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ABSTRACT

Background: The Fas receptor (FAS) and its ligand (FASLG) are key regulators of the
extrinsic apoptotic pathway, play essential role in immune homeostasis. Their genetic
alterations disrupt apoptotic signaling and contribute to autoimmune disorders, and cancer.
Objective: This study was designed to perform a comprehensive in-silico analysis to
identify pathogenic missense variants in FAS and FASLG and to evaluate their structure-
functional consequences.

Methodology: 12 different pathogenicity prediction tools were used to screen 392 missense
variants of FAS and structural modeling was performed. Interaction analyses was
performed with GeneMANIA and COACH.

Results: We identified G112S (rs2133504146) as the deleterious variant. Consensus
filtering initially highlighted 82 risk-associated variants, including C85Y (rs2133502994),
C119Y (rs2133513826), and C127G (rs1848386782). Structural modeling confirmed
conformational alterations and disulfide bond loss in these variants. Similarly, 258
missense variants in FASLG were analyzed and were narrowed down to 44 high-
confidence pathogenic variants. Among these, N184K (rs771262843), N250D
(rs1659251672), and N260K (rs761374744) were predicted to abrogate N-glycosylation
sites within the TNF homology domain, potentially impairing ligand function. Pathogenic
FAS variants were predominantly localized to the extracellular ligand-binding domain,
whereas those in FASLG clustered within the TNF homology region.

Conclusion: Collectively, this work delineates key pathogenic variants within the
FAS/FASLG axis, provides mechanistic insights into how disrupted apoptosis contributes to
immune dysregulation, and sets a foundation for their future experimental validation.

Key words: Autoimmune disorders, Immune homeostasis, Fas receptor, Missense
Mutations, Pathogenicity, Computational tools

Introduction

Dysregulation of ‘immune homeostasis’ is amongst the major
contributors to the pathogenesis of autoimmune diseases like
rheumatoid  arthritis, lymphoproliferative  disorders, and
malignant tumors. A fundamental mechanism that governs the
‘immune equilibrium’ is apoptosis or programmed cell death,
which helps eliminating the damaged, infected, and
autoreactive cells.’2 Amongst the major apoptotic pathways,
the death receptor-mediated extrinsic pathway is primarily
regulated by the Fas receptor (FAS, also called as CD95) and
its ligand (FASLG, also known as CD95L). Engagement of Fas-
by-Fas ligand induces receptor trimerization, recruitment of
FADD and procaspase-8, and formation of death-inducing
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signaling complex (DISC), that culminates in caspase activation
and apoptotic cell death.34

Structurally, the FAS receptor (encoded by FAS gene, located
on chromosome 10) is comprised of an extracellular ligand-
binding domain and an intracellular death domain. The FASLG
gene, located on chromosome 1, encodes Fas ligand, which is
primarily expressed in activated T cells and NK cells. Defects in
the Fas/FasL signaling pathway may lead to compromised
lymphocyte deletion, defective immune surveillance, excessive
autoreactivity, and impaired apoptosis.35 Studies have shown
that heterozygous FAS mutations are the most frequent cause
of autoimmune lymphoproliferative syndrome (ALPS) - a
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disorder characterized by splenomegaly, lymphadenopathy,
cytopenias, and accumulation of double-negative T cells.678

Initial  evidence for the role of Fas signaling in
lymphoproliferation emerged from the Ipr and gld mouse
models, which harbor mutations in Fas and Fasl, respectively.
This was followed by the identification of pathogenic FAS
mutations in human ALPS, establishing defective Fas-mediated
apoptosis as the molecular basis of the disease.%'0 Many FAS
mutations act through haploinsufficiency or dominant-negative
mechanisms that interfere with DISC assembly and
downstream caspase activation.!!.12

Genetic variations may emerge through both germline
inheritance or somatic mutations, and when present at a
frequency of 1% or greater in a population, these are generally
classified as polymorphism.’® Among the different types of
genetic  variations, nonsynonymous single nucleotide
polymorphisms (nsSNPs) are of particular biological importance
because they result in amino acid substitutions that can directly
affect protein structure, stability, and function. These variants
represent one of the most common molecular mechanisms
underlying altered protein behavior in human disease.'3."

In this study, we have performed comprehensive in silico
mutational analysis of FAS and FASLG genes to: i) identify
high-confidence pathogenic missense variants, ii) assess their
effects on protein stability, post-translational modifications, and
domain integrity, and iii) define variants most likely to contribute
to immune-related disease mechanisms. The findings are
interesting uncovering high-risk pathogenic mutations for further
experimental validation.

Materials and Methods

FAS and FASLG were selected based on extensive literature
review and differential expression data from immune-related
disease datasets in the Gene Expression Omnibus (GEO),
where both genes ranked among the most consistently
dysregulated in rheumatoid arthritis, systemic lupus
erythematosus, osteoarthritis, juvenile idiopathic arthritis. Data
was retrieved mainly from Ensembl, and in some cases from
UniProt, COSMIC, and NCBI databases.

To ensure biologically relevant variant evaluation, MANE Select
and APPRIS principal transcripts were selected. For FAS,
transcript ENST00000652046.1 (FAS-221) encoding a 335-
amino-acid protein was used (UniProt: P25445-1; RefSeq:
NM_000043.6) while for FASLG, transcript
ENST00000367721.3 (FASLG-202) encoding a 281-amino-acid
protein was selected (UniProt: P48023-1; RefSeq:
NM_000639.3).

All SNVs for both genes were extracted from Ensembl. Only
missense variants were selected for detailed analysis because
of their direct impact on protein structure and function.
Frameshift, nonsense, and splice-site variants validated in
ClinVar were documented for reference but excluded from
predictive modeling.

Missense variants were evaluated using a consensus approach
with 12 independent in-silico tools, i.e.
SIFT, PolyPhen-2, CADD, REVEL, MetalLR, MutationAssessor,
Align-GVGD, PROVEAN, PANTHER, PhD-SNP, SNP&GO, and
P-Mut, as described earlier. Variants predicted to be deleterious
by the majority of tools were classified as high-confidence
pathogenic candidates. Protein stability changes induced by
missense mutations were predicted using MUpro and |-Mutant
2.0, which estimate direction and magnitude of free-energy
changes (AAG). Variants associated with significant
destabilization were prioritized.Functional consequences of
amino acid substitutions were assessed using MutPred2 while
evolutionary conservation was evaluated using ConSurf.
Conserved domain mapping was performed using PROSITE.
NCBI Conserved Domain Database was used to determine
whether mutations affected ligand-binding region, death
domains, or TNF domains.

Three-dimensional models of wild-type and mutant FAS
proteins were generated using SWISS-MODEL and validated
using PROCHECK (Ramachandran plot analysis). Structural
visualization was performed using UCSF Chimera. Protein—
protein interactions were explored using GeneMANIA, while
protein-ligand interactions were predicted using the COACH
server.

Results

Mutational Spectrum and Pathogenic Variant Prioritization

A total of 11,386 variants were identified in FAS, including 392
missense, 35 frameshift, 31 splice acceptor, 37 splice donor,
149 synonymous, 16 stop-gained, and 2 stop-lost variants,
along with a large number of low-impact variants (Figure 1). In
FASLG, 258 missense variants were identified. In both cases,
only missense variants were selected for downstream analysis
because of their potential impact on protein structure and
function.
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only missense variants were selected for downstream analysis
because of their potential impact on protein structure and
function. All 392 missense variants were evaluated using 12 in
silico prediction tools to assess pathogenicity. SIFT classified
205 variants as deleterious, while REVEL identified 86 variants
as likely disease-causing. PROVEAN predicted 135 variants to
be functionally damaging, and MetalLR assigned high
deleterious scores to 297 variants. The percentage distribution
of FAS and FASLG variants by different in silico tools is
summarized as Figure 2.
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Figure 1. Total number and type of FAS-221 and FASLG
variants, reported in Ensemble.
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Figure 2. Distribution and percentage pathogenicity of FAS
and FASLG variants across different computational tools.
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Later, using consensus pathogenicity prediction, 82 high-
confidence pathogenic variants were prioritized detailed
analysis in FAS and 44 in FASLG (Figure. 2; Table | and II).
The FAS G112S variant emerged as the most deleterious,
being consistently classified as damaging across all tools.
Several cysteine substitutions, including C101Y, C119Y/S, and
C127G, were also predicted as highly damaging, indicating a
high likelihood of functional disruption. For FASLG, G246R
(rs867923082), G187R (rs1456004776), F276S (rs974185747),
and W162R (rs2101810526) showed the strongest pathogenic
signatures.

Stability, Conservation, and Domain Disruption

While combining the data of 82 consensus-selected deleterious
variants of Ensemble and 62 ClinVar pathogenic variants
(including 28 frameshift, 9 stop-gained, 13 splice donor, 6 splice
acceptor, and 2 protein-altering variants, a mutational
landscape mapping key mutation to their corresponding protein
domain and exon location, was generated. This visualization
revealed key mutation hotspots across cysteine-rich domains
(CRD1-CRD3), the transmembrane (TM) region, and the death
domain of FAS (Figure 3). This detailed mapping highlights how
variations may structurally and functionally disrupt FAS-
mediated apoptotic signaling. Further, protein stability analyses
demonstrated that most prioritized variants in both FAS and
FASLG significantly decreased protein stability (Supplementary
Table S1, S2). Using MutPred2, 30 FAS variants with high
pathogenic scores (>0.45) were identified out of 82.

ConSurf also revealed that many substitutions occurred at
highly conserved residues. Conserved domain analysis showed
clustering of 19 FAS variants within the “extracellular ligand-
binding domain” (cd10579; residues 39-167) while the
remaining were located within “intracellular death domain”
(cd08316; residues 226-319); residue C59 was identified within
the highly conserved CRD1 region (Figure. 4; top panel).

In case of FASLG, integration of MutPred2 and stability results
lead to the shortlisting of 32 variants (mapped to 29 positions)
for conservation analysis. Amongst these, 15 residues (P10,
W162, L181, G187, R198, G202, H209, V211, G246, A247,
N260, V267, T274, F276, G277) showed the highest
conservation score of 9. Conserved domain analysis showed
that 24 of the 29 conserved variants were located in the
polypeptide-binding domain (cd00184; residues 146-279).
PROSITE further confirmed that residues 145-281 belong to
the highly conserved TNF homology domain (THD-2;
PS50049). Mutations within this region are therefore expected
to significantly affect ligand binding and signaling.

Structural and Interaction Analysis



DOI: 10.53389/RJAHS.2025040203

Table I: List of 82 missense variants of FAS along with corresponding score of in-silico pathogenicity
prediction tool. (Red represents pathogenic/damaging; Yellow: likely pathogenic/uncertain significance;

extracellular domain of FAS. High-risk cysteine substitutions
directly disrupted several of these bonds. In FASLG, three high-
confidence N-linked glycosylation sites were identified at N184,

Amino .
Sr. No Variant ID Alleles Acid SIFT | PolyPhen | CADD REVEL | MetalR Mutation AlignGYGD, | PROVEAN | PANTHER PhD- SNPs&GO. PMug
Status Change Assessor SNP

1 rs2133503818 C101Y 0 1 26 0.889 0.996 0.952 193.72 (C65) -9.105 057 0.836 0917 0.89 (92%)
2 rs2133513826 C119Y 0 1 24 0.718 0.996 0.952 193.72 (C65) -0.044 057 0.869 0.898 0.90 (93%)
3 rs2133513826 C1198 0 1 24 0.704 0.996 0.952 111.67 (C65) -8.183 057 0814 0.864 0.89(92%)
4 rs1848386782 7 C127G 0 1 27 0.949 0.996 0.952 158.23 (C65) -9.858 0.57 0.759 0.898 0.90 (93%
5 152133504146 G1128 1] 0.999 32 0.806 0.9 0.935 -4.025 0.57 0.664 0.698 0.82 (90%)
] 152133502994 C83Y 1] 25 0.646 0.995 193.72 (C65) -8.225 0.57 0.755 0.771 0.83 (90%)
7 52133503019 C85W 0 0.993 22 0.713 0.995 214.36 (C65) 0.57 0.726 0.752 0.90 (93%)
8 rs1036815834 G88R. 0.03 0.999 25 .7 0.835 125.13 (C65) 0.57 592 46 0.40 (86%)
9 31480416112 T1200 0 1 19 .3 0818 9.28 (C65) 401 0.4

10 32133503469 D3H 0 0.998 24 .5 0.86 1.24 (C65) 52! 0.3:

11 32133514173 KI126N 0 0.976 23 .5 0.821 3.88 C65) .30: 0.4

12 15749714005 E116G 0 0.997 25 0.814 97.85 (C65) 0.41 0.47 (84%)
13 15121913080 R250Q Q 26 0.943 42.81 (C35) 0.57 0.62 0.78 (88%
14 151219013080 R230P 1] 26 0.932 102.71 (C65) 0.57 0.784 0.84 (90%)
15 31580401089 E272A 0 24 0.914 106.71 (C65) 0200 0.81 (89%)
16 31580401089 E272G 0 25 0.914 97.85 (C65) 0203 0.81 (89%)
7 152119446879 G286E 0.01 25 0.885 97.85 (C65) 0.57 0.735 0.71 (86%)
18 152119447036 A200T 1] 23 0.663 0.429 0.74 (87%)
19 15760993872 ? A0E ] 23 0.772 106.71 (C65) 0.525 0.72 (86%)
20 15760993872 ? A200V ] 23 0.772 0.387 0.76 (88%
21 rs1848315820 D108G 0 1 28 0.801 93.77 (C65) 0.57 0.761 0.79 (89%)
22 52119445351 ? M40V 0 23 0.833 21.52 (C35) 0.551 0.64 (84%)
23 32119445378 7 M240K Q 23 0.898 94.49 (C65) 0.772 0.65 (84%)
24 15121913086 A D260N ] 28 0.903 23.01(C35) 0.504 0.49 (83%)
25 15121913086 A D260Y 0 27 0.904 159.94 (C65) 0.669 0.54 (80%)
26 328920498 A D260V 0 27 0.898 152.01 (C65) 0.637 0.66 (85%)
27 r31848675068 7 1259T 0 26 0.937 89.28 (C65) 0.725 0.69 (86%)
28 1200778245 ? V245G Q 23 0.675 108.79 (C65) 0.841 0.67 (85%)
20 52119445876 E256K 0 28 0.874 0.554 0.68 (85%)
30 15483352683 ? A 6N 0 25 0918 148.91 (C65) 0.483 0.55 (80%)
31 52119446558 ? Q276P 0 24 0.886 75.14 (C65) 0619 0.56 (81%)
32 15121913081 7A T2700 ] 22 0772 89.28 (C65) 0.114 044

33 15770556399 H285R ] 24 0.741 28.82 (C35) 0.400 0.40 (86%)
34 131274696891 A307T 1] 22 0.799 0.57 0.257 0.53 (80%)
35 151848671126 A G253V 1] 23 0.763 108.79 (C65) 0.466 0.66 (85%)
36 2119448150 ? 13108 0 23 0.895 141.8 (C63) 0.643 0.51 (79%)
37 rs1848312375 E87A 0 0.003 25 0.818 106.71 (C63) 0.157

38 15344766724 K251T ] 23 0.755 77.74 (C65) 0.308

39 32110446013 E261V ] 25 0.898 121.33 (C65) 0.105

40 15121913078 A RI2IW 0.02 0.983 22 0.834 101.29 (C65) 0.19 0.349

41 rs.21335034g§ To2L ] 0.947 22 0.804 89.28 (C65) 5
42 131365404574 S230R. 0.04 0.848 109.21 (C65) 0.20 (89%)
43 15781035943 V275D 0 0.859 152.01 (C65) 0.46 (84%)
4“4 31404280764 ? C1358 0 1 - 0.783 111.67 (C65) 08 0.85 (91%)
45 31404280764 ? C135F 0 26 0.783 204.39 (C63) 0911 85 (91%)
6 13 4 C140G 0 26 0815 58.23 (C65) 0.929 78 (88%)
7 15, 9 C140Y 0 24 0.822 93.72 (C65) 0.924 79 (89%)
8 15 73290 CI49R 0 25 0.996 79.53 (C65) 0.919 90 (93%)
0 15213352732 C157Y 0 23 0.996 93.72 (C65) 0.867

50 152133527819 C165S 0 1 23 0.996 111.67 (C63) 0.714

51 151442207718 TI125A 0.04 0.087 23 0.881 0.1

32 15483352683 ? 62T 0 24 0.002 8928 (C65)
53 131580482007 G152R 0 0.999 24 0.899 125.13 (C65) 0.57 0.481 0.74 (87%)
34 15121913079 7A Y232C 0 0.862 193.72 (C65) 0.713 0.677 037 (87%)
33 151462888256 T160N 0 0.851 0.02 0.531 0438 0.58 (82%)
56 15749714005 ? E116A 0 24 0.807 106.71 (C65) 0463 8 0.09 (96%)
57 152119446323 A271E 0 2 0.685 106.71 (C65) 0.436 0.34 (88%)
5 5984333050 H142Q 0 0.993 0.818 106.71 (C65) 0.603 0.44 (

3 31281548561 T1581 0 0.988 22 0.852 89.28 (C65) 0.84 (90%)
60 131366487814 NI1321 0 0.998 25 0.552 148.91 (C65) 0.74 (87%)
6 151848473030 HI51L 0 0.994 24 0.771 98.69 (C65) 8 (87%)
62 15200864612 ? D317G 0 22 0.866 93.77 (C65) 037 (87%)
63 15993150748 ? N1621 0 099 22 0.863 148.91 (C65) 19 0.62 (83%)
64 15773565107 E114K 0 0.095 26 0.82 0.33 (88%)
65 15563551720 ? T163N 0 0972 18 371 0.01 042 04 0.56 (81%)
66 15563551720 ? T1631 0 0.962 19 0432 0.908 89.28 (C65) 0318 0.343 0.59 (82%)
67 15764567970 ? L242P 0 22 0.567 0.616 97.78 (C65) 0.19 0.826 0.648 0.51 (79%)
68 152133470780 A25D 0 0.962 17 0.511 0.809 125.75 (C65) 0.584 ).482 0.19 (93%)
69 13886047459 C59Y 0 0.999 23 0.596 0.569 193.72 (C65) 0.57 0.821 0.926 0.75 (87%)
70 15886047459 CS9F 0 0.900 23 0.597 0.569 204.39 (C65) 0.57 0.736 0.889 0.85 (91%)
71 152133472256 C63Y 0 0.999 23 0.742 0.948 72 (C65) 0.57 0.797 0211 0.88 (92%)
72 51345570456 P65S 0 0.931 0376 0.596 7 (C65) 0.275 0324 0.17 (93%)
73 15751654768 ? C73R 0 0.990 0.552 0.568 179.53 (C65) 0.57 0.749 0.907 0.90 (93%)
74 15751654768 ? C73G 0 0.999 ).486 0.568 58.23 (C65) 0.57 0.731 0.922 0.89 (92%)
75 152133502355 ? C73Y 0.04 0000 0412 0.552 193.72 (C65) 0.57 0771 0.881 0.90 (93%)
76 32133502355 ? C738 0 0.999 23 0.49 0.552 111.67 (C63) 0.57 0.742 0.884 0.90 (93%)
77 151848490280 ? L177R 0.03 0.987 22 0311 0.855 101.88 (C65) 0.569 ).498 0.32 (89%)
78 15121913083 A N118S 0.04 0.961 21 0.34 0.801 46.24 (C35 0432 0.55 0.46 (84%)
79 15775652162 134V 0 0.979 25 0.6 0.862 19.94 (C 0. 0.531 0.601 0.75 (87%)
80 31848491248 L180P 0 0.975 18 ).355 0.857 97.78 (C65) 0. 0.842 0.736 0.44 (85%)
81 131435894576 E114V 0 0.998 32 0.699 0.749 0.445 121.33 (C65) 0.627 0.721 0.37 (87%)
82 131353528671 T.C L10P 0.04 0.046 22 0.617 0.768 0.403 97.78 (C65) 0.779 0.719 0.46 (84%)

PROSITE analysis identified six disulfide bonds within the N250, and N260. Variants such as N184K, N250D, and N260K

were predicted to abolish these glycosylation sites, potentially
impairing ligand folding and receptor binding. Structural
modeling of three high-risk FAS variants—C85Y, C119Y, and
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C127G—revealed complete loss of disulfide bonds and marked
distortion of the extracellular domain (Figure 5). These results
confirm a severe destabilization of the extracellular domain due
to cysteine substitutions.

Further, protein—protein interaction analysis confirmed tight
functional coupling of FAS with FADD, CASP8, CASP10,

protein kinase Il respectively, that act as modulators in
death receptors.

TRADD, CFLAR, and FASLG (Figure 6). Protein-ligand
interaction analysis predicted Zn?* as a key ligand for FAS and
peptide ligands for FASLG, with several pathogenic variants
located at predicted binding sites.

Table II: List of 44 missense variants of FASLG along with corresponding score of in-silico pathogenicity prediction
tool. (Red represents pathogenic/damaging; Yellow: likely pathogenic/uncertain significance; Green: benign)

| varamm Alleles CliaXaz s | e cADD l MetalR | N0 | Akign GVGD | PROVEAN | PANTHER | PEDSNP | SNP&GO P-Mut
1 2101810526 TC rd WI162R 3 0949 0937 101.29 (C65) 12357 | 0.85 0.72 93%
2 11456004776 GA GISTR | 0.997 0.936 12513 (C65 7638 0.8 0931
5 AC Y1895 0 | 0981 0936 143 11 (C65) 86 0.85 0941
4 TC F276S 0 | 0936 154 81 (C65 -156 0.85 0.726 0877
5 3535 GA ? G2778 0 0.936 -567 0.85 3 (
6 1867923082 GAC G246R 0934 125.13 (C65) 04 0.85 0817 0.90 ) 093
7 13867923082 GAC GI6R 0534 12513 (C65’ 704 0.85 0817 0
8 31659251393 GA GI6E 0.934 97.85 (C65 7.70 0.8 0.817
9 2101810634 GC rd C2028 0 ( € 111.67 (C65) 373 0.5 0.755
10 ] 62 CT LISIF 0 1 4 0.5
11 sl 237 | CT - Z,, JRISW | 0] 094 J6 2 0.1
(12 80358237 CA S AMTE 0 0986 | 24 99
13 5747293631 TG ViS2G
1 3147369993 GAT ? V211F 0.966
15 31639253812 CA T274K 0 0.991
16 2 cT H209Y 0] 099
17 | AG Y176C 0] 1 2
18 151455255180 | GCT V267F o r 1
19 151396406162 TC F276L [
20 31188616579 CT S265F
2] 131385875080 GACT G199D 0 8
22 131263388490 | AG Y212C 002 | 098
2 1181804131 | TC 1278S 0] !
23 15550770662 _ 1 c6 PI1OR 0.01 | ) 2
2§ 151310181064 AG Y196C 0 24
26 13780397117 CT P10S 0 0998 3
27 131659092349 GC GI8A 0.04 0998 ]
28 3886045569 L GAC 2 WI4C 001 | 0957
29 131162126723 | AG ~ D16G 0] 0.997
0 376317481 AGT 2 N230L 0.01 0.96
1 1771262843 TCG C 1) NISK 0 098
2 13753445258 CT T2521 0.02 0918 L]
780519407 | AG Y279C 0] 0993 5
(Y] 32101806668 | GA | GeeRr o 016
35 771815134 | AT Q237L 001 }
6 151659244824 TC 1837 0| 0.924
7 CA 172Y 0 0.997
8 CAG 2 188V 0.03 98 16
39 CT | RuIC 0] €
40 | GACT G199A o1 |
4l nl571333059 | TC 2 V248A 001 | 0204 ] 952
42 151385875080 GACT B G199V 0 0.968 i 0.88 56
13 15776079129 T.C FI97L 0.01 1 0.796 182 (Ci 062 )74 .68 0624 | 0.76(85%
| 4 161374744 CAT =L N260K 0.01 0994 14 0 796 93.88 (C65) 2782 | 0.57 0.584 0661 0.67 (85%) |
:
2 nHz CRD2 CRD3 ™ Death Domain COOH
1 2 a4 82 128 165 173 190 226 319 335 D I S C u S S I o n
Signal Peptide Cys Repeats. CaM Interaction
s o
Ligand Binding Sites HIPK3 Interaction . i
Disruption of programmed cell death pathway has long been
R121W . . . .
" - cvsocorms [ctoss it TSt e QA recognized as a central driver of immune dysregulation and
% A2sT HEOfs | CasW | cazze N1621 Lopae || 12417/ R250* E272G L i i
I U e SN W o T e O -t WO N e e cancer development.’6'7 The clinical importance of this
W [ T -M I H [ W W pathway is best illustrated by autoimmune lymphoproliferative
1 = i 335
v y syndrome (ALPS), a disorder caused primarily by heterozygous
) 80 160 240 334
mutations in FAS that impair apoptotic deletion of

Figure 3. Mutational architecture of FAS gene. CRD1, CRD2
and CRD3 represent cysteine rich domains, these are
conserved structural motifs of the extracellular ligand
binding sites. TM is transmembrane domain. CaM and
HIPK3 are calmodulin and homeodomain interacting
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lymphocytes.”'® Beyond ALPS, polymorphisms in FAS and
FASLG have been associated with a wide spectrum of
autoimmune  conditions, including  systemic  lupus
erythematosus, multiple  sclerosis, rheumatoid arthritis,
autoimmune thyroid disease, as well as with hematological and
solid malignancies..18-22
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Figure 4. Consurf analysis of FAS-221 and FASLG. Models
are colored by conservation score of each residue.

Figure 5. Structure analysis of FAS variants by UCSF
chimera. The wild type C85 protein (top left) shows
disulfide bond with C101; C119 (wild type-middle left)
shows disulfide bond with C104; C127 (wild type-lower left)
shows disulfide bond with C107. Loss of disulfide bonds
and corresponding changes in interactions are evident.
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Figure 6. Protein-protein interaction analyses through
GeneMania. Besides FASLG (marked with green arrow),
FADD, CASP8/10, CFLAR, TNFSF10, and TRADD are close
interacting partners of FAS (marked with red arrow).

Despite the clear clinical relevance of the Fas/FasL system, a
systematic in silico dissection of FAS/FASLG variants has been
limited. Since advances in computational biology now allow
reliable prediction of the pathogenicity of different variants.142%-
%, we, in the present work, applied a comprehensive consensus
of advanced pathogenicity prediction tools to analyze 392
missense variants in FAS and 258 in FASLG. This integrative
approach allowed us to minimize algorithm-specific bias and to
prioritize variants most likely to exert true biological effects. 15

Among the FAS variants, G112S emerged as the most
consistently deleterious substitution across all prediction
platforms. In addition, several cysteine substitutions—including
C101Y, C119Y/S, and C127G—were found to carry a high
likelihood of pathogenicity. For FASLG, G246R, G187R, F276S,
and W162R that are located within highly conserved regions,
showed the strongest deleterious signatures. The convergence
of pathogenicity and stability predictions in our dataset further
revealed that many of the prioritized variants in FAS/FASLG,
especially those involving substitution of ‘evolutionary
conserved cysteine’ residues, may have strong impact on
structural stability, ligand binding or receptor activation.

Protein destabilization is a well-established mechanism and
disulfide bonds play a fundamental role in stabilizing the tertiary
structure of extracellular proteins; mutations that lead to
improper protein folding, loss of function, and aberrant
degradation are frequently implicated in both inherited disorders
and cancers.? In this study, functional prediction using
MutPred2 showed that some of the prioritized pathogenic FAS
variants are likely to disrupt disulfide bond formation within the
extracellular ligand-binding domain and the intracellular death
domain—two regions essential for apoptotic signaling. Likewise,
in FASLG, several high-risk variants (particularly at N184,
N250, and N260) were found within the highly conserved TNF
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homology domain, which governs ligand trimerization and
receptor interaction.5122825  highlighting multiple structural
routes through which FASLG function may be impaired.
Protein-ligand interaction analysis added an additional layer of
functional validation. Zinc was predicted as a key ligand
interacting with FAS at cysteine-rich regions of the extracellular
domain, further emphasizing the functional importance of C85,
C119, and C127. To directly visualize the structural
consequences of cysteine substitutions, three-dimensional
structural modeling were performed. All mutant models
demonstrated complete loss of their corresponding disulfide
bonds and exhibited marked distortion of the extracellular
domain when compared with the wild-type structure. These
findings provide compelling structural evidence that loss of
disulfide bond integrity is a major mechanism by which
deleterious FAS mutations disrupt receptor function.

Taken together, the results of this study demonstrate that
pathogenic missense variants in FAS and FASLG are not
randomly distributed but instead are highly enriched within
structurally and functionally critical domains. Substitutions that
disrupt disulfide bonds, glycosylation sites, ligand-binding
interfaces, and overall protein stability emerge as the most
detrimental. These molecular disturbances offer a coherent
explanation for how subtle amino acid changes can exert
dominant-negative or loss-of-function effects on apoptotic
signaling and drive immune dysregulation. Recent studies
continue to reinforce the clinical relevance of these
mechanisms. Large-scale sequencing efforts in patients with
immune dysregulation syndromes have increasingly identified
rare missense variants in apoptotic pathway genes, including
FAS and FASLG, as key contributors to disease
heterogeneity.'325 Moreover, defects in Fas-mediated apoptosis
are now being explored as potential biomarkers for immune
checkpoint therapy resistance and for stratifying patients with
lymphoproliferative disorders.2829.30

Nevertheless, despite the strength of computational predictions,
in silico findings cannot substitute for experimental
validation.243" Functional assays in cellular systems and in vivo
models will be necessary to confirm the predicted effects on
receptor signaling, DISC formation, caspase activation, and
lymphocyte survival. Such studies will be essential to establish
definitive genotype—phenotype relationships and to translate
these findings into clinical practice.

Conclusions

This work delineates key pathogenic variants within the
FAS/FASLG axis, provides mechanistic insights into how
disrupted apoptosis contributes to immune dysregulation, and
sets a foundation for their future experimental validation.
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