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In silico analyses of Wnt1 nsSNPs
reveal structurally destabilizing
variants, altered interactions
with Frizzled receptors and its
deregulation in tumorigenesis

Amalesh Mondal“?, Debarati Paul?, Shubhra Ghosh Dastidar?, Tanima Saha?* &
Achintya Mohan Goswami***

Wntl is the first mammalian Wnt gene, which is discovered as proto-oncogene and in human the gene
is located on the chromosome 12q13. Mutations in Wnt1 are reported to be associated with various
cancers and other human diseases. The structural and functional consequences of most of the non-
synonymous SNPs (nsSNPs), present in the human Wnt1 gene, are not known. In the present work,
extensive bioinformatics analyses are used to screen 292 nsSNPs of Wnt1 for predicting pathogenic
and harmless polymorphisms. We have identified 10 highly deleterious nsSNPs among which 7 are
located within the highly conserved areas. These 10 nsSNPs are also predicted to affect the post-
translational modifications of Wnt1. Further, structure based stability analyses of these 10 highly
deleterious nsSNPs revealed 8 variants as highly destabilizing. These 8 highly destabilizing variants
were shown to have high BC score and high RMSIP score from normal mode analyses. Based on the
deformation energies, obtained from the normal mode analyses, variants like G169A, G169S, G331R
and G331S were found to be unstable. Molecular Dynamics (MD) simulations revealed structural
stability and fluctuation of WT Wnt1 and its prioritized variants. RMSD remained fluctuating mostly
between 4 and 5 A and occasionally between 3.5 and 5.5 A ranges. RMSF in the CTD region (residues
330-360) of the binding pocket were lower compared to that of WT. Studying the impacts of nsSNPs
on the binding interface of Wnt1 and seven Frizzled receptors have predicted substitutions which
can stabilize or destabilize the binding interface. We have found that Wnt1 and FZD8-CRD is the
best docked complex in our study. MD simulation based analyses of wild type Wnt1-FZD8-CRD
complex and the 8 prioritized variants revealed that RMSF was higher in the unstructured regions
and RMSD remained fluctuating in the region of 5 A + 1 A. We have also observed differential Wnt1
gene expression pattern in normal, tumor and metastatic conditions across different tissues. Wnt1
gene expression was significantly higher in metastatic tissues of lungs, colon and skin; and was
significantly lower in metastatic tissues of breast, esophagus and kidney. We have also found that
Wntl deregulation is associated with survival outcome in patients with gastric and breast cancer.
Furthermore, these computationally screened highly deleterious nsSNPs of Wnt1 can be analyzed in
population based genetic studies and may help understand the Wnt1 associated diseases.

The Wnt family consists of secreted glycoprotein signaling molecules which play crucial roles in development
and maintenance of many tissues'. The name Wnt, came from combination of two genes—wg (wingless) and
int-1 (Wnt1)% In human, 19 Wnt genes were identified with different levels of sequence similarities among the
Wnt proteins®. Among them, Wnt1 was the first mammalian Wnt gene, discovered as proto-oncogene and it
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was capable of driving mammary gland tumor formation*. In human, the WntI gene was located on chromo-
some 12q13, adjacent to the Wnt10b gene®. The Wntl is essential for oncogenesis and multiple developmental
processes like embryonic brain and central nervous system (CNS). Wntl mainly activate the canonical Wnt/f-
catenin signaling cascade®. The transient expression of WntI induces the formation of p-catenin-LEF1 complex
in nucleus, resulting in persistent activation of canonical Wnt/p-catenin signaling®. Impaired Wnt signaling due
to p.C218G mutation in Wntl, causes significant and progressive changes in the spine, present both in bony
vertebrae and in cartilaginous tissues and become increasingly severe with age over 50 years’. Literature studies
have also shown that the malfunction of Wnt1 is associated with various cancers, genetic type XV osteogenesis
imperfecta, osteoporosis, and neurological diseases®’. High levels of WntI expression was found in patients with
advanced metastasis and the overall survival rate is lower in patients with Wnt1-positive cancer'. Therefore, the
Whntl gene is considerably being focused in the field of human medical genetics”*°. After completion of human
genome project, many SNPs have been recognized that could be very useful for the study of genotype—phenotype
association. The structural and functional consequences for most of the non-synonymous single nucleotide
polymorphisms (nsSNPs), present in the human WntI gene, are still uncharacterized. So, to understand the link
between the WntI genetic information and the phenotype it produces, the identification and characterizations of
Wntl genetic variants (especially nsSNPs) are required. Hence, in the present work, the effects of WntI nsSNPs
are investigated for understanding the molecular mechanisms of disease-associated mutationsand discriminat-
ing pathogenic and harmless polymorphisms. Being a ligand of Wnt/p-catenin signaling cascade, Wntl takes
part in a vital protein-protein interaction with Cysteine-rich Wnt-binding domain (CRD) of frizzled receptors
(FZD-CRDs). So, in order to understand the effects of disease-related nsSNPs at molecular level; it is also impor-
tant to consider the impact of nsSNPs on these binding interfaces. Thus, the present study has been carried out
using extensive computational tools to extend and explore the impact of nsSNPs on the structure, stability and
functional consequences of human Wnt1 with special emphasis on Wnt1-FZD-CRDs interaction.

Materials and methods

Retrieval of Wnt1 nsSNPs. Human WntI gene SNPs and its protein sequences in the FASTA format were
retrieved from the Ensembl genome browser (https://asia.ensembl.org/Homo_sapiens/Gene/Variation_Gene/
Table?db=core;g=ENSG00000125084;r=12:48978322-48982620; accessed on 14.10.2020) and UniProt (https://
www.uniprot.org/uniprot/P04628) respectively.

Sequence based screening of deleterious and damaging nsSNPs. The deleterious or damaging
nature of nsSNPs in Wntl gene was predicted using multiple sequence based methods like the Sorting Intol-
erant from Tolerant (SIFT) (http://sift.jcvi.org)'!, PolyPhen-2 server (http://genetics.bwh.harvard.edu/pph2)'?,
PROVEAN (http://provean.jcvi.org)’?, Combined Annotation-Dependent Depletion (CADD)', REVEL",
Meta Lr', Mutation Assessor (http://mutationassessor.org/r3/)"’, SNPs&GO'$, PhD-SNP*, PANTHER? and
FATHMM?', ENTPRISE (http://cssb2.biology.gatech.edu/ENTPRISE/)* tools. The SIFT scores, CADD scores,
REVEL scores, MetaLR scores and Mutation Assessor scores for Wntl variants were directly obtained from the
Ensembl variation table. I-Mutant 3.0 (http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.
cgi)*® a SVM based method, was used to predict the change in protein stability upon mutation by using the
sequence of human Wntl. The value of AAG <0 was considered as decreased stability of the protein upon amino
acid substitution.

Prediction of physico-chemical properties, secondary structural details and multiple sequence
alignment. ExPasy’s ProtParam tool (https://web.expasy.org/protparam/) was used to calculate the physico-
chemical properties of Wntl protein®. Hydropathycity of Wntl was predicted using ProtScale (https://web.
expasy.org/protscale/) of ExPasy server”. Flexibility of the protein was also predicted by the ExPasy server?.
The PrediSi (PREDIction of SIgnal peptides) (http://www.predisi.de/predisi/index.html) tool was used for pre-
dicting Wntl signal peptide sequence and its cleavage positions?’. Secondary structure of Wntl was predicted
by PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/)*. GlobPlot 2.3 (http://globplot.embl.de/) was used for
predicting the disorder and globular segments Wntl protein®. Multiple sequence alignment (MSA) of Wntl
protein sequences were performed using Clustal Omega®® (https://www.ebi.ac.uk/Tools/msa/clustalo/).

Evolutionary conservation and protein—protein interaction analysis. The ConSurf server (http://
consurf.tau.ac.il/index_proteins.php) was used to estimates the evolutionary conservation of amino acid posi-
tions in the human Wntl protein sequence. ConSurf prediction is based on the phylogenetic relations between
homologous sequences by using empirical Bayesian inference®’. Human Wntl protein sequence was used as
input and the ConSurf was run through ConSeq mode for searching close homologous sequences using CSI-
BLAST against the UNIREF-90 protein database. STRING (https://string-db.org/) was used to predict the pro-
tein—protein interaction partners of human Wntl protein by selecting the Homo sapiens in the “Organism” tab
of drop down list*%.

Prediction of post-translational modifications due to nsSNPs by MutPred2. The impact of nsS-
NPs on post-translational modification of Wntl was studied using MutPred2 (http://mutpred.mutdb.org) to
classify amino acid substitutions as pathogenic or benign. A combination of high general scores (g score>0.75)
and low property scores (p score<0.05) are considered as confident hypotheses®.
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Structure modeling, 3D assessment and model refinement. Homology modeling of Wntl was
carried out to predict its three dimensional (3D) structure as there was no available crystal structure of Wntl.
For homology modeling of Wntl, web based servers like I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-
TASSER/)*, Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index)**, RaptorX (http://raptorx.
uchicago.edu/)*, Swiss Model (https://swissmodel.expasy.org/interactive)”” were used. The predicted models
were then validated using ERRAT*® and PROCHECK® from SAVES v6.0 (https://saves.mbi.ucla.edu/), PDB-
sum (http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate. html)*’, ANOLEA (http://melolab.org/
anolea/)*! and QMEANDiIsCo (https://swissmodel.expasy.org/qmean/)*?. Galaxy Refine (http://galaxy.seoklab.
org/cgi-bin/submit.cgi?type=REFINE) was used for structure refinement of the predicted models*.

Stability prediction of Wntl upon nsSNPs. The following servers were used for prediction of ther-
modynamic stability of Wntl protein upon amino acid substitutions: mCSM (http://biosig.unimelb.edu.au/
mcsm/stability)*, SDM (http://marid.bioc.cam.ac.uk/sdm2/)*, DUET (http://biosig.unimelb.edu.au/duet/stabi
lity)*S, INPS-3D (https://inpsmd.biocomp.unibo.it/inpsSuite/default/index3D)*, and MUpro (http://mupro.
proteomics.ics.uci.edu/)*. Protein dynamics study provides the link between protein structure and function®.
Normal mode analysis (NMA) has become a valuable tool for capturing the biologically relevant conformational
motions. The intrinsic mobility patterns of both Wnt1 protein and its various pathogenic variants were identified
using the WEBnm@ server (http://apps.cbu.uib.no/webnma/home). The comparative analysis mode NMA in
WEBnm@ server was used to investigate the proteins dynamic similarity in terms of Bhattacharyya coeflicient
(BC) and Root Mean Square Inner Product (RMSIP)*.

Estimation of structural deviation in Wnt1 variants. The most deleterious and destabilized variants
of Wntl were modelled using I-TASSER. The best model was selected on the basis of C-score. Typically, C-score
value is in the range of — 5 to 2, where a higher C-score value signifies a model with a high confidence and vice-
versa®. All the protein structures were then visualized, analyzed in Chimera 1.11°%.

Modeling of frizzled-CRD domains and their docking against Wntl. Wnt ligands bind at the
Cysteine-rich Wnt-binding domain (CRD) of frizzled receptors (FZDs). Thus, in the present work, Wntl was
docked against the CRDs of FZD-1, FZD-2, FZD-4, FZD-5, FZD-7, FZD-8 and FZD-10. The PDB structure
of the CRD region of FZD- 4, FZD-5, FZD-7 and FZD-8 were available; and the rest of the FZD-CRDs were
modelled. Human FZD-1 CRD was modelled using FZD-7 CRD (PDB ID: 5T44) as a template; FZD-2 CRD
and FZD-10 CRD regions were modelled using FZD-7 CRD (PDB ID: 5T44) and FZD-4 CRD (PDB ID: 5BPB)
structures as templates, respectively®>. Molecular docking analyses were carried out using HDOCK (http://
hdock.phys.hust.edu.cn/) and the docking results were further validated using HADDOCK 2.4 (https://wenmr.
science.uu.nl/haddock2.4/), and ClusPro 2.0 (https://cluspro.bu.edu/publications.php)>*~>*. The interaction 2D
plots between Wntl and frizzled receptors were analyzed using LigPlot+ (v 2.2.5)°® and PDBSum.

Impact of nsSNPs on the stability of Wnt1-FZD-CRD binding complexes. The effects of 8 most
destabilizing and deleterious nsSNPs and other nsSNPs present on the binding interface of Wnt1-FZD-CRD
complexes were analyzed by mCSM. mCSM predicts the impact of mutations on the binding affinity of pro-
tein—protein complexes in both regression and classification tasks (i.e. prediction of the numerical change or its
direction)**.

Molecular dynamic (MD) simulation of WT and mutated Wntl in apo and Wnt1-FZD-CRD com-
plexed conditions. To evaluate the stability of the modelled structures, MD Simulation was done and the
list of which was provided in Supplementary Table S1. Docking results of HADDOCK 2.4 and ClusPro 2.0
revealed best score with FZD-8 and the structures were almost similar (Supplementary Fig. S1). Wnt1-FZD-8
complex obtained from HADDOCK 2.4 was chosen for simulation optimisation. Each system was solvated
using TIP3P model” assuring at least 8 A thickness of water layer in cubic solvation box, and 0.15 M KCl con-
centration after neutralization of overall charges appropriately. Following a brief energy minimization, all atom
molecular dynamics simulation was run on each system using CHARMM36 force field*® implemented through
NAMD2.12%, under periodic boundary condition. PME® was used to compute long range electrostatic interac-
tions, whereas short range non bonded interactions were truncated at 14 A with a switching function. Langevin
dynamics and Langevin piston methods®! were used to maintain NPT condition at 300 K and 1 atm pressure.
Time integration step was set to 2 fs after freezing the vibrations of the bonds involving hydrogen using SHAKE
algorithm®. Heating and equilibration was followed by 20 ns of production MD run for each system. The trajec-
tories were clustered using Chimera 1.11°! using default settings. Central frame of the top cluster was selected
from each trajectory to model the mutants, i.e. the separate models for A129T, G169A, G169D, G169S, A253S,
G312A, G331R, G331S systems, using CHARMM-GUI webserver®. Each mutant was simulated using MD for
5 ns, using the same strategies. Total 120 ns simulation was run.

Differential expression of Wnt1 gene during cancer formation and its impact on overall sur-
vival of cancer patients. We used TNMplot (https://www.tnmplot.com/) to analyse differential expression
of Wntl gene from GEO samples in normal (3691 samples), tumor (29,376 samples) and metastatic (453 sam-
ples) tissues®!. Kaplan—Meier plotter (http://kmplot.com/analysis) is a meta-analysis based biomarker prediction
tool for the survival assessment of breast, ovarian, gastric and lung cancer patients by integrating gene expression
data and clinical data in relation to expression level of genes of interest (http://kmplot.com/analysis)®°. The probe

Scientific Reports |

(2022) 12:14934 | https://doi.org/10.1038/s41598-022-19299-x nature portfolio


https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
http://raptorx.uchicago.edu/
http://raptorx.uchicago.edu/
https://swissmodel.expasy.org/interactive
https://saves.mbi.ucla.edu/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://melolab.org/anolea/
http://melolab.org/anolea/
https://swissmodel.expasy.org/qmean/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
http://biosig.unimelb.edu.au/mcsm/stability
http://biosig.unimelb.edu.au/mcsm/stability
http://marid.bioc.cam.ac.uk/sdm2/
http://biosig.unimelb.edu.au/duet/stability
http://biosig.unimelb.edu.au/duet/stability
https://inpsmd.biocomp.unibo.it/inpsSuite/default/index3D
http://mupro.proteomics.ics.uci.edu/
http://mupro.proteomics.ics.uci.edu/
http://apps.cbu.uib.no/webnma/home
http://hdock.phys.hust.edu.cn/
http://hdock.phys.hust.edu.cn/
https://wenmr.science.uu.nl/haddock2.4/
https://wenmr.science.uu.nl/haddock2.4/
https://cluspro.bu.edu/publications.php
https://www.tnmplot.com/
http://kmplot.com/analysis
http://kmplot.com/analysis

www.nature.com/scientificreports/

Prediction output

Number of nsSNPs present in each prediction tool

SIFT

PP-2

CADD

REVEL

ML

MA

PROVEAN

PANTHER

SNP&GO

Ph-D SNP

FATHMM

ENTPRISE

Tolerated

133

179

257

Deleterious

159

125

89

Benign

130

PSD

99

PD

63

LB

215

161

LD

77 - - - - - - - - -

LDC

- 131 - - - - - - - -

Damaging

- - 13 |- - - - - 35 -

Neutral

Low impact

Medium impact

- - - 90 - - - - _ _

High impact

- - - 22 - - - - - -

ucC

Table 1. Summary of initial sequence based screening of 292 nsSNPs by twelve sequence based prediction
tools. Number of nsSNPs shown for each category. PSD possibly damaging, PD probably damaging, LB likely
benign, LD likely deleterious, LDC likely disease causing, UC unclassified, PP-2 PolyPhen-2, ML meta Lr, MA
mutation assessor.

used for the Wntl gene was “208570_at” and the overall survival analysis was run on 4929 (breast cancer), 1435
(ovarian cancer), 875 (gastric cancer) and 1925 (lung cancer) number of patients. Based on the median value,
cancer patients of each type (breast, ovarian, gastric, and lung cancer) were divided into high and low expression
groups for comparison and assessment of the cancer patients’ overall survival. Biased arrays were excluded for
quality control. The p-values less than 0.05 were considered as statistically significant.

Statistical analyses. We have used multiple web-servers in our present study and each web-server has its
own implemented statistical methods. The statistical significance of differential expression of Wnt1 between 21
different normal and tumor samples was observed from Mann-Whitney p-value; whereas, in case of 12 different
normal, tumor and metastatic samples, Dunn’s multiple comparisons test p-value was used. For survival analy-
ses, Kaplan-Meier (log rank) test, the p-value was used to measure the statistical significance.

Results

Retrieval and screening of deleterious nsSNPs. In the present study, a total 292 nsSNPs of human
Whtl gene were retrieved from the Ensembl (Supplementary Table S2) and were subjected to extensive com-
putational analyses towards predicting their effects on the protein structure, functions and stability. The initial
sequence based screening of these nsSNPs were performed using state-of-art computational tools like SIFT,
PolyPhen-2, CADD, REVEL, Meta-Lr, Mutation Assessor, PROVEAN, PANTHER, SNPs&GO, PhD-SNP,
FATHMM and ENTPRISE (Table 1 and Supplementary Table S3). The SIFT outputs a Tolerance index (TI),
which measures functional impacts of amino acid substitution in Wnt1'!. It was found that out of 292 nsSNPs,
133 nsSNPs were tolerated and 159 nsSNPs (54.45%) were deleterious in nature with the TT score <0.05. Among
these deleterious nsSNPs, 93 nsSNPs had TI score of 0.00; followed by 15, 22,9, 15, and 5 nsSNPs with TI score
of 0.01, 0.02, 0.03, 0.04 and 0.05, respectively. PolyPhen-2 server classifies functionally damaging nsSNPs of
Wht1 on the basis of PSIC score as “probably damaging” for 63 nsSNPs (PSIC score: 0.449 to 0.908) or “possibly
damaging” for 99 nsSNPs (PSIC score: 0.911 to 1). CADD server predicted 77 (26.37%) nsSNPs of WntI as likely
deleterious. Data from REVEL and Meta Lr showed that 131 (44.86%) nsSNPs of Wht1 gene had likely disease
causing potential and 113 nsSNPs (38.70%) had damaging effects, respectively. According to Mutation Assessor,
which predicted the impact of mutation on the function of Wntl, it was found that 22 nsSNPs had high impact,
90 nsSNPs had medium impact, 81 nsSNPs had low impact and the rests were neutral in nature. PROVEAN clas-
sified nsSNPs of Wntl1 as “Deleterious” (125 nsSNPs; score <—2.5) or “Neutral” (167 nsSNPs; score >—2.5) on
the basis of alignment-based scoring approach. It was predicted from the SNPs&GO that 97 nsSNPs of Wnt1 had
disease causing potential based on protein sequence, evolutionary information, and function as encoded in the
Gene Ontology terms. Another SVMbased classifier PhAD-SNP predicted that 142 variants of Wntl had disease
causing potential. Hidden Markov model based classifier like PANTHER and FATHMM predicted 113 variants
as disease causing and 35 variants as damaging respectively. Among these 35 damaging variants of Wntl from
FATHMM server, 32 variants were also predicted as disease causing by PANTHER. Sequence entropy based
prediction from ENTPRISE revealed that 89 variants were deleterious in nature. The selected state-of-the-art
tools had covered maximum number of methods (alignment score; neural networks; hidden Markov models;
support vector machine; Bayesian classification), used for the prediction of pathogenic nsSNPs. We observed
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different outputs regarding an amino acid substitution from these twelve tools. Therefore, in this study, a Wntl
variant was considered as highly damaging/deleterious/pathogenic/disease causing if outputs from all the twelve
methods were in agreement®®. Accordingly, initial sequence based screening had revealed 10 nsSNPs of Wnt1
as highly deleterious (viz. A129T, G169S, G169D, G169A, C218Y, A253S, G312A, G331S, G331R, and W351G).
These 10 highly deleterious nsSNPs were further analyzed by sequence based stability prediction tool I-Mutant
3.0 (Supplementary Table S4), and found that the stability was decreased for all variants except C218Y.

Secondary structure, evolutionary conservation profile and protein—-protein interactions of
Whntl in relation to its nsSNP distribution. Physico-chemical analysis of Wntl by ProtParam revealed
its theoretical pI of 9.28, aliphatic index of 71.46, theoretical extinction coefficient (at 280 nm) 0f 62,335 M cm™*
and the GRAVY score of —0.347. The average flexibility of Wnt1 was predicted from its sequence by Expasy and
found several highly flexible regions. It was also found from GlobPlot analysis (Supplementary Fig. S2) that the
protein had six disordered regions (1-5, 9-39, 142-156, 192-217, 317-333 and 339-368) and two potential
globular domains (40-141 and 218-316). It was observed that 106 nsSNP sites were present in the predicted
globular domains and 65 nsSNP sites were present in the disordered regions of Wntl. It was evident from the
GlobPlot analyses that the 10 highly deleterious variants had no major impact on the disordered regions and
globular domains of Wntl. Wnt1 has a signal sequence in the N-terminal region from 1 to 27 residues and we
have found 23 nsSNPs are located in this region. The secondary structural details of Wntl showed that random
coil (42%) contributed the major portion of the protein, followed by alpha helix (35%), extended strand (16%)
and beta turn (7%) regions. The secondary structures of Wntl and its 10 highly deleterious variants are shown
in Supplementary Fig. S3. It was also observed that out of 10 highly deleterious nsSNPs, only A129T variant was
located in alpha-helix region, 7 variants (G169A, G169D, G169S, A253S, G312A, G331R and G331S) in loop
region while the rest 2 variants (C218Y and W351G) were located within the extended strand in beta-ladder
region. It was also evident from the Supplementary Fig. S3, that these 10 highly damaging nsSNPs had no impact
on the secondary structure of Wntl. The multiple sequence alignment of Wnt1 and its 10 highly deleterious vari-
ants is shown in Supplementary Fig. S4.

The Sequence based evolutionary conservation of human Wnt1 was carried out using phylogenetic relations
between homologous sequences by ConSurf. The rate of evolution at each residue was calculated by ConSurf,
using the empirical Bayesian method with the best fit method of substitution for proteins. In ConSurf, Multiple
Sequence Alignment was built using MAFFT and the homologues were collected from UNIREF90 database with
HMMER homology search algorithm (E-value: 0.0001). ConSurf analyses had identified the conserved residues
in human Wntl1 protein and predicted the residues to be exposed or buried in the protein structure (Fig. 1). The
colour based conservation score (grade 1-9) indicates the evolutionary conservation of a particular position,
where 1 indicates rapidly evolving sites and 9 indicates slowly evolving (i.e. evolutionarily conserved) sites. Posi-
tion wise conservation scores of human Wntl protein is given in Supplementary Table S5. It was found that the
residues 92-106, 120-144, 198-210 and 217-240 of human Wnt1 protein were highly conserved, whereas the
N-terminal and C-terminal regions were highly variable. The 292 variants occurred within the 195 residues of
the Wntl protein and out of which 61 positions were highly conserved (conservation score: 7 to 9). It was also
observed that out of 10 highly deleterious nsSNPs (obtained after initial sequenced based screening), 7 nsSNPs
(viz. A129T, G169S. G169D, G169A, C218Y, A253S and W351G) were located in highly conserved areas of
protein having conservation score of 9; and rest of the 3 nsSNPs (G312A, G331S, G331R) occurred in residue
positions having conservation score of 8.

Protein—protein interaction prediction by STRING. Determination of protein-protein interaction
(PPI) network is important to understand the functional impact of the protein and its interacting partners. It
was found that Wntl had high confidence score for interaction with CTNNBI1, WLS, DVL-1, PORCN, FZD1,
FZD8, LRP5, LRP6, RYK and SFRP1 proteins (Supplementary Fig. S5). This decoding of PPI network at cellular
level helps further understand the mechanism of the target protein and the possible changes in interaction affin-
ity upon amino acid alteration in Wntl.

Predicting the impact of nsSNPs on post-translational modifications (PTM) in Wntl. Further
studies were carried out to assess the impact of 10 highly deleterious nsSNPs on post-translational modifica-
tions of Wntl by MutPred2 (Supplementary Table S6). Probability scores above threshold (0.5) is considered
as ‘harmful’; whereas scores greater than 0.75 signify ‘harmful’ prediction with high confidence®. All the 10
highly deleterious nsSNPs were predicted to have ‘harmful’ effect (scores >0.75) with altered posttranslational
modifications and structural features. Amino acid substitutions like G169A, G169D and G169S cause loss of
catalytic site at W167 position and gain of disulfide linkage at residue C170. There is a gain of new allosteric
site at W167 due to G169A and G169S; but the variant G169D causes loss of that allosteric site. Catalytic site is
also lost at H221 due to amino acid substitution C218Y and at residue position C330 due to variant G331S and
G331R. Some PTM like residue Y258 acquire new phosphorylation site and residue N346 gain new N-linked
glycosylation site due to the amino acid substitution of A253S and W351G respectively. But N-linked glycosyla-
tion site at residue N316 is lost due to another amino acid variation of G312A which also introduce a catalytic
site at R313 and a disulfide linkage at residue C315. Variant G331S alters the protein stability by acquisition of
new beta strand and formation of new disulfide linkage at residue C330 while the same disulfide linkage is lost
due to amino acid substitution of G331R. Variant W351G alters the stability of Wnt1 by loss of beta strand and
acquisition of intrinsic disorder.
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The conservation scale:

Average Conserved

? i
Variable

- An exposed residue according to the neural-network algorithm.
- A buried residue according to the neural-network algorithm.
A predicted functional residue (highly conserved and exposed) .

- A predicted structural residue (highly conserved and buried) .

0w Hh O 0
|

Insufficient data - the calculation for this site was
performed on less than 10% of the sequences.

Figure 1. Evolutionary conservation profile of human Wntl by ConSurf. The color coding bar shows the
coloring scheme representation of conservation score.

The impact of nsSNPs on the Wnt1 structure and stability. The functions and ability to interact with
ligands depend upon the tertiary structure of the protein®. As there was no available crystal structure of Wntl
in the protein data bank, the structure of Wntl was modelled by comparative homology based approach using
I-TASSER, Phyre2, RaptorX and Swiss Model (Supplementary Fig. S6). The best structural model was selected
based on structural quality assessment and structure validation of these predicted models. The Ramachandran
plots of all four predicted models of Wnt1 are also given in Supplementary Fig. S6. Therefore, on the basis of
comparative homology modeling and assessment, we used Wntl structure, modelled by I-TASSER for further
studies. Sequence based screening approach revealed 10 nsSNPs as highly deleterious. These 10 nsSNPs of Wntl
were then analyzed using mCSM, SDM, DUET, INPS-3D and MUpro to assess the structural stability of the pro-
tein upon amino acid substitution (Table 2). The mCSM server predicted all 10 variants as destabilizing (AAG:
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mCSM SDM DUET INPS 3D MUPro
DDG (Kcal/ DDG (Kcal/ DDG (Kcal/ DDG (Kcal/ DDG (Kcal/

Variant | Mole) Outcome Mole) Outcome Mole) Outcome Mole) Outcome Mole) Outcome

AI129T | -1.962 Destabilizing | —2.82 ii‘gﬁf&d -2272 Destabilizing | —1.37814 Destabilizing | —0.83301536 | Decrease
- Reduced e s .

G169S -1.424 Destabilizing | —3.56 stability -1.75 Destabilizing | —0.992932 Destabilizing | —1.0259415 Decrease
- Reduced - -

G169D -2.346 Destabilizing | —3.61 stability -2.732 Destabilizing | —1.0635265 Destabilizing | —0.84245223 Decrease
- Reduced - -

G169A -0.703 Destabilizing | —2.81 stability -0.842 Destabilizing | —1.146045 Destabilizing | —1.0280278 Decrease
- Increased - -

C218Y -0.918 Destabilizing 0.22 stability -0.539 Destabilizing | —1.738135 Destabilizing | —1.4352999 Decrease
- Reduced - -

A253S -1.573 Destabilizing | —1.97 stability —-1.889 Destabilizing | —1.030433 Destabilizing | —1.011084 Decrease
- Reduced I -

G312A -0.324 Destabilizing | —3.56 stability —-0.848 Destabilizing | —0.9703265 Destabilizing | —0.24808681 Decrease
- Reduced - -

G331S -0.248 Destabilizing | —4.11 stability —-0.834 Destabilizing | —0.975777 Destabilizing | —0.89801531 Decrease
- Reduced - -

G331R -0.333 Destabilizing | —2.26 stability -0.551 Destabilizing | —0.784194 Destabilizing | —0.68659603 Decrease
s Increased - -

W351G | -0.506 Destabilizing 0.23 stability -0.312 Destabilizing | —1.23720835 Destabilizing | —1.7669389 Decrease

Table 2. Stability prediction of 10 prioritized nsSNPs of Wntl. Stability was predicted as AAG=AG (New
Protein) — AG (Wild Type) in Kcal/mol.

SI. No. Variant rsID | Wntl variants | RMSD (A)
1 rs764283737 A129T 1.126
2 1s371672410 G169A 1.18
3 rs371672410 G169D 1.09
4 1s773630541 G169S 1.182
5 rs1169010600 | C218Y 1.156
6 18772848874 A253S 1.034
7 rs1442343941 | G312A 1.036
9 rs1200558724 | G331R 1.008
8 151200558724 | G331S 1.175
10 rs1057524201 | W351G 1.157

Table 3. RMSD values of 10 most deleterious Wntl variants. The RMSD was measured in Chimera 1.11 using
wild type Wnt1 as reference.

—0.248 to —1.962 kcal/mol). The prediction from SDM server showed that stability were reduced for 8 variants
(AAG: —1.97 to —4.11 kcal/mol) and increased for 2 variants (AAG: 0.22-0.23 kcal/mol). The rest 3 predic-
tion tools—DUET, INPS-3D and MUpro predicted that these 10 most deleterious variants were destabilizing.
By concordance, 8 out of 10 nsSNPs of Wntl were found to have structural destabilizing effects (as predicted
by all the five stability prediction algorithms). These 10 structural variants of Wntl were then modelled using
I-TASSER (Supplementary Fig. S7) and the best model for each variant was selected on the basis of their corre-
sponding C-score value. Further analyses of these 10 mutant models along with the wild type Wnt1 in Chimera
1.11 revealed that the mutant residues had different non-covalent bonding interactions than the wild type resi-
dues. The structural alterations of these 10 Wntl variants were measured by their corresponding RMSD values
(Table 3). It was found that the variant G169S had the highest RMSD value of 1.182 A, while the G331R variant
had the lowest RMSD value of 1.008 A. The coarse grained elastic network model (ENM)-based normal mode
analysis (NMA) revealed some important dynamic features of the wild type and mutant Wntl (Supplementary
Fig. $8). It was found that all the BC values of wild type Wnt1 and its 8 high risk variants were very high and the
score was 0.97. A similar picture was also presented by high Root Mean Square Inner Product (RMSIP) value of
0.96. Based on the deformation energies obtained from the normal modes, it was observed that G169A, G169,
G331R and G331S variants were largely unstable.

Molecular dynamics (MD) simulations allowed the structural model to relax and to optimize themselves
by adjusting internal interactions. Root Mean Square Deviation (RMSD) of the Ca atoms of all apo Wntl were
computed and plotted as a function of time, taking the initial model as reference. Result of the WT Wntl exhib-
ited increment upto 5 ns, which regime reflected the process of optimization of the conformation which was
stabilized thereafter and then RMSD remained fluctuating mostly between 4 and 5 A and occasionally between
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Figure 2. RMSD of Ca atoms of Wntl in (A) WT and (C) Mutated form in apo states. RMSF of Ca atoms of
Wntl in (B) WT and (D) Mutated form in apo states. (E) Modelled structure of Wnt1 before MD simulation,
showing open binding pocket marked in black arrow. (F) Structure of Wnt1 after the 20 ns MD simulation,
showing the binding pocket is closed (shown in black arrow).

3.5and 5.5 A (Fig. 2A). The initial rise of RMSD upto ~5 A was because of the event of closure of the binding
pocket (Fig. 2E,F) and this observation was in agreement of earlier reports in absence of the ligands®. So the
MD simulation seemed to be able to benchmark the literature data and reflects the reliability. Root Mean Square
Fluctuation (RMSF), of Ca atoms, averaged over the MD trajectories, showed ~2 A fluctuation of the folded
region while little higher values were noted in the unstructured loop regions (Fig. 2B). For the mutated systems,
the RMSD values were limited within 4.5 A (Fig. 2C) and the RMSF values followed the trend of <2 A for folded
regions and higher values for unstructured regions (Fig. 2D). Interestingly, RMSF of the residues within 330-360
(CTD region) were lower compared to that of WT (Fig. 2D). This was because the binding pocket of all the
mutants were already closed at the starting point of the MD as they were modelled based on the last conforma-
tion obtained after the 20 ns MD run of WT; as mentioned earlier the WT experienced the closure of the binding
pocket during MD. Orientation of the side chains of the mutated residues were visually inspected using VMD®
before and after the MD simulations; the observed deviations were summarized in Fig. 3.

Interaction of WNT-1 with frizzled receptors. As Wnt ligands bind at the Cysteine-rich Wnt-binding
domain (CRD) of frizzled receptors (FZDs), Wnt1 has been docked against the CRDs of FZD-1, FZD-2, FZD-4,
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Figure 3. Positions of some selected residues on Wnt1 (full structures, shown in green) have been shown;

two orientations have been created with a 180° rotation around an axis that was chosen for the convenience of
presentation. The positions of the selected residues have been zoomed in and then the orientations of their side
chains of the corresponding mutants in apo and complexes have been shown. The structures before (green) and
after (violet) the MD simulation have been shown. Each mutant refers to two zoomed in boxes, i.e. for apo and
complex, which have been indicated for each set.

FZD-5, FZD-7, FZD-8 and FZD-10 through HDOCK, HADDOCK and ClusPro server®. The N-terminal 27
amino acid long signal sequence of Wntl was cleaved off before docking™. The interaction interfaces between
wild type Wntl and FZD-CRDs were then evaluated on the basis of docking score (DS) from HDOCK, Z-score
from HADDOCK and balanced weighted score from ClusPro (Table 4). Different types of binding interaction
pattern of each docked wild type Wntl against seven different frizzled receptors are obtained from PDBsum
and the details are given in Supplementary Table S7 and Supplementary Fig. S9. It was observed that Wnt1 had
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Docking with Wntl variants
FZD-CRDs Docking servers | Parameters Docking with Wntl | A129T | A253S G169A | G169D | G169S G312A | G331R | G331S
HDOCK Docking Score —242.82 -269.25 | -261.64 |-273.85 |-279.32 | -328.2 —264.95 | -268.64 | -282.8
FZD1-CRD HADDOCK Z-score -14 0.3 =22 -1.8 -2.5 -15 -2.4 -1.2 -14
ClusPro Balanced Weighted Score | —929.7 -1067.3 | —895.2 -1095.1 | -907.5 -1139.7 | -883.6 —-1188 -1060.3
HDOCK Docking Score -280.51 -29523 | -27748 |-266.5 |-311.08 |-269.81 |-270.04 |-267.85 |-279.97
FZD2-CRD HADDOCK Z-Score -15 -0.9 -19 -0.1 -1.8 -15 -15 -0.4 -1.6
ClusPro Balanced Weighted Score | —1006.9 —1151.8 | —984.5 -1231.3 | -916.7 —1184.4 | -938.1 -11753 | -1194.1
HDOCK Docking Score -257.21 -303.7 -257.7 —273.03 | -26537 |-26536 |-251.01 |-245.07 |-263.87
FZD4-CRD HADDOCK Z-Score -1.8 -19 -1.8 -2 -13 -13 -17 -2.3 -2.2
ClusPro Balanced Weighted Score | —1037.2 -1126.3 | -921.5 -1136.7 | -935.2 —1250.1 | -868.7 -990.2 —-1158.9
HDOCK Docking Score —273.88 —294.74 | -259.32 | -294.19 | -256.31 | -279.18 | -262.6 —259.26 | -295.06
FZD5-CRD | HADDOCK Z-Score -15 -17 -24 -11 -15 -1 -22 -22 -14
ClusPro Balanced Weighted Score | —1081.6 -1156.7 | —1087.8 | -1270.5 | -1058.2 | —1144 -9922 | -12054 |-1082.7
HDOCK Docking Score —-285.71 —283.38 | —249.74 | -294.31 | -302.7 —272.45 | -258.4 -271.22 | -272.45
FZD7-CRD | HADDOCK Z-Score -2 -16 -19 -24 -12 -13 -0.9 -16 -13
ClusPro Balanced Weighted Score | —1004.1 -11929 | -951.6 |-1199.6 |-958.7 |—-1183.8 |-9488 |-11983 |-1185.2
HDOCK Docking Score —257.45 —289.88 | -307.06 |-307.06 |-284.95 |-278.17 |-254.14 |-279.09 |-302.31
FZD8-CRD | HADDOCK Z-Score -27 -0.1 -0.2 -14 -17 -0.8 -11 -21 -14
ClusPro Balanced Weighted Score | —1068.5 -1198.6 |-998.4 |-1137.8 |-980.5 |-1309.1 |-973.1 |-11292 |-1121.5
HDOCK Docking Score -282.91 —288.46 | —256.68 | —-267.08 |-250.01 |-273.07 |-268.96 |-282.39 |-282.9
FZD10-CRD HADDOCK Z-Score -2 -0.6 -13 -2.3 -1.6 -18 -14 -2 =22
ClusPro Balanced Weighted Score | —1007.2 -1189.4 | -910.8 -1027.1 | -952.1 —987.7 —1020.7 | -1083.5 | -1062.3
Table 4. Docking results of Wntl and its 8 destabilizing variants with CRD region of seven Frizzled receptors.
Docking was performed by HDOCK, HADDOCK and ClusPro servers.
FZD1-CRD FZD2-CRD FZD4-CRD FZD5-CRD FZD7-CRD FZD8-CRD FZD10-CRD
Predicted AAG Predicted AAG Predicted AAG Predicted AAG Predicted AAG Predicted AAG Predicted AAG
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Gloss oo | oxs | tsw | oo | -t | o | —oaw | —oaw | -isw | —iasr | -osts | os;7 | osss | owr | -osis | —ow | -oast | —osss | —oaw | —oau | oast
Glop | -om1 | o | -tes | -omst | oms | oew | -oas | -oaes | -ise | -1an | -oxst | -ows | -oar | -ouw | -oms | oam | o | -ome | -oam | -omw | -oss
s o5 | oms | s | oo | o | oms | ows | ez | oar | oaz | oms | oas | oo | ous | oms | owms | ous | om | ote | om | om
Ga | oost | oo | oo | oo | —oow | —oos | —ooss | -om | —omor | -omor | oo | oo | oo | -oois | -oos | -owns | -oaw | —oowr | -oor | oo | oo
s Toas | com7 | omst | oas | own | oan | o2 | -ems | oas | -oms | -omw | ot | -omws | -oan | o1 | 013 | o | ot | 17 | o | -oaw
R o053 | oot | oows | oo | oos | oos | -oo7 | -ooss | -oex | —oort | -osss | ooz | ooer | oo | oo | oo | -ooor | -ooor | ooes | —oows | -oote

Table 5. Impact of 8 highly destabilizing variants on the binding interface of Wnt1-FZD-CRDs complex as
predicted by mCSM server. Wnt1-FZD-CRDs complexes were obtained from HADOCK, HADDOCK and
ClusPro server. AAG (kcal/mol) <0 indicates decreased binding affinity. HK HDOCK, HDK HADDOCK, CP
ClusPro.

maximum number of total interactions against FZD5-CRD (235 interactions) when docked by HDOCK, FZD4-
CRD (172 interactions) when docked by HADDOCK and FZD8-CRD (273 interactions) when docked by Clus-
Pro. Among the seven Wnt1-FZD-CRD complexes, best docking was observed between Wntl and FZD8-CRD
on the basis of lowest balanced weighted score from ClusPro (—1068.5) and lowest Z score from HADDOCK
(=2.7). Analyses of interacting interfaces of Wnt1-FZD-CRD complexes revealed that the residue positions of 8
high risk variants were not involved in the binding interfaces. Therefore, we had studied the distal effects of these
8 high risk Wntl variants in their interaction with seven FZD-CRDs using HDOCK, HADDOCK and Clus-
Pro and the results were also summarized in Table 4. The docking results were then evaluated for interactions
between wild type Wntl and FZD-CRDs; and it was observed that most of these variants interfered with the
Wntl-FZD-CRD complex formation. The interaction 2D plots between wild type Wnt1 and seven FZD-CRDs
(Supplementary Fig. S9) also revealed the interaction patterns between them.

Further stability based analyses of binding interfaces between Wntl variants and FZD-CRDs in mCSM
revealed that almost all the highly deleterious variants had destabilizing effects on respective Wntl- FZD-CRD
binding interfaces (Table 5). For this study, we used Wnt1-FZD-CRD complexes, obtained from the three dock-
ing servers viz. HDOCK, HADDOCK and ClusPro. It was found from Table 5 that the amino acid substitution
A129T and A253S in Wntl increased its binding affinity for all the 7 FZD-CRDs; whereas other five substitutions
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Figure 4. RMSD of Ca atoms of Wntl in (A) WT and (C) Mutated forms in complex states. RMSF of Ca atoms
of Wntl in (B) WT and (D) Mutated forms in complex states. (E) Modelled structure of Wnt1 before the MD
simulation. (F) Structure of Wntl after the 20 ns MD simulation. Residues 225-245 showing reorientation
before and after the MD simulations (marked in blue box) (E, F).

were predicted to decrease the binding affinity for FZD-CRDs. As the 8 highly destabilizing variants of Wnt1
were not present in the binding interfaces with FZD-CRDs, we had included all the interacting residues (Sup-
plementary Fig. S10) of Wntl where nsSNPs were reported to investigate their effects on the stability of Wnt1-
FZD-CRD complexes (Supplementary Table S8). It was found that most of the amino acid substitutions present
in the interaction interface of Wntl showed destabilizing or highly destabilizing effects.

We found that Wnt1 and FZD8-CRD was the best docked complex in our study, therefore, we performed MD
simulation based analyses of wild type Wnt1-FZD8-CRD complex. For complexed WT Wnt1, RMSD increased to
5.5 A up to ~7.5 ns of MD run, and thereafter went on fluctuating in the band of 5 A +1 A after which there was
not much deviation (Fig. 4A). RMSF of WT Wnt1 in complex with FZD8-CRD (Fig. 4B) revealed residue wise
fluctuation of the protein. RMSF was higher in the unstructured regions, as expected, especially in the residues
225-245 (Fig. 4E,F). The folded region did not show much deviation from the average structure position, as
understood from their lower RMSF values. Among the mutated systems, the A129T showed highest deviation
(Fig. 4C), and this might be due to the reorientation of the helix with residues ranging from 260 to 280 (Sup-
plementary Fig. S1). The same was reflected in the RMSF result (Fig. 4D). The G169S mutant system could be
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Figure 5. Comparative expression pattern of Wntl gene among various normal, tumor and metastatic tissue
samples.
considered as most stable because the RMSD and RMSF values were least among all the mutants. Orientations
of mutated residues were somewhat different before and after simulation except for the A129T mutant system
(Fig. 3).
Clinical correlation between Wntl expression and deregulation with different cancer
types. Microarray based differential expression of Wntl gene under Tumor and Normal conditions were
carried out in TNM-plot®. WntI mutations were found in different types of cancers like adenomatous polyposis
coli, colorectal cancer, and lung cancer, breast cancer, gastric cancer’!. The Wntl gene expression in different
cancer types revealed its importance in tumor progression and cancer formation (Supplementary Fig. S11). We
have compared the expression of WntI gene in normal and tumor samples (Supplementary Table S9) across 21
different tissues (as available in TNM dropdown list). It was observed that Wntl gene was upregulated during
tumor formation of endometrium, vulva, ovary and skin; although this upregulated expression was not statisti-
cally significant. The Wnt1 gene expression pattern was then compared among all the twelve normal, tumor and
metastatic tissue samples as provided in the TNM dropdown list using gene chip data. It was observed from
Fig. 5 and Supplementary Table S10 that Wnt1 expression was significantly higher (Dunn’s Test p value <0.01)
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Figure 6. Deregulation of WntI gene expression and overall survival of patients with breast (A), gastric (B),
lung (C) and ovarian (D) cancer, using microarray gene expression profile by KM-plotter.
in metastatic tissues over tumor tissues of lungs, colon and skin; and was significantly lower (Dunn’s Test p value
<0.01) in breast, esophagus and kidney metastatic tissues over tumor tissues. As deregulation of Wntl activity
was associated with various cancers and other human diseases®’, a meta-analysis was also carried out to assess
the overall survival rate of breast, gastric, lungs and ovarian cancer patients with WntI expression, using Kaplan—
Meier plotter (Fig. 6); and we found a strong relation between Wntl deregulation and the overall survival rate”?.
In case of breast cancer patients, Kaplan-Meier curve and log-rank test analyses showed that high expression of
Wntl (HR=0.83; P=0.0004) was associated with less number of patients at risk. This observation also correlates
with the data obtained from TNM-plot which shows that WntI has significantly lower expression in metastatic
breast tissues. In case of gastric cancer (HR=1.8; P>0.00001) and lung cancer (HR=1.13; P=0.051) patients,
higher expression of Wntl was associated with less survival rate (i.e. more patients at risk)”>. From TNM-plot
we have also observed significantly higher expression of WntI in metastatic tissues of lung. On the other hand,
in the case of ovarian cancer patients, Wnt1 expression (HR=0.9; P=0.15) was thought to have no such effects.
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Discussion

In our present study, we have addressed the structural and functional implications of a large number of nsSNPs
of human WntI gene using multiple sequence and structure based approaches. Use of multiple softwares and
algorithms increase the confidence during prediction of the effect of missense mutations on a protein®.

Initial screening of 292 nsSNPs of Wnt1 using multiple sequence based algorithms prioritized 10 highly del-
eterious nsSNPs (A129T, G169S, G169D, G169A, C218Y, A253S, G312A, G331S, G331R, W351G). As random
coil is the major contributor of Wnt1 structure, and a considerable number of deleterious nsSNPs are present
within this random coil region of protein, therefore, these nsSNPs may impact on flexibility of Wnt1 protein®’.
Amino acid substitutions at the highly conserved regions, often involved in important biological functions, tend
to be more deleterious in nature than nsSNPs which are located at less conversed sites’*”>. Consurf analyses
revealed that 46.23% of total nsSNPs occurred in the conserved areas of the protein. It was found from Consurf
analyses that the positions for all the 10 highly deleterious nsSNPs were highly conserved. ConSurf predicted
that the variant A129T and C218Y occurred at important structural residues (highly conserved and buried)
whereas, G169A, G169D, G169S, G312, G331R and G331S occurred at important functional residues (highly
conserved and exposed).

Being a multi-functional protein, Wntl interacts with numerous partners at the membrane as well as in the
cytosol’®. Protein-protein interaction (PPI) networks are important to understand the functional impact of the
protein and its interacting partners’’. Therefore, amino acid substitutions in Wnt1 due to nsSNPs, may alter the
binding interfaces in the PPI network, which may have crucial importance in Wnt1 secretion, transport, canonical
and non-canonical Wnt signaling. Residues 214-234 of Wntl are involved in porcupine (PORCN)-dependent
palmitoylation®?, which is required for its secretion through binding of palmitoylated Wnt1 to Wntless (WLS)?.
Therefore, nsSNPs occurring in this region (like M2141, R215G, R215L, E217K, C218G, C218Y, H221Y, G225S,
S226L, C227G, C227Y, V229A, R230H) of WntI may potentially alter the interacting interface between Wntl and
porcupine and thereby may hinder its secretion. SIFT had predicted all these variants as deleterious and REVEL
had predicted these variants as likely disease causing. Interestingly, variant like C218Y, occurred within this PTM
sequence site of Wntl also present within the 10 highly deleterious nsSNPs. Double acylation (O-acylation at
position C93 and S-acylation at position S224) in Wntl was essential for its secretion as well as for its activity.
Studies showed that Wntl mutants C93A and S224A were trapped in the ER, impairing their secretion”. The
local structure around the palmitoylation site is important for recognition of Wnt1 substrates by PORCN. There-
fore, structural alterations in these regions due to nsSNPs might affect the palmitoylation of Wnt1 by PORCN”.
Variants A129T and G169D are located within the N-terminal domain, and form hydrogen bonds with amino
acid position at 120, thus making the structure unstable’. Variant A129T also changes the binding cavity around
the mutant residues’ and increases the relative solvent accessibility. Upon amino acid substitutions in Wntl, the
major structural and post-translational modifications were gain of relative solvent accessibility, altered disordered
interface, altered ordered interface, altered transmembrane protein, loss and gain of catalytic sites, loss and gain
of disulphide linkage, gain and loss of allosteric sites, altered metal binding, gain of intrinsic disorder, gain and
loss of strand, altered stability, loss of phosphorylation, loss and gain of N-linked glycosylation.

It is well known that the function of a protein is directly depends on its tertiary structure®’. Therefore, the
substitution of amino acids due to nsSNPs may impact on structural conformation of Wntl that may alter its
potential physiological functions. Majority of the disease associated nsSNPs affected the stability of the protein®’
and it was found that 8 out of 10 highly deleterious variants of Wntl showed strong destabilizing effects by all
the five prediction methods. Furthermore, variants like G169S, G169D, G169A, A253S, G312A, G331S and
G331R are located within the loop region of Wntl structure, which may affect the flexibility of the protein.
Further investigation of the structural deviation of the 8 high risk destabilizing variants of Wntl revealed that
G169S and G331S showed higher RMSD values from wild type; whereas, G331R showed lowest RMSD value”.
Therefore, the structural variation of Wntl at local or global scale may impair its interaction with the partner
proteins in the network”™. As the protein dynamics play an important role in molecular recognition as well as
in catalytic activity and as the mobility of a protein is an intrinsic property, encrypted in its primary structure,
we have performed NMA study to examine whether Wntl and its 8 highly destabilizing variants display any
unique patterns of intrinsic mobility®?. Based on the deformation energies obtained from the normal modes, it
was observed that some variants became unstable. Further insights from MD simulations of WT Wnt1 revealed
the close state of the binding pocket of Wnt1 for CRDregions of frizzled receptors in absence of ligands. It was
reported that Klotho-derived peptides facilitated the close to open state transition of FZD-CRD binding pocket
of Wnt-1°2. Therefore, this structural transition might be necessary for Wntl- FZD-CRD interaction. It was
also reported that Wnt4 showed higher fluctuation rate in residues nearer to edges of two domains, the thumb
(NTD) and index finger (CTD), involved in FZD-CRD interactions®’. The unstructured loop regions of Wntl
showed fluctuations, revealing the flexibility of the protein®. Interestingly, RMSF values in the binding pocket
for FZD-CRDs (residue 330-360) were lower compared to other regions of the Wntl. RMSD and RMSF may
also account for the atomic fluctuations due to changes in molecular orientations of a protein around their aver-
age conformations and serve as important indicators of dynamic behavior of several biological processes®®. The
superimposition of WT Wnt1 and its 8 prioritized variants before and after simulation clearly showed positional
shifts of side chain structures. The exact mechanism and the role of those predicted nsSNPs, which influenced
the Wntl stability, should be validated experimentally. Wnt1 binds at the CRD regions of frizzled receptors-
FZD-1, FZD-2, FZD- 4, FZD-5, FZD-7, FZD-8 and FZD-10*. Previous studies reported that, proteins-protein
interaction were mediated through their interfaces that generally accomplishing their functions®. In addition,
the residue properties, involved in these interfaces, also determine the binding specificity and affinity®. In this
context, we further intended to investigate the effects of highly destabilizing variants of Wnt1 on the binding
interface and to explore the receptor selectivity towards Wntl and the downstream signaling cascade. Among 8
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highly deleterious variants, G169D highly destabilize the binding interfaces of all 7 Wnt1-FZD-CRD complexes
specially the Wnt1-FZD-5-CRD complex. Since about 6 binding amino acids (viz., L47, R91, W95, R240, N346
and F349) of Wntl are most commonly shared with all the Wnt1-FZD-CRDs complexes of our study, it can be
inferred that all 7 FZD-CRDs bind in the similar region of Wnt1. Further analyses of Wnt1 nsSNPs, present in the
Wntl-FZD-CRDs interacting interface, revealed that several amino acid substitutions had destabilizing effects on
the interface. Whereas, variants like H221Y, T348I, H362Q, and Q351C may increase the downstream signaling
cascade by stabilizing the complexes of Wntl with CRDs of FZD5, FZD4, FZD2 and FZD7, respectively. So, these
variants may affect and even disrupt interactions of the mutated Wntl1 protein in a particular PPI network®. This
could affect some of the interactions of the Wnt1 protein or "edges" in canonical Wnt signaling, which could have
functional consequences®”. Another important variant of Wntl, R235W disrupts the structure of Wntl thumb
region by destabilizing the B-strand that supports FZD-CRD binding loop. The Trp side chain in the R235W
variant would clash with the side chains of Trp233, Argl41, and Asp172 and may seem to alter the interaction
with FZD receptor®®. Furthermore, Cys227, Leu239, Arg240 and Glu343 residues are involved in binding with
FZD-CRDs, therefore substitutions in these positions (C227G, C227Y, L239P, R240C and E343Q) may disrupt
the Wntl- FZD-CRDs binding interface. Further experimental works are needed to validate the destabilizing
effects of Wntl variants in the binding interface. As Wnt1-FZD8-CRD was the best docked complex, therefore,
analyses of Wnt1-FZD8-CRD interaction through MD simulation revealed that RMSF values were decreased
in the index (CTD) and thumb (NTD) region of Wntl, indicating strong interactions between them®:. There is
a hint that mutations in Wntl perturb the intra-molecular interactions of the protein compared to the same in
WT, and therefore it seems that the mutations might have functional consequences on the protein.

The genes exhibit comparable expression profiles between cancerous and normal tissues, can serve as either
targets of treatment or molecular biomarkers of cancer progression®. Comparing the expression of WntI gene
in normal and tumor samples across 21 different tissues had revealed no statistically significant up or down
regulation of this gene. Further, when the WntI gene expression pattern was compared among normal, tumor
and metastatic tissue samples, it was observed that Wnt1 expression was significantly higher in metastatic tis-
sues of lungs, colon and skin”"#*%. KM Plot analyses revealed that Wnt1 deregulation affected overall survival in
gastric and breast cancer patients and it had no impact on the survival rate of lung and ovarian cancer patients.
This observation may be due to functional redundancy of both Wntl and FZD receptors, and thereby suggests
differential regulation of subsequent downstream signaling cascade’®. In case of breast cancer, high expression
of Wntl was associated with less number of patients at risk. This inverse relationship between WntI expression
pattern and overall survival rate of breast cancer patients may be due to oncogenic regulation of FZD1, one of
the Wntl binding receptor®. In breast cancer, nestin, an extracellular matrix (ECM) intermediate filament pro-
tein, inhibits FZD1 expression and thereby -catenin signaling, resulting the halt of proliferation and invasion
of breast tissues by decreasing the expression of matrix metallopeptidase®. Therefore, Wnt1 differential gene
expression pattern may be used as a prognostic biomarker to predict overall survival of the gastric and breast
cancer patients. As nsSNPs may deregulate the encoded protein®, the structurally destabilizing variants identi-
fied in our study, may have similar functional consequences in Wnt1 deregulation.

In conclusion, our results demonstrate that several nsSNPs in the Wht1 gene may be deleterious to its struc-
ture and functions. We have identified 10 highly deleterious and destabilizing nsSNPs of Wnt1. We found that
several nsSNPs affect Wnt1 post-translational modifications, important for its protein—protein interaction and
signaling. Thirteen nsSNPs of Wnt1 may potentially alter the interaction interface between Wntl and porcupine
and thereby impact on its secretion. We have identified highly destabilizing variants of Wnt1 on the binding
interface with FZD-CRDs, which may alter the downstream Wntl signaling cascade. MD simulation of apo Wnt1
and complex of Wnt1-FZD8-CRD revealed the open and close state transition of Wntl upon interaction with
FZD-CRDs. Furthermore, MD simulation also showed that amino acid substitutions in Wntl might perturb
the intra-molecular interactions of the protein compared to the same in wild type. WntI showed differential
expression profiles between normal, tumor and metastatic tissues and its deregulation affected survival outcome
in patients with lung and gastric cancer. Although bioinformatics tools have their own limitations, our present
computational study may be useful in further population based researches and towards development of precision
medicines for the treatment of diseases caused by the most deleterious nsSNPs of Wnt1. Further experimental
works are required to elucidate the deleterious nature of the prioritized nsSNPs of Wnt1I.

Data availability

The datasets generated and/or analyzed during the current study are available in the Ensembl genome browser
and UniProt repository, (https://asia.ensembl.org/Homo_sapiens/Gene/Variation_Gene/Table?db=core;g=
ENSG00000125084;r=12:48978322-48982620; https://www.uniprot.org/uniprot/P04628).

Received: 14 March 2022; Accepted: 26 August 2022
Published online: 02 September 2022

References

1. Rafighdoost, H., Hashemi, M., Asadi, H. & Bahari, G. Association of single nucleotide polymorphisms in WNT genes with the
risk of nonsyndromic cleft lip with or without cleft palate. Congenit. Anom. (Kyoto) 58, 130-135 (2018).

2. Nusse, R. et al. A new nomenclature for int-1 and related genes: The Wnt gene family. Cell 64, 231 (1991).

3. Katoh, M. WNT and FGF gene clusters (review). Int. J. Oncol. 21, 1269-1273 (2002).

4. Nusse, R. & Varmus, H. E. Many tumors induced by the mouse mammary tumor virus contain a provirus integrated in the same
region of the host genome. Cell 31, 99-109 (1982).

5. Liu, Y. et al. Genotype-phenotype analysis of a rare type of osteogenesis imperfecta in four Chinese families with WNT1 mutations.
Clin. Chim. Acta 461, 172-180 (2016).

Scientific Reports |

(2022) 12:14934 | https://doi.org/10.1038/s41598-022-19299-x nature portfolio


https://asia.ensembl.org/Homo_sapiens/Gene/Variation_Gene/Table?db=core;g=ENSG00000125084;r=12:48978322-48982620
https://asia.ensembl.org/Homo_sapiens/Gene/Variation_Gene/Table?db=core;g=ENSG00000125084;r=12:48978322-48982620
https://www.uniprot.org/uniprot/P04628

www.nature.com/scientificreports/

6. Nie, X,, Liu, H,, Liu, L., Wang, Y.-D. & Chen, W.-D. Emerging roles of Wnt ligands in human colorectal cancer. Front. Oncol. 10,
(2020).
7. Mikitie, R. E. et al. Impaired WNT signaling and the spine-Heterozygous WNT1 mutation causes severe age-related spinal pathol-
ogy. Bone 101, 3-9 (2017).
8. Peng, C. et al. Comprehensive bioinformatic analysis of Wntl and Wntl-associated diseases. Intractable Rare Dis. Res. 9, 14-22
(2020).
9. Lu, Y. et al. Novel WNT1 mutations in children with osteogenesis imperfecta: Clinical and functional characterization. Bone 114,
144-149 (2018).
10. Chang, L.-C. et al. Identification of a new class of WNT1 inhibitor: Cancer cells migration, G-quadruplex stabilization and target
validation. Oncotarget 7, 67986-68001 (2016).
11. Kumar, P, Henikoff, S. & Ng, P. C. Predicting the effects of coding non-synonymous variants on protein function using the SIFT
algorithm. Nat. Protoc. 4, 1073-1081 (2009).
12. Adzhubei, I. A. et al. A method and server for predicting damaging missense mutations. Nat. Methods 7, 248-249 (2010).
13. Choi, Y, Sims, G. E., Murphy, S., Miller, . R. & Chan, A. P. Predicting the functional effect of amino acid substitutions and indels.
PLoS ONE 7, e46688 (2012).
14. Rentzsch, P, Witten, D., Cooper, G. M., Shendure, J. & Kircher, M. CADD: Predicting the deleteriousness of variants throughout
the human genome. Nucleic Acids Res. 47, D886-D894 (2019).
15. Ioannidis, N. M. et al. REVEL: An ensemble method for predicting the pathogenicity of rare missense variants. Am. J. Hum. Genet.
99, 877885 (2016).
16. Dong, C. et al. Comparison and integration of deleteriousness prediction methods for nonsynonymous SNVs in whole exome
sequencing studies. Hum. Mol. Genet. 24, 2125-2137 (2015).
17. Reva, B, Antipin, Y. & Sander, C. Determinants of protein function revealed by combinatorial entropy optimization. Genome Biol.
8, R232 (2007).
18. Capriotti, E. et al. WS-SNPs&GO: A web server for predicting the deleterious effect of human protein variants using functional
annotation. BMC Genom. 14, S6 (2013).
19. Capriotti, E., Calabrese, R. & Casadio, R. Predicting the insurgence of human genetic diseases associated to single point protein
mutations with support vector machines and evolutionary information. Bioinformatics 22, 2729-2734 (2006).
20. Thomas, P. D. et al. PANTHER: A library of protein families and subfamilies indexed by function. Genome Res. 13, 2129-2141
(2003).
21. Shihab, H. A. et al. Predicting the functional, molecular, and phenotypic consequences of amino acid substitutions using Hidden
Markov Models. Hum. Mutat. 34, 57-65 (2013).
22. Zhou, H., Gao, M. & Skolnick, J. ENTPRISE: An algorithm for predicting human disease-associated amino acid substitutions from
sequence entropy and predicted protein structures. PLoS ONE 11, e0150965 (2016).
23. Capriotti, E., Fariselli, P., Calabrese, R. & Casadio, R. Predicting protein stability changes from sequences using support vector
machines. Bioinformatics 21(Suppl 2), ii54-58 (2005).
24. Gasteiger, E. et al. Protein identification and analysis tools on the ExXPASy server. in The Proteomics Protocols Handbook 571-607
(Humana Press, 2005). https://doi.org/10.1385/1-59259-890-0:571.
25. Kiyte, J. & Doolittle, R. F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105-132 (1982).
26. Bhaskaran, R. & Ponnuswamy, P. K. Positional flexibilities of amino acid residues in globular proteins. Int. J. Pept. Protein Res. 32,
241-255 (2009).
27. Hiller, K., Grote, A., Scheer, M., Munch, R. & Jahn, D. PrediSi: prediction of signal peptides and their cleavage positions. Nucleic
Acids Res. 32, W375-W379 (2004).
28. Buchan, D. W. A. & Jones, D. T. The PSIPRED protein analysis workbench: 20 years on. Nucleic Acids Res. 47, W402-W407 (2019).
29. Linding, R. GlobPlot: Exploring protein sequences for globularity and disorder. Nucleic Acids Res. 31, 3701-3708 (2003).
30. Madeira, F. et al. Search and sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res. https://doi.org/10.1093/
nar/gkac240 (2022).
31. Celniker, G. et al. ConSurf: Using evolutionary data to raise testable hypotheses about protein function. Isr. J. Chem. 53, 199-206
(2013).
32. Snel, B. STRING: A web-server to retrieve and display the repeatedly occurring neighbourhood of a gene. Nucleic Acids Res. 28,
3442-3444 (2000).
33. Pejaver, V. et al. Inferring the molecular and phenotypic impact of amino acid variants with MutPred2. Nat. Commun. 11, 5918
(2020).
34. Yang, J. et al. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods 12, 7-8 (2015).
35. Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N. & Sternberg, M. J. E. The Phyre2 web portal for protein modeling, prediction
and analysis. Nat. Protoc. 10, 845-858 (2015).
36. Xu, J. & Wang, S. Analysis of distance-based protein structure prediction by deep learning in CASP13. Proteins 87, 1069-1081
(2019).
37. Bienert, S. et al. The SWISS-MODEL Repository—New features and functionality. Nucleic Acids Res. 45, D313-D319 (2017).
38. Colovos, C. & Yeates, T. O. Verification of protein structures: Patterns of nonbonded atomic interactions. Protein Sci. 2, 1511-1519
(1993).
39. Laskowski, R., Rullmann, J. A., MacArthur, M., Kaptein, R. & Thornton, J. AQUA and PROCHECK-NMR: Programs for checking
the quality of protein structures solved by NMR. J. Biomol. NMR 8, 477-486 (1996).
40. Laskowski, R. A. PDBsum: Summaries and analyses of PDB structures. Nucleic Acids Res. 29, 221-222 (2001).
41. Melo, E. & Feytmans, E. Assessing protein structures with a non-local atomic interaction energy. J. Mol. Biol. 277, 1141-1152
(1998).
42. Studer, G. et al. QMEANDisCo—Distance constraints applied on model quality estimation. Bioinformatics 36, 1765-1771 (2020).
43. Ko, J., Park, H., Heo, L. & Seok, C. GalaxyWEB server for protein structure prediction and refinement. Nucleic Acids Res. 40,
W294-W297 (2012).
44. Pires, D. E. V,, Ascher, D. B. & Blundell, T. L. mCSM: Predicting the effects of mutations in proteins using graph-based signatures.
Bioinformatics 30, 335-342 (2014).
45. Pandurangan, A. P,, Ochoa-Montaiio, B., Ascher, D. B. & Blundell, T. L. SDM: A server for predicting effects of mutations on
protein stability. Nucleic Acids Res. 45, W229-W235 (2017).
46. Pires, D. E. V., Ascher, D. B. & Blundell, T. L. DUET: A server for predicting effects of mutations on protein stability using an
integrated computational approach. Nucleic Acids Res. 42, W314-W319 (2014).
47. Savojardo, C., Fariselli, P, Martelli, P. L. & Casadio, R. INPS-MD: A web server to predict stability of protein variants from sequence
and structure. Bioinformatics 32, 2542-2544 (2016).
48. Cheng, J., Randall, A. & Baldi, P. Prediction of protein stability changes for single-site mutations using support vector machines.
Proteins 62, 1125-1132 (2006).
49. Hensen, U. et al. Exploring protein dynamics space: The dynasome as the missing link between protein structure and function.
PLoS ONE 7, €33931 (2012).
50. Tiwari, S. P. et al. WEBnm@v20: Web server and services for comparing protein flexibility. BMC Bioinform. 15, 427 (2014).
Scientific Reports|  (2022)12:14934 | https://doi.org/10.1038/541598-022-19299-x nature portfolio


https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/nar/gkac240

www.nature.com/scientificreports/

51. Pettersen, E. E. et al. UCSF Chimera? A visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605-1612
(2004).

52. Fakhar, M., Najumuddin Gul, M. & Rashid, S. Antagonistic role of Klotho-derived peptides dynamics in the pancreatic cancer
treatment through obstructing WNT-1 and Frizzled binding. Biophys. Chem. 240, 107-117 (2018).

53. Yan, Y., Tao, H., He, J. & Huang, S.-Y. The HDOCK server for integrated protein-protein docking. Nat. Protoc. 15, 1829-1852
(2020).

54. Honorato, R. V. et al. Structural biology in the clouds: The WeNMR-EOSC ecosystem. Front. Mol. Biosci. 8, 729513 (2021).

55. Kozakov, D. et al. The ClusPro web server for protein-protein docking. Nat. Protoc. 12, 255-278 (2017).

56. Laskowski, R. A. & Swindells, M. B. LigPlot+: Multiple ligand-protein interaction diagrams for drug discovery. J. Chem. Inf. Model.
51,2778-2786 (2011).

57. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 79, 926-935 (1983).

58. Huang, J. & MacKerell, A. D. CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data. J.
Comput. Chem. 34, 2135-2145 (2013).

59. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781-1802 (2005).

60. Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N -log(N) method for Ewald sums in large systems. J. Chem. Phys.
98, 10089-10092 (1993).

61. Feller, S. E., Zhang, Y., Pastor, R. W. & Brooks, B. R. Constant pressure molecular dynamics simulation: The Langevin piston
method. J. Chem. Phys. 103, 4613-4621 (1995).

62. Ryckaert, J.-P,, Ciccotti, G. & Berendsen, H. ]. Numerical integration of the cartesian equations of motion of a system with con-
straints: Molecular dynamics of n-alkanes. J. Comput. Phys. 23, 327-341 (1977).

63. Jo, S., Kim, T, Iyer, V. G. & Im, W. CHARMM-GUI: A web-based graphical user interface for CHARMM. J. Comput. Chem. 29,
1859-1865 (2008).

64. Bartha, A. & Gy6rffy, B. TNMplot.com: A Web tool for the comparison of gene expression in normal, tumor and metastatic tissues.
Int. J. Mol. Sci. 22, 2622 (2021).

65. Nagy, A., Munkécsy, G. & Gy6rffy, B. Pancancer survival analysis of cancer hallmark genes. Sci. Rep. 11, 6047 (2021).

66. Khafizov, K., Ivanov, M. V., Glazova, O. V. & Kovalenko, S. P. Computational approaches to study the effects of small genomic
variations. J. Mol. Model. 21, 251 (2015).

67. Mondal, A., Goswami, A. M. & Saha, T. In silico prediction of the functional consequences of nsSNPs in human beta-catenin gene.
Gene Rep. 23, 101066 (2021).

68. Hasan, T. N., Masoodi, T. A., Shafi, G., Alshatwi, A. A. & Sivashanmugham, P. Affinity of estrogens for human progesterone receptor
A and B monomers and risk of breast cancer: A comparative molecular modeling study. Adv. Appl. Bioinforma. Chem. 4, 29-36
(2011).

69. Humphrey, W, Dalke, A. & Schulten, K. V. M. D. Visual molecular dynamics. J. Mol. Graph. 14, 33-38 (1996).

70. Cheyette, B. N. R. & Moon, R. T. Wnt Protein Family. in Encyclopedia of Hormones 665-674 (Elsevier, 2003). https://doi.org/10.
1016/B0-12-341103-3/00318-1.

71. Azbazdar, Y., Karabicici, M., Erdal, E. & Ozhan, G. Regulation of Wnt signaling pathways at the plasma membrane and their
misregulation in cancer. Front. Cell Dev. Biol. 9, 631623 (2021).

72. Gyorfly, B. et al. An online survival analysis tool to rapidly assess the effect of 22,277 genes on breast cancer prognosis using
microarray data of 1809 patients. Breast Cancer Res. Treat. 123, 725-731 (2010).

73. Szész, A. M. et al. Cross-validation of survival associated biomarkers in gastric cancer using transcriptomic data of 1065 patients.
Oncotarget 7, 49322-49333 (2016).

74. Kelly, J. N. & Barr, S. D. In silico analysis of functional single nucleotide polymorphisms in the human TRIM22 gene. PLoS ONE
9, 101436 (2014).

75. Torres, V. L, Godoy, J. A. & Inestrosa, N. C. Modulating Wnt signaling at the root: Porcupine and Wnt acylation. Pharmacol. Ther.
198, 34-45 (2019).

76. Agostino, M. & Pohl, S. O. -G. The structural biology of canonical Wnt signalling. Biochem. Soc. Trans. 48, 1765-1780 (2020).

77. Goswami, A. M. Computational analysis, structural modeling and ligand binding site prediction of Plasmodium falciparum
1-deoxy-D-xylulose-5-phosphate synthase. Comput. Biol. Chem. 66, 1-10 (2017).

78. Galli, L. M., Zebarjadi, N., Li, L., Lingappa, V. R. & Burrus, L. W. Divergent effects of Porcupine and Wntless on WNT1 trafficking,
secretion, and signaling. Exp. Cell Res. 347, 171-183 (2016).

79. Lee, C.-]., Rana, M. S., Bae, C,, Li, Y. & Banerjee, A. In vitro reconstitution of Wnt acylation reveals structural determinants of
substrate recognition by the acyltransferase human Porcupine. J. Biol. Chem. 294, 231-245 (2019).

80. Dakal, T. C. et al. Predicting the functional consequences of non-synonymous single nucleotide polymorphisms in IL8 gene. Sci.
Rep. 7, 6525 (2017).

81. Kausar, M. et al. Novel mutation G324C in WNT1 mapped in a large Pakistani family with severe recessively inherited Osteogenesis
Imperfecta. J. Biomed. Sci. 25, 82 (2018).

82. Hollup, S. M., Salensminde, G. & Reuter, N. WEBnm@: A web application for normal mode analyses of proteins. BMC Bioinform.
6, 52 (2005).

83. Azam, S. S. & Mirza, A. H. Role of thumb index fold in Wnt-4 protein and its dynamics through a molecular dynamics simulation
study. J. Mol. Liq. 198, 313-321 (2014).

84. Hirai, H., Matoba, K., Mihara, E., Arimori, T. & Takagi, J. Crystal structure of a mammalian Wnt-frizzled complex. Nat. Struct.
Mol. Biol. 26, 372-379 (2019).

85. Jubb, H. C. ef al. Mutations at protein-protein interfaces: Small changes over big surfaces have large impacts on human health.
Prog. Biophys. Mol. Biol. 128, 3-13 (2017).

86. Barradas-Bautista, D. & Ferndndez-Recio, J. Docking-based modeling of protein-protein interfaces for extensive structural and
functional characterization of missense mutations. PLoS ONE 12, 0183643 (2017).

87. Zhong, Q. et al. Edgetic perturbation models of human inherited disorders. Mol. Syst. Biol. 5, 321 (2009).

88. Keupp, K. et al. Mutations in WNT1 cause different forms of bone fragility. Am. J. Hum. Genet. 92, 565-574 (2013).

89. Nie, X, Liu, H,, Liu, L., Wang, Y.-D. & Chen, W.-D. Emerging roles of Wnt ligands in human colorectal cancer. Front. Oncol. 10,
1341 (2020).

90. Lang, C. M. R,, Chan, C. K,, Veltri, A. & Lien, W.-H. Wnt Signaling Pathways in Keratinocyte Carcinomas. Cancers (Basel). 11,
(2019).

91. Sompel, K., Elango, A., Smith, A.J. & Tennis, M. A. Cancer chemoprevention through Frizzled receptors and EMT. Discov. Oncol.
12,32 (2021).

92. Zhao, Z. et al. Nestin positively regulates the Wnt/p-catenin pathway and the proliferation, survival and invasiveness of breast
cancer stem cells. Breast Cancer Res. 16, 408 (2014).

Scientific Reports|  (2022)12:14934 | https://doi.org/10.1038/s41598-022-19299-x nature portfolio


https://doi.org/10.1016/B0-12-341103-3/00318-1
https://doi.org/10.1016/B0-12-341103-3/00318-1

www.nature.com/scientificreports/

Acknowledgements

We want to acknowledge the Department of Molecular Biology and Biotechnology, University of Kalyani, Kaly-
ani, Nadia and Department of Physiology, Krishnagar Govt. College, Krishnagar, Nadia, West Bengal for provid-
ing research work platform and support. S.G.D. acknowledges the Bioinformatics Center project (BIC at Bose
Institute, Kolkata), funded by the Department of Biotechnology, Government of India, vide the sanction no. BT/
PR40174/BT1S/137/45/2022. D.P. thanks CSIR, India for funding support though CSIR-NET. We also want to
acknowledge two respected anonymous reviewers for their contructive and valuable suggestions.

Author contributions

AM.G. conceived the idea. A M.G., T.S. and S.G.D. designed the experimental methodologies. A.M., D.P,, and
AM.G. performed the experiments. A.M., D.P,, AM.G, T.S. and S.G.D. analyzed and interpreted the data; and
wrote the manuscript. All authors reviewed and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-19299-x.

Correspondence and requests for materials should be addressed to T.S. or A.M.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:14934 | https://doi.org/10.1038/s41598-022-19299-x nature portfolio


https://doi.org/10.1038/s41598-022-19299-x
https://doi.org/10.1038/s41598-022-19299-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	In silico analyses of Wnt1 nsSNPs reveal structurally destabilizing variants, altered interactions with Frizzled receptors and its deregulation in tumorigenesis
	Materials and methods
	Retrieval of Wnt1 nsSNPs. 
	Sequence based screening of deleterious and damaging nsSNPs. 
	Prediction of physico-chemical properties, secondary structural details and multiple sequence alignment. 
	Evolutionary conservation and protein–protein interaction analysis. 
	Prediction of post-translational modifications due to nsSNPs by MutPred2. 
	Structure modeling, 3D assessment and model refinement. 
	Stability prediction of Wnt1 upon nsSNPs. 
	Estimation of structural deviation in Wnt1 variants. 
	Modeling of frizzled-CRD domains and their docking against Wnt1. 
	Impact of nsSNPs on the stability of Wnt1-FZD-CRD binding complexes. 
	Molecular dynamic (MD) simulation of WT and mutated Wnt1 in apo and Wnt1-FZD-CRD complexed conditions. 
	Differential expression of Wnt1 gene during cancer formation and its impact on overall survival of cancer patients. 
	Statistical analyses. 

	Results
	Retrieval and screening of deleterious nsSNPs. 
	Secondary structure, evolutionary conservation profile and protein–protein interactions of Wnt1 in relation to its nsSNP distribution. 
	Protein–protein interaction prediction by STRING. 
	Predicting the impact of nsSNPs on post-translational modifications (PTM) in Wnt1. 
	The impact of nsSNPs on the Wnt1 structure and stability. 
	Interaction of WNT-1 with frizzled receptors. 
	Clinical correlation between Wnt1 expression and deregulation with different cancer types. 

	Discussion
	References
	Acknowledgements


