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ARTICLE INFO ABSTRACT

Edited by: Fahri Ucar The identification of rare genetic variants associated to Systemic Lupus Erythematosus (SLE) could also help to
understand the pathogenic mechanisms at the basis of the disease. In this study we have analyzed a cohort of 200

Keywords: Italian SLE patients in order to explore the rare protein-coding variants in five genes (TNFAIP3, STAT4, IL10,

Systemic Lupus Erythematosus TRAF3IP2, and HCP5) already investigated for commons variants found associated in our previous studies.

Genome sequencing

R it Genomic DNA of 200 SLE patients was sequenced by whole exome sequencing. The identified variants were
are variants

filtered by frequency and evaluated by in silico predictions. Allelic association analysis was performed with
standard Fisher’s exact test.

Introducing a cutoff at MAF < 0.01, a total of 19 rare variants were identified. Seven of these variants were
ultra-rare (MAF < 0.001) and six were absent in the GnomAD database. For TNFAIP3 gene, the variant c.A1939C
was observed in 4 SLE patients and it is located in a region enriched in phosphorylation sites and affects the
predict affinity of specific kinases. In TRAF3IP2 gene, we observed 5 different rare variants, including the novel
variant ¢.G410A, located in the region that mediates interaction with TRAF6, and therefore a possible risk factor
for SLE development. In STAT4 gene, we identified 6 different rare variants. Among these, three missense var-
iants decrease the stability of this protein. Moreover, 3 novel rare variants were detected in 3 SLE patients. In
particular, c.A767T variant was predicted as damaging by six prediction tools.

Concluding, we have observed that even in genes whose common variability is associated with SLE suscep-
tibility, it is possible to identify rare variants that could have a strong effect in the disease development and could
therefore allow a better understanding of the functional domain involved.

1. Introduction and heterogeneous autoimmune disease characterized by abnormal T-
and B-cells response and production of autoantibodies (Karrar and
Systemic Lupus Erythematosus (SLE; OMIM#152700) is a chronic Cunninghame Graham, 2018). The etiology of SLE is still partially

Abbreviations: SLE, Systemic Lupus Erythematosus; MAF, Minor Allele Frequency; GWAS, Genome-Wide Association Studies; WES, Whole Exome Sequencing;
WGS, Whole Genome Sequencing; SNVs, Single Nucleotide Variants; BAM, Binary Alignment Map; VCF, Variant Call Format; CADD, Combined Annotation
Dependent Depletion; VUS, Variants of Uncertain Significance.
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unknown, but it likely involves complex interactions among genetic and
environmental factors. Several studies evidenced that the genetics cover
an important role in the SLE development. Indeed, twin studies showed
a higher concordance rate for monozygotic (24 %-35 %) and dizygotic
(2 %-5%) (Ramos et al., 2010). On the other hand, genome-wide asso-
ciation studies (GWAS) have identified common alleles in several genes
which increase the risk to develop SLE (Kwon et al., 2019). Moreover,
rare genetic variants that can cause or contribute significantly to SLE
susceptibility have been described, some of them with a strong effect,
and > 30 causative genes for monogenic SLE have been reported
(Demirkaya et al., 2020). For example, a recent study described rare
variants in 98 SLE-associated candidate genes by using GWAS data from
4254 SLE patients (Martinez-Bueno and Alarcon-Riquelme, 2019). The
identification of rare genetic variants associated to SLE can help to un-
derstand the pathogenic mechanisms at the basis of the disease. Most of
the identified genes encode proteins involved in key pathogenic path-
ways, including type I interferon or NF-kB signalling pathways, the
maintenance of immunological tolerance, DNA damage repair and in-
flammatory processes (Pan et al., 2020). This large genetic and pheno-
typic heterogeneity suggests that many novel genes involved in SLE
etiology could be identified in the near future, also considering the
rapidly evolving sequencing technology. Indeed, whole exome
sequencing (WES) and whole genome sequencing (WGS) studies of the
general population have revealed that the average subject carries dozens
of potentially deleterious rare variants. Moreover, genetic variant
identified by GWASs are often located within non-protein-coding se-
quences and collectively they are still far from fully explaining the
measured heritability for SLE, suggesting additional genetic variants to
be discovered yet. In this context, a WES study would be a reasonable
complement to GWASs in terms of analyzing coding regions and
searching for rare genetic variants.

In previous studies, associations between genetic polymorphisms in
the TNFAIP3, STAT4, IL10, TRAF3IP2, and HCP5 genes and SLE sus-
ceptibility have been described (Ciccacci et al., 2019; Ciccacci et al.,
2014; Perricone et al., 2013). Single Nucleotide Variants (SNVs) located
on these genes have also been extensively described in other studies, on
different populations (Fan et al., 2011 Apr; Shancui-Zheng and
Guoyuan-Lu, 2022; Yuan et al., 2019). However, each common variant
in these genes has shown a modest effect size and altogether common
variants are able to explain only in part the disease clinical variability.
This prompted us to explore these genes, also for rare variants to eval-
uate if these could confer a predisposition to SLE susceptibility.

We re-analyzed a cohort of 200 Italian SLE patients by WES, in order
to investigate rare protein-coding variants in selected genes previously
studied for commons SNVs associated to SLE.

2. Materials and methods
2.1. Patients recruitment

Two hundred patients with SLE, classified in accordance with the
revised 1997 American College of Rheumatology criteria were enrolled
from Lupus Clinic of the Rheumatology Unit, Sapienza University of
Rome. The study protocol included a complete physical examination and
blood drawing. The clinical and laboratory data were collected in a
standardized, computerized, electronically completed form including
demographics, past medical history with date of diagnosis, comorbid-
ities, and previous and concomitant treatments. Patient characteristics
are described in Table 1. We included 200 SLE patients (89.2 % women),
with a mean age of 43.08 + -11.15 years and an age at onset of 32.17 +
-11.72 years. All subjects provided written informed consent in accor-
dance with the Helsinki Declaration. Peripheral blood samples from all
patients have been collected and stored at —20 oC until usage.
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Table 1
Demographic and clinical characteristics of the 200 SLE patients.
Age (years + SD) 43.08 +11.15
Age at onset (years + SD) 32.17 + 11.72
Sex (female) 89.2 %
Musculo-skeletal involvement 63.8 %
Photosensitivity 62.0 %
Malar rash 57.6 %
Aphthous/ulcers 16.4 %
Pericarditis 26.6 %
Pleurisy 17.6 %
Nephritis 32.0 %
Neuropsychiatric 13.3%
Anemia 43.5%
Leucopoenia 41.9%
Thrombocytopenia 17.2 %
ANA 94.9 %
Anti-dsDNA 66.9 %
Anti-Sm 16.5 %
Anti-RNP 18.4 %
Anti-Ro/SSA 35.0%
Anti-La/SSB 16.4 %
Anti-CL IgG or IgM 34.5%
Anti-p2GPI IgG or IgM 20.1 %

LAC 26.5 %
C3 (below normal values) 55.5 %
C4 (below normal values) 44.5 %

aCL: anticardiolipin antibodies; ANA: antinuclear antibodies; Anti-
b2GPI: anti- b2 glycoprotein I; Anti-dsDNA: anti-double-stranded DNA;
C3: complement 3; C4: complement 4; Ig: immunoglobulin; LA: lupus
anticoagulant; SLE: systemic lupus erythematosus.

2.2. Whole exome sequencing and data pre-processing

Genomic DNA was extracted from peripheral blood using Qiagen
Blood DNA Mini Kit (Qiagen, Hilden, Germany). Library for all the
samples was prepared using Twist Library Preparation Kit 2. WES was
conducted on Novaseq 6000. Once the machine finished the last cycle of
sequencing, we performed standard bioinformatic analysis to retrieve
FASTQ, BAM and VCF file. Fastq files have been checked to assess the
quality of the sequencing according to Q score. The alignment is per-
formed using Dragen Bio-IT platform from Illumina. Variant calling is
performed using Dragen variant caller replicating GATK best practices
pipeline to ensure good quality variants. Sequencing data were aligned
to the hgl9 human reference genome. A minimum average depth
coverage of 100X was considered suitable for sample analysis, according
to the guidelines of the American College of Medical Genetics and
Genomics.

The identified variants were filtered by frequency under the poly-
morphism threshold (MAF < 0.01) and evaluated by genetic tolerance of
resulting amino acid changes, and by in silico predictions of damage and
function of domains bearing mutation. The summary data of the Euro-
pean population from gnomAD v2.1.1 and two hundred and thirteen
age- and ethnicity-matched healty subjects were used as population
controls. Allelic association analysis was performed with standard
Fisher’s exact test using default parameters. P value below 0.05 was
considered as significant. A burden test has been performed using the
TRAPD tool, to compare the variants in the VCF files of SLE patients and
healty controls, filtered for effect prediction and for MAF lower than
0.01.

2.3. Prediction of the genetic variants impact on protein stability

Comprehending the precise influence of variants on protein stability
is a crucial step for predicting their impact on protein conformation and
structure. Existing methods have encountered difficulties in accurately
assessing the effects of genetic variants on protein stability, often
exhibiting a bias towards destabilizing variants and limited predictive
capabilities. To overcome these challenges, we have utilized DDMut
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(Zhou et al., 2023), an advanced and rapid network specifically designed
to predict changes in Gibbs Free Energy resulting from single-point
mutations. DDMut achieves this by considering both forward and hy-
pothetical reverse mutations, effectively addressing the issue of model
anti-symmetry.

2.4. Prediction of the kinase specific affinity

The affinity for a specific kinase was calculated using the Kinase
Prediction tool accessible from Phosphositeplus (https://www.phosph
osite.org/kinaselLibraryAction) (Hornbeck et al., 2015). This tool relies
on a database of motifs associated with kinases identified through
experimental work (Johnson et al., 2023) and collected in The Kinase
Library. For each of the peptides centred on the phosphorylatable res-
idue, affinity scores for the kinases were calculated for the wild-type and
mutant sequences, respectively.

3. Results

We examined 200 Italian SLE patients for rare variants in five
candidate genes previously investigated in our laboratory. Sequencing
data from 199 patients passed quality check and were evaluated for
subsequent analyses. Introducing a cutoff at MAF < 0.01, a total of 19
rare variants were identified, including 8 synonymous, 10 missense and
1 non-coding variants in TNFAIP3, TRAF3IP2, STAT4 and HCP5 genes
(Table 2). Seven of these variants were ultra-rare (MAF < 0.001) and six
were absent in the GnomAD database. In addition, several in silico scores
have been calculated to assess the functional impact of identified non-
synonymous variants such as the widely used CADD score (Table S1).

In TNFAIP3 gene, we identified seven different rare variants, three
missense and four synonymous variants. For five of these variants, the
allelic frequency reported in GnomAD for the European reference pop-
ulation is very low and we detected a statistically significant difference
compared to our SLE cohort. None of these five variants was observed in
the analysed control group (see Table S2). In particular, the rare variant
c.A1939C (rs142253225) was observed in four unrelated SLE patients
and it was already reported in the literature in an individual with pe-
riodic fever and autoinflammatory disease (Fathalla et al., 2021), and in
a family with autoinflammation due to haploinsufficiency of protein
A20 (Mulhern et al., 2019). Instead, the variant ¢.G336C identified in a
heterozygous patient, is not present in the GnomAD database and the in

Table 2
Rare variants (MAF < 0.01) identified in patients with SLE.
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silico analysis gave uncertain significant as computational verdict.

In TRAF3IP2 gene, we observed five different rare variants, including
one novel variant. The four known variants were found with frequencies
in line with those reported for the reference population in the GnomAD
database and with those observed in our healty controls. Regarding the
novel variant c¢.G410A, although it was predicted as likely benign by
prediction tools, it is located in the region that mediates interaction with
TRAF®6, a critical and functional domain.

In STAT4 gene, we identified six different rare variants, three
missense and three synonymous variants. Among these, c.A383T was
detected in three unrelated SLE patients, with a higher frequencies
compared to that reported in the European non-Finnish population of
the GnomAD database and it is not observed in our healty subject cohort.
Moreover, three novel rare variants were detected in three different SLE
patients. In particular, c.A767T (Asp256Val) variant was predicted as
damaging by six prediction tools. Indeed, the Asp residue at position 256
is hydrophilic and has a negatively charged side chain, while the variant
residue Val has an aliphatic side chain. The sequence alignment of the
STAT4 protein with its orthologous proteins shows that the wild type
residue is conserved, implying a structural or functional role for this
residue in the STAT4 protein.

In HCP5 gene, we observed only a rare non-coding variant, absent in
our healty controls group and in the GnomAD database. No rare variant
was detected in the IL10 gene.

We examined clinical data from patients with SLE in whom we found
rare variants in the selected genes, but these patients did not appear to
have a different phenotype from other patients, nor did they show
suggestive clinical signs.

We also performed a Burden Test to evaluate a possible difference in
the total number of variants with MAF < 0.01 in SLE patients compared
to healty control group. The analysis did not reveal an enrichment of
rare variants for any of the examined genes in SLE patients. Since these
tests involved many variants, regardless of their effect, the power of this
analysis is certainly diminished and therefore, we performed a more
detailed investigation of the rare variants identified in our study.

For the missense variants, an analysis of the protein stability was
performed, to explore the possible effect of amino acid changes on the
protein structure, providing a 3D model of the predicted results. The
results showed that the three missense variants of STAT4 gene decrease
the stability of the protein, causing loss of secondary interactions
(Fig. 1). In contrast, the predicted 3D models of the TRAF3IP2-encoded

Gene Genomic position Rsid annotation hgvs_c hgvs_p SLE patients MAF GnomAD as control
MAF P
TNFAIP3 6:138199789 15767086093 synonymous c.T1207C p.L403L 0.002 (1/398) 0.000009 (1/113764) 0.007
6:138202378 rs5029956 synonymous ¢.C2295T p.P765P 0.002 (1/398) 0.0002 (23/124472) 0.07
6:138199959 15369402265 synonymous ¢.G1377A p.S459S 0.002 (1/398) 0.00003 (3/113120) 0.01
6:138200335 15190199205 missense ¢.G1753A p.D585N 0.002 (1/398) 0.00003 (3/113572) 0.01
6:138201240 15142253225 missense ¢.A1939C p.T647P 0.01 (4/398) 0.002 (299/129188) 0.01
6:138196151 rs140424499 synonymous ¢.G465A p.T155T 0.007 (3/398) 0.0006 (79/128878) 0.002
6:138196022 n.a. missense ¢c.G336C p-M1121 0.002 (1/398) n.a. /
TRAF3IP2 6:111912641 15139282334 missense c.C649A p.P217T 0.005 (2/398) 0.009 (1035/118574) 0.59
6:111896863 rs139767840 missense c.A1184G p.N395S 0.007 (3/398) 0.003 (450/128614) 0.16
6:111901465 15146226365 missense c.C957A p.S319R 0.002 (1/398) 0.001 (151/128638) 0.37
6:111887758 15200213270 synonymous c.C1362T p.T454T 0.002 (1/398) 0.0002 (21/129162) 0.06
6:111912880 n.a. missense c.G410A p-R137H 0.002 (1/398) n.a. /
STAT4 2:191929596 rs61756200 missense ¢.G719A p-R240Q 0.002 (1/398) 0.003 (323/128766) 1
2:191937906 15140675301 missense c.A383T p.E128V 0.007 (3/398) 0.002 (203/129036) 0.026
2:191927613 15140221173 synonymous c.G816A p.L272L 0.002 (1/398) 0.0006 (74/128902) 0.20
2:191903973 n.a synonymous ¢.T1386C p-N462N 0.002 (1/398) n.a. /
2:191929548 n.a. missense c.A767T p.-D256V 0.002 (1/398) n.a. /
2:191927640 n.a. synonymous c.A789T p.T263T 0.002 (1/398) n.a. /
HCP5 6: 31,431,149 n.a. non-coding n.T102C n.a. 0.002 (1/398) n.a. /

MAF: minor allele frequency; hgvs: Human Genome Variation Society; n.a.: not available; GnomAD: Genome Aggregation Database P: p-value.
RefSeq accession numbers: TNFAIP3,NM_001270507; TRAF3IP2 NM_001164381; STAT4, NM_001243853; HCP5, NR_040662.
Genomic position was based on GRCh37. P-values were obtained using Fisher’s exact test.
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A. STAT4 WT/R240Q

Predicted Stability Change (AAGStability wt->mt)

-1.1 kcal/mol

(Destabilising)

B. STAT4WT/E128V

Predicted Stability Change (AAGStability wt->mt)

-0.94 kcal/mol

(Destabilising)
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STAT4 WT/D256V

Predicted Stability Change (AAGStability wt->mt)

-0.32 kcal/mol

(Destabilising)

Fig. 1. Predicted 3D model of STAT4 protein. Predicted structure o f STAT4 showing the change in secondary interactions and protein stability resulting from p.
R240Q (A), p.E128V (B) and p.D256V (C). The predicted models are based on DDMut tool.

protein with missense variants do not show structure stability alter-
ations, compared to the wild-type structure. The prediction of the effect
on TNFAIP3 variants could not be performed because the structure of
this protein is not yet fully characterized.

Lastly, since protein phosphorylation is one of the most common
post-transcriptional modifications and it plays an important role in
intracellular signal transduction, in which TNFAIP3, TRAF3IP2 and
STAT4 are involved, we investigated whether the identified missense
variants could affect this mechanism. Among the variants located in
TNFAIP3 gene, c.A1939C causes the substitution of Thr 647 with a
proline, precisely at a phosphorylation site. Moreover, this variant is in a
region enriched in phosphorylation sites, and the amino acid change
also affects the affinity of specific kinases for surrounding phosphory-
lation sites, such as Ser 645 or Ser 649 (Fig. 2). For TRAF3IP2 gene, we
observed that two of the identified variants (p.P217T and p.N395S)
cause an amino acid change near to a phosphorylation site. In particular,
the prediction analysis showed that the substitution of proline with
threonine at position 217 could alter the affinity of specific kinases both
with Thr 219 and with Ser 220 (Fig. 3). On the contrary, p.N395S
although being close to the phosphorylation site in position 390, it does
not seem to alter its recognition capacity by the kinases. For STAT4 gene,
only p.E128V variant is located near a known phosphorylation site. The
prediction analysis showed that this amino acid substitution changes the
specificity of individual kinases in recognizing and phosphorylating the
serine at position 130 (Fig. 3).

4. Discussion

It is nowadays recognised that common genetic variants can explain
only a fraction of the heritability of complex traits (Manolio et al., 2009)
and that the missing heritability can be searched, among other factors,
including rare genome variations. Indeed, recent data have shown that

rare variants can explain a greater part of the variability of some com-
plex phenotypes, such as weight and height (Wainschtein et al., 2022) or
even the variability of complex disorders susceptibility and clinical
phenotypes (Sazonovs et al.,, 2022). In autoimmune disorders, few
studies have started to investigate the possible role of rare variants in
commonly known risk loci. For example, one study identified rare var-
iants in IL2RA and IL2RB as associated with Rheumatoid Arthritis (Diogo
et al., 2013). In addition, it is worth to highlight that rare genetic var-
iants are likely to be more deleterious than common variants and their
identification in association with complex disorders could allow to
identify domains whose integrity is essential for the physiological
function of proteins, and therefore useful also to understand the mo-
lecular mechanisms underlying the diseases.

Following the previous considerations, in the current study we
explored the rare protein-coding variants in five candidate genes already
investigated in our previous studies for common risk polymorphisms. In
an Italian SLE cohort, we identified six rare and seven ultra-rare (MAF <
0.001) known variants and six novel variants, absent in our healty
controls group and in the GnomAD database.

TNFAIP3 (Tumour Necrosis Factor Alpha Induced Protein 3) and
TRAF3IP2 (Tumour Necrosis Factor Receptor-Associated 3 Interacting
Protein 2) encode for two proteins of NF-kB signalling pathway. NF-kB
signaling regulates multiple aspects of innate and adaptive immune
functions, inducing the expression of various pro-inflammatory genes
and participating in inflammasome regulation and immune cell activa-
tion and differentiation (Liu et al., 2017). Numerous association studies
have highlighted genetic variants located in the genes involved in this
pathway which seem to increase the risk of developing SLE and other
autoimmune diseases, including TRAF3IP2 and TNFAIP3 (Barnabei
etal., 2021). TNFAIP3, also known as A20, is a ubiquitin-editing enzyme
and a negative regulator of the NF-kB signaling pathway. Genetic vari-
ants of this gene, in particular nonsense, frameshift, and splice site
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Fig. 2. Bioinformatic prediction of phosphorylation sites in TNFAIP3 protein (A); bioinformatic prediction of main kinases that phosphorylate Ser 645 (B) and Ser

649 (C) of TNFAIP3, in protein wild-type and p.T647P variant.

mutations, could also cause monogenic forms of early onset auto-
inflammatory diseases, due to A20 haploinsufficiency (Zhang et al.,
2021). The effect of missense common variants in this gene are instead
more difficult to evaluate and have rarely been classified as pathogenic.
In this study, we identified three different missense variants of the
TNFAIP3 gene, none of which was observed in the analysed control
healthy group. In particular, the rare variant c.A1939C was observed in
four unrelated SLE patients. This variant resides in the region with E3
ubiquitin ligase activity, involved in recruiting adaptor proteins, and an
in vitro functional study demonstrated that significantly reduces the
inhibitory effect of A20 on NF-kB activity. Moreover, this variant is
located in an enriched region in phosphorylation sites and predictive
tools suggest that could affects the affinity of specific kinases. A study
demonstrated that the genetic variant C243Y eliminates almost entirely
A20 phosphorylation and causes a severe inflammatory disease in both
mice and humans, comparable to the phenotype of a subject with a
truncated A20 protein (Zammit et al., 2019). At the light of the role of
A20 in the suppression of inflammation, immune cell proliferation and
the immune response, the reduction of its activity and the following
excess activation of NF-kB signalling could represent a strong risk factor
for the onset of autoimmune diseases such as SLE (Kadowaki et al.,
2021).

TRAF3IP2 encodes Actl, a positive signalling adapter in IL-17-
mediated cellular immune responses and a negative regulator of adap-
tive immunity. The association between polymorphisms of the TRA-
F3IP2 gene and susceptibility to SLE has been described for the first time
in a study on Italian population (Perricone et al., 2013). Here, our results
did not show differences between frequencies observed in SLE patients
and those reported for the reference population in the GnomAD database
with regard to the four known genetic variants. Instead, we identified a
novel variant (c.G410A) located in the region that mediates interaction
with TRAF6. This region represents a critical and functional domain,

because TRAF6 is a key signalling molecule in B-cell activation through
CD40/TLR and the lack of its regulation could lead to aberrant activa-
tion of B cells. Thus, although in silico analyses classify this TRAF3IP2
variant as benign, it may have a minor effect on TRAF6 interaction and
represent a risk factor for SLE development. p.P217T.

STAT4 encodes a cytoplasmic transcription factor, belonging to the
STAT protein family, essential for mediating responses to IL12 in lym-
phocytes and regulating T-helper cells differentiation. The gene is a
confirmed genetic risk factor for many autoimmune diseases, such as
Sjogren’s syndrome, rheumatoid arthritis and SLE. In STAT4 gene, we
identified one rare missense variant c.A383T, in three unrelated SLE
patients, with a significantly higher frequency compared to that re-
ported in GnomAD database. This genetic variant, already described as
associated with rheumatoid arthritis (Saevarsdottir et al., 2022), leads to
an amino acid change from negatively charged glutamic acid to non-
polar hydrophobic valine: This change falls in a loop connecting the
N-terminal domain, important for tetramer formation at DNA binding
sites and the coiled coil domain, which provides a carbonised hydro-
philic surface that binds to regulatory factors. Also, the novel variant c.
A767T identified in one of ours SLE patients is located in the coiled coil
domain and it was predicted as damaging by six prediction tools. The
amino acid sequence and secondary structure of these domains are
highly conserved between species, and they are probably necessary for
full transcriptional activation of many of its target genes. Furthermore,
all three rare missense variants identified in SLE patients cause an amino
acid residue change that decreases the thermodynamic stability of the
protein, altering hydrophobic interactions and ionic bonds, and thus
favours misfolding.

Our study has some limitations: at present, rare variants identified
have limited power, indeed larger sizes cohorts and advanced variant
interpretation algorithms are needed to confirm their effect on SLE; the
interpretation of variants of uncertain significance (VUS) remains a
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A.
kinase kinase group log;(score) site percentile v percentile rank
©  ui Other 1961 99.625% 1
©  NEK7 Other 2363 99.301% 2
©  TGFBR2 KL 2710 99196 % 3
©  DSTYK KL 2854 99.079% 4
©  NEKS Other 1.359 98958 % 5
kinase kinase group loga(score) site percentile v percentile rank
©  ULK1 Other 1578 99.272% 1
©  RAFL[) TKL 1670 97824% 2
©  CHAK2 Alpha 1724 97.370 % 3
©  Uk2 Other 1094 97201% 4
©  BRAF[) TKL 0370 96.281% 5
B.
kinase kinase group log;(score) site percentile v percentile rank
o VRKI cK1 1712 99791 % 1
o MEK2[] STE -0.029 98802 % 2
©  VRK2 K1 0577 97982 % 3
o NEKI Other 0318 96735 % 4
©  MPSK1 Other 1878 96.113% 5
kinase kinase group log;(score) site percentile v percentile rank
©  MEK2[] STE 0.803 99701% 1
©  VRK1 cK1 1166 99.474 % 2
©  NEK1 Other 0.888 98.382% 3
©  VRK2 cK1 0.416 97039 % 4
©  NEKa Other 0.406 96.706 % 5
©  MpsKi Other -0615 76733 % 67
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C.
kinase kinase group logz(score) i i v P ile rank
©  TTBK1 cK1 1858 99.232% 1
©  CAMKK2 Other 1137 98923 % 2
©  CAMKK1 Other 0.654 97.882 % 3
© PLK4 Other 0915 97150 % 4
o zAK TKL 0789 97141 % 5
kinase kinase group loga(score) site percentile v percentile rank
© TTBKI cK1 2391 99734 % 1
©  IRAK1 TKL 1589 99.027 % 2
©  RIPK2 TKL 0581 98.031% 3
©  CAMKK1 Other 0641 97.839 % 4
©  CAMKK2 Other 0545 97614 % 5

Fig. 3. Bioinformatic prediction of main kinases that phosphorylate Ser 130 of STAT4, in protein wild-type and p.E128V variant (A); Bioinformatic prediction of
main kinases that phosphorylate Thr 219 (B) and Ser 220 (C) of TRAF3IP2, in protein wild-type and p.P217T variant.

challenge; we evaluated only coding or splice-altering variants, but
expanding the analysis to include noncoding variants would likely in-
crease the burden of rare variants associated with the phenotype
(Ribeiro and Delaneau, 2023); the absence of specific consensus and
biological material does not allow us to confirm by western blotting
whether the presence of these rare SNVs modifies the phosphorylation
state on the proteins.

Concluding, we have observed that even in genes whose common
variability is associated with SLE susceptibility, it is possible to identify
rare variants that could have a strong effect in the disease development
and could therefore allow a better understanding of the functional
domain involved. In last decades, GWAS and association studies for
candidate genes have identified thousands of polymorphisms underlying
complex diseases, including SLE. However, common variants have often
modest effects on the disease risk and limited clinical utility. Rare var-
iants located in coding regions may allow a direct link between altered
genes function and specific phenotypes. Understanding the role of rare
variants in common diseases could be useful to explain disease etio-
genesis and to develop targeted drug.
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