoring 

criteria and visual inspection of the docked conformations 

(Figures 1 and 2). The docking scores and predicted binding 

affinities are summarized in Table 3. Among the evaluated 

complexes, USP21 isoform b-YOD1 isoform 1 showed the 

strongest predicted binding affinity in PRODIGY, with a ΔG 

value of -18.3 kcal/mol. Although ClusPro identified USP21 

isoform b-YOD1 isoform 2 as the lowest-energy complex, the 

overall docking profile supported USP21 isoform b-YOD1 

isoform 1 as a promising interaction pair for subsequent 

stability assessment. 
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Table 3. Docking analysis scores from ClusPro, HADDOCK and PRODIGY. 

 

 

Docked Isoforms 

Cluspro 

Lowest 

Energy 

Score 

HADDOCK PRODIGY 

Docking Score Z-score Binding Affinity  

ΔG (kcal mol-1) 

USP21 isoform a and 

YOD1 isoform 1 

 
-1253.1 

 
-14.0 ± 11.6 

 
-1.7 

 
-17.7 

USP21 isoform a and 

YOD1 isoform 2 

 
-1098.5 

 

 
27.4 ± 1.9 

 
-1.3 

 
-14.4 

USP21 isoform b and 

YOD1 isoform 1 

 
-1159.1 

 
57.4 ± 55.5 

 
-1.8 

 
-18.3 

USP21 isoform b and 

YOD1 isoform 2 

 
-1321.7 

 
29.8 ± 35.0 

 
-1.5 

 
-15.1 

USP21 isoform c and 

YOD1 isoform 1 

 
-1235.5 

 
-6.5 ± 8.0 

 
-1.9 

 
-16.2 

USP21 isoform c and 

YOD1 isoform 2 

 
-1192.7 

 
6.8 ± 24.9 

 
-1.7 

 
-15.0 
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Figure 1. ClusPro server results of docking between (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and YOD1 isoform 

2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 isoform 1 and 

(f) USP21 isoform c and YOD1 isoform 2. 
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Figure 2. HADDOCK server results of docking between (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and YOD1 

isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 isoform 

1 and (f) USP21 isoform c and YOD1 isoform 2. 

 

MD simulation results 

The dynamic stability and flexibility of the docked USP21-

YOD1 complexes were evaluated using the iMODS server 

based on normal mode analysis. To compare the stability of 

complexes generated by two independent docking platforms, 

iMODS analysis was performed separately for the HADDOCK-

derived docked complexes and the ClusPro-derived docked 

complexes. The results obtained from HADDOCK docking are 

presented in Figures 3-7, whereas the corresponding results 

obtained from ClusPro docking are shown in Figures 8-12. 

For each docked complex, five major parameters were 

analyzed: deformability, B-factor, eigenvalue, covariance 

matrix, and elastic network model. The deformability plot was 

used to identify flexible regions within the complexes, where 

higher peaks indicate residues with greater mobility and 

potential hinge regions. The B-factor plot reflected the relative 

atomic mobility predicted by normal mode analysis. The 

eigenvalue represented the stiffness of each complex, with 

higher eigenvalues indicating greater resistance to deformation 

and comparatively higher structural stability. The covariance 

matrix was used to assess correlated, anti-correlated, and 

uncorrelated motions among residue pairs, represented by red, 

blue, and white regions, respectively. Finally, the elastic 

network model illustrated the connectivity and spring stiffness 
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among atom pairs, where darker regions indicate stronger 

interactions and a more rigid structural network. 

For the HADDOCK-derived complexes, the deformability, B-

factor, eigenvalue, covariance matrix, and elastic network 

profiles are shown in Figures 3, 4, 5, 6, and 7, respectively. 

These analyses provided an overview of the flexibility and 

internal motion patterns of the HADDOCK-generated USP21-

YOD1 complexes. Similarly, the ClusPro-derived complexes 

were analyzed using the same iMODS parameters, with 

deformability, B-factor, eigenvalue, covariance matrix, and 

elastic network model presented in Figures 8, 9, 10, 11, and 12, 

respectively. The use of both HADDOCK- and ClusPro-

derived complexes allowed comparative assessment of the 

predicted structural stability of USP21 and YOD1 isoform 

interactions. 

 

 

 

 
 

Figure 3. Deformability graph of the HADDOCK docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a 

and YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and 

YOD1 isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 4. NMA calculation of the HADDOCK docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and 

YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 

isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 5. Eigenvalue of the HADDOCK docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and YOD1 

isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 isoform 

1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 6. Covariance matrix of the HADDOCK docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and 

YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 

isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 7. Elastic network models of the HADDOCK docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform 

a and YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and 

YOD1 isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 8. Deformability graph of the ClusPro docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and 

YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 

isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 9. NMA calculation of the ClusPro docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and 

YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 

isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 10. Eigenvalue of the ClusPro docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and YOD1 

isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 isoform 

1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 11. Covariance matrix of the ClusPro docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a and 

YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and YOD1 

isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 
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Figure 13. Elastic network models of the ClusPro docked complexes (a) USP21 isoform a and YOD1 isoform 1 (b) USP21 isoform a 

and YOD1 isoform 2 (c) USP21 isoform b and YOD1 isoform 1 (d) USP21 isoform b and YOD1 isoform 2 (e) USP21 isoform c and 

YOD1 isoform 1 and (f) USP21 isoform c and YOD1 isoform 2. 

 

Discussion 
The Hippo signalling pathway is essential for regulating cell 

proliferation during cancer development. The pathway's 

effector proteins, YAP and TAZ, are subject to continuous 

regulation. In the cytoplasm, ubiquitination is the primary 

mechanism for YAP/TAZ degradation. Deubiquitinating 

enzymes, including USP21 and YOD1, play significant roles in 

this process. In A549 cells, USP21 and YOD1 inhibit cell 

proliferation and demonstrate a synergistic effect (Park and 

Baek, 2023). 
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Multiple bioinformatics tools were employed to predict the 

interactions between isoforms of USP21 and YOD1. Protein 

sequences were retrieved in FASTA format from the NCBI 

protein database. Secondary structure predictions using the 

SIMPA96 toolkit provided insights into the isoform structures. 

The results indicated that all USP21 isoforms predominantly 

consist of random coils, with approximately 65% of residues 

forming random coils and about 25% forming alpha helices 

(Table 1). In comparison, YOD1 isoforms contained around 

50% random coils and a similar proportion of alpha helices. 

 

The three-dimensional structures of these proteins were 

designed using HHpred and several other tools to verify their 

accuracy. The total quality factor in the ERRAT value was 

above 85 for all proteins, which is within the acceptable range. 

However, USP21 isoform b had the highest ERRAT quality 

factor score among all the isoforms with a score of 92.46 (Table 

2). More than 92% of residues of all proteins in the most 

favoured region are considered satisfactory values for the 

Ramachandran plot. The USP21 isoform showed the best score 

in terms of the Ramachandran plot, with almost 94.5% of 

residues in the Ramachandran favored regions (Table 2). The 

QMEANDisCo scores of all protein models were very near 0, 

which indicates high model quality. Interestingly, the 

QMEANDisCo scores of the isoforms of YOD1 were relatively 

lower than the scores of the isoforms of USP21. 

 

Based on docking analysis, USP21 and YOD1 exhibit 

significant interactions with low binding energies. The ClusPro 

low-energy score showed that all docked complexes had scores 

below -1098.5, with the docked complex between USP21 

isoform b and YOD1 isoform 2 having the lowest score of -

1321.21. However, docking in HADDOCK showed different 

results. In HADDOCK, the docked complexes of USP21 

isoform b and YOD1 isoform 1 exhibited a score of 57.4 ± 1.9. 

The Z-score of this docked complex was also quite low at -1.8, 

which was close to the lowest score of -1.9 of docking between 

USP21 isoform c and YOD1 isoform 1 (Table 3). Analysis of 

the docked complexes in BIOVIA Discovery Studio 

demonstrated that all complexes exhibited extensive binding, 

with hydrogen bonds, alkyl interactions, and salt bridges being 

the most common types of interactions. PRODIGY was used to 

determine the binding affinity of the selected protein isoforms. 

Although the binding affinity of all docked complexes was low, 

the binding affinity between USP21 isoform b and YOD1 

isoform 1 was predicted the lowest at -18.3 kcal/mol (Table 3). 

 

In molecular dynamics simulation studies with HADDOCK 

results, almost all docked complexes showed good stability, 

which was confirmed by deformability, B-factor, eigenvalues, 

covariance maps and elastic network graphs (Figure 04-08). 

Most of the docked complexes showed similar spikes in the 

deformability graph and the B-factor graph (Figure 04 and 05). 

The Eigenvalue of all complexes seems to be in a close range 

(Figure 06). The covariance matrix and elastic network models 

of all docked complexes also show a similar picture (Figures 07 

and 08). However, if we consider molecular dynamics 

simulation studies with ClusPro results, we can see that the 

docking between USP21 isoform b and YOD1 isoform 1 is the 

most stable among all (Figure 09-13). It shows the best results 

in the deformability graph, with very few spikes for atoms 

(Figure 09). The NMA calculation graph also does not exhibit 

any significant peaks throughout the graph (Figure 10). The 

covariance matrix and elastic network models also show the 

best stability of this complex, with most atoms remaining in the 

central grey area, while other graphs show more scattered 

results (Figures 12-13). 

 

Considering both the docking and simulation results, it can be 

concluded that the binding between USP21 isoform b and 

YOD1 isoform 1 seems more stable and easier to form. Since 

these two proteins were discovered to interact with each other, 

and this interaction results in better degradation of YAP/TAZ 

to inhibit Hippo signaling pathway-mediated cell proliferation 

in A549 cells, it can be predicted that the binding between 

USP21 isoform b and YOD1 isoform 1 has a better chance of 

suppressing lung cancer than other isoforms. 

 

Conclusion 
This study was designed to identify which set of isoforms of 

USP21 and YOD1 interact most effectively and what this 

means for lung cancer. It would be beneficial to study the 

specific mechanisms by which these two enzymes interact for a 

better understanding of lung cancer's molecular basis. Targeting 

these enzymes may also present novel therapeutic options, 

which may result in personalized and efficient treatment 

strategies. Future studies should clarify the complex 

interactions between these enzymes and investigate their 

potential as therapeutic targets to improve clinical outcomes for 

lung cancer patients. 
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