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Abstract

Aim: R-spondin 4 (RSPO4) is a suggestive risk gene of stage III–IV, grade C periodontitis

and upregulated in gingiva of mice resistant to bacteria-induced alveolar bone loss. We

aimed to replicate the association, identify and characterize the putative causal variant(s)

and molecular effects, and understand the downstream effects of RSPO4 upregulation.

Materials and Methods: We performed a two-step association study for RSPO4 with

imputed genotypes of a German–Dutch (896 stage III–IV, grade C periodontitis cases,

7104 controls) and Spanish sample (441 cases and 1141 controls). We analysed the

allelic effects on transcription factor binding sites with reporter gene and antibody

electrophoretic mobility shift assays. We used CRISPR/dCas9 activation and RNA

sequencing to pinpoint RSPO4 as the target gene and to analyse downstream effects.

Results: RSPO4 was associated with periodontitis (rs6056178, pmeta = 4.6 � 10�5).

rs6056178 contains a GATA-binding motif. The rs6056178 T-allele abolished

reporter activity (p = .004) and reduced GATA binding (�14.5%). CRISPRa of the

associated region increased RSPO4 expression (25.8 ± 6.5-fold, p = .003). RSPO4

activation showed strongest induction of Gliomedin (439-fold) and Mucin

21 (178-fold) and of the gene set “response to interferon-alpha” (area under the

curve [AUC] = 0.8, p < 5 � 10�6). The most repressed gene set was “extracellular
matrix interactions” (AUC = 0.8, padj = .00016).

Conclusion: RSPO4 is a potential periodontitis risk gene and modifies host defence

and barrier integrity.
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Clinical Relevance

Scientific rationale for study: For a better understanding of the aetiology of periodontal diseases,

it is important to know the molecular mechanisms that contribute to resistance and/or suscepti-

bility to periodontal bone loss and to identify the molecular genetic pathways involved.

Received: 3 June 2022 Revised: 28 November 2022 Accepted: 3 December 2022

DOI: 10.1111/jcpe.13758

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Journal of Clinical Periodontology published by John Wiley & Sons Ltd.

476 J Clin Periodontol. 2023;50:476–486.wileyonlinelibrary.com/journal/jcpe

https://orcid.org/0000-0001-6695-2133
https://orcid.org/0000-0001-9251-513X
https://orcid.org/0000-0003-1043-2651
https://orcid.org/0000-0001-5816-6765
mailto:arne.schaefer@charite.de
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jcpe
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjcpe.13758&domain=pdf&date_stamp=2022-12-15


Principal findings: We validated the association of the R-spondin 4 (RSPO4) gene with stage III–

IV, grade C periodontitis, identified the putative causal variant of the association, and showed

that it regulates the mucin barrier, extracellular matrix interactions, and interferon-alpha

signalling.

Practical implications: RSPO4 is involved in the aetiology of severe progressive periodontitis. This

knowledge contributes to the understanding of the causal factors of periodontitis better.

1 | INTRODUCTION

Periodontitis is an oral inflammatory disease that is diagnosed by

progressive alveolar bone loss due to long-term inflammation

caused by dysbiosis of the oral biofilm (Lamont et al., 2018).

However, only a few individuals develop severe progressive

forms of periodontitis and it is important to know the molecular

mechanisms that contribute to resistance. In a previous study, we

analysed gene expression data of periodontal biopsies from differ-

ent recombinant inbred mouse lines (RILs) of the Collaborative

Cross (CC) mouse resource (Churchill et al., 2004; Threadgill

et al., 2011). In our work, we identified several RILs that showed

either susceptibility or resistance to alveolar bone loss 6 weeks

after gingival infection with the periodontal pathogenic bacteria

Porphyromonas gingivalis and Fusobacterium nucleatum (Nashef

et al., 2020). Mouse jaws of resistant RILs expressed four genes

significantly more strongly than susceptible RILs, as revealed by

RNA sequencing (RNA-Seq). These were the genes Matrix Metallo-

proteinase 20 (MMP20; 181 fold change [FC]), Calbindin (CALB1;

60 FC), Fibrillin 2 (FBN2; 7 FC), and R-spondin 4 (RSPO4; 13 FC).

This suggested that increased expression of these genes in resis-

tant RILs contributed to the prevention of alveolar bone loss in the

course of bacteria-induced oral inflammation.

In complex diseases such as periodontitis, single common sus-

ceptibility variants often have moderate effects. For this reason,

the probability for significant enrichment in a selected case group

compared to the controls may be too low to generate statistically

significant associations. Particularly, if the sample size is limited, it

is difficult to discover individual variants with moderate effects at

genomewide statistical significance. However, knowledge of loci

which have causal implications in the aetiology of disease but did

not show genomewide significant associations because of

restricted statistical power from limited sample sizes is of high sci-

entific and clinical relevance because true causal associations may

provide insight into key pathways of the disease aetiology. To

increase statistical power if the sample sizes are limited, gene-

based tests are used to detect associations by combining the

effects of several variants in the same gene. They assess whether

categories of variants within a gene or set of genes occur more

commonly in cases than controls. We recently performed a gene-

based test with genotypes from a genomewide association study

(GWAS) of stage III–IV, grade C periodontitis (de Coo et al., 2021).

We identified suggestive associations of two genes, one of which

was RSPO4 (p = 5.5 � 10�5). RSPO4 has a role in osteogenesis

(Gaur et al., 2005) and is an activator of canonical Wnt signalling

(de Lau et al., 2011; Glinka et al., 2011). The independent discover-

ies of RSPO4 in two systematic genomewide expression and single

nucleotide polymorphism (SNP) screens of periodontitis-resistant

mouse RILs (Nashef et al., 2020) and human stage III–IV, grade C

periodontitis (de Coo et al., 2021), respectively, implied a role of

RSPO4 in the aetiology of periodontitis. This makes it an interest-

ing target for a better understanding of the molecular mechanisms

that drive disease resistance and susceptibility.

In this study, we hypothesized that biological functional variants

at RSPO4 increase the risk of human stage III–IV, grade C periodontitis

and that elevated RSPO4 transcript levels contribute to resistance to

alveolar bone loss. We aimed to identify the putative causal variant(s)

of the association, characterize their molecular effects, and find the

genes and gene sets that respond to increased RSPO4 expression.

2 | MATERIALS AND METHODS

The study design as well as the workflow of the experiments is shown

in Figure 1.

2.1 | Genetic association study of RSPO4

In a genomewide gene-based test analysis, we previously identified

an association of RSPO4 (de Coo et al., 2021). The gene-based test

design assessed whether categories of variants within a gene or

genomic region occur more commonly in cases than controls, but it

did not identify associations for specific SNPs. In this study, we

aimed to identify specific SNPs within the genetic region of RSPO4

that cause the observed gene-wide association with stage III–IV,

grade C periodontitis. To generate hypotheses on putative suscep-

tibility SNPs, we performed an explorative candidate-gene

association study with a North-West European case–control

sample of 896 stage III–IV, grade C periodontitis cases and 7104

controls (see Figure 1 for the experimental workflow and study

design). The study sample has been described in detail earlier

(Munz et al., 2017; Freitag-Wolf et al., 2021). In brief, the cases

(61% female sex) were recruited across Germany and the

Netherlands and in Vienna (Austria) who had >30% alveolar

bone loss at two or more teeth diagnosed at 35 or less years of age.

This diagnosis indicated severe, rapid disease progression corre-

sponding to stage III–IV, grade C periodontitis (Caton et al., 2018).
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The German/Dutch control sample was recruited across north and

west Germany and the Netherlands and consisted of 7104 individ-

uals (51% female). We used the North European case–control

sample, which was more than 2 times larger than the Spanish

sample, because it had a higher statistical power, thereby reducing

the probability of testing false positives and tests in the replication.

Subsequently, we tested the haplotype tagging SNPs (tSNPs)

for association, which showed significant associations in the explor-

ative study. For this replication, we used the genotypes of the

Spanish GWAS sample of de Coo et al. because another similar large

case–control sample of stage III–IV, grade C periodontitis was not

available. This sample has been described in detail earlier (de Coo

et al., 2021). In brief, 441 Spanish cases (66% female sex) had stage

III–IV, grade C disease diagnosed between 14 and 35 years of age.

The controls (n = 1141, 51% female sex, mean age 46 years) were

randomly selected from the Spanish National DNA BioBank.

Associations were tested with the additive genetic model

using the software Plink (Purcell et al., 2007). Combined p-values

were calculated from the individual GWAS summary statistics

as described in Supplementary Methods. We assessed the

linkage disequilibrium (LD, r2 > 0.8) with genotypes of the

European populations CEU, GBR, and IBS, using the online tool

LDproxy (Machiela & Chanock, 2015). All persons gave their

informed consent prior to their inclusion in the study. The local

ethics committees at the medical faculty of the Christian-

Albrechts-Universität zu Kiel, Germany (vote for cases: A 156/03,

vote for controls: B 231/98), and at Santiago de Compostela

(Spain; 2015-372) approved the study.

2.2 | Screening for functional periodontitis-
associated variants

We bioinformatically investigated whether the effect alleles of the

associated SNPs changed predicted transcription factor binding sites

(TFBS) using the Gene Regulation Module of the Software SNPInspec-

tor (Genomatix, Precigen) and the Transcription factor Affinity Predic-

tion (TRAP) Web Tool (Thomas-Chollier et al., 2011) with the methods

TRAP single sequence (Roider et al., 2007; Manke et al., 2008) and

sTRAP (Manke et al., 2010). LD and population-specific haplotype

structure analyses were performed using the webtool LDlink

(Machiela & Chanock, 2015). We analysed all seven common SNPs

(MAF >0.05) that are in LD (r2 > 0.8) with the two associated haplotype

blocks, which were tagged by rs6056178 and rs11476402 (Table S1,

Figure S1). TF binding motives were confirmed using the web interface

for Position Weight Matrix (PWM) model generation and evaluation,

PWMTools (Ambrosini et al., 2018).

We used the published chromatin immunoprecipitation followed

by sequencing (ChIP-Seq) data from multiple cell types that were

provided by ENCODE (Hoffman et al., 2013) to interrogate whether

binding of the predicted TFs at the SNP sequences had been found in

the chromatin context (Supplementary Material, Figure S2).

F IGURE 1 Experimental workflow
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2.3 | In vitro experiments

Methods used for cell culture, luciferase reporter gene assays,

CRISPR/dCas9 activation, quantitative real-time PCR, and RNA

sequencing are described in detail in Supplementary Material. In

brief, we performed electrophoretic mobility shift assays (EMSA:

Gelshift Chemiluminescent EMSA Kit; Active Motif, monoclonal

GATA1 and GATA2 antibodies; Santa Cruz Biotechnology) and

reporter gene experiments (pGL4.24 plasmid and Dual-Luciferase

Stop & Glo Reporter Assay System; Promega) with the osteoblast-

like human bone osteosarcoma cell line SaOS-2. To activate RSPO4

expression for subsequent RNA-Seq, we used CRISPRa, which pro-

vides an advantage to episomal over-expression plasmids because

it allows gene activation in the native chromatin context. However,

the CRISPRa transfection efficiency can be low and the CRISPRa

plasmids can be toxic for various cell types. To this end, we used

HeLa cells. HeLa cells can be transfected efficiently with the CRIS-

PRa dCAS9-VP64 system. RNA was harvested after 48 h. RNA-Seq

was performed at the Berlin Institute of Health, Core Facility Geno-

mics, as described in Methods.

3 | RESULTS

3.1 | RSPO4 is associated with stage III–IV, grade C
periodontitis in different European populations

We explored the associations of common SNPs at RSPO4 with

imputed genotypes of our GWAS stage III–IV, grade C periodontitis

case–control sample of North-West European descent. We identi-

fied SNP associations that showed moderate significant associa-

tions, with p > 5 � 10�4, spanning a 3.5-kbp (kilo base pair)-long

intergenic region downstream of RSPO4 (chr20:931170–934617,

hg19). The associated SNPs showed strong linkage (r2 > 0.8) sepa-

rated on three independent haplotype blocks (Figure S1). For repli-

cation, we selected a tSNP of each haplotype block and tested

these three SNPs for association in our second stage III–IV, grade C

periodontitis case–control sample of Spanish descent (Table 1). In

this sample, the associations of two haplotype blocks replicated.

These blocks are located near the 30 end of RSPO4 (chr20:934003–

934617). tSNPs rs6056178 and rs11476402 were associated with

p = 1.8 � 10�4 and p = 5.8 � 10�5, respectively. In the meta-

analysis of both samples, these SNPs were associated with

p = 4.6 � 10�5 and p = 7.0 � 10�5, respectively.

3.2 | rs6056178 is a biological functional variant
that modulates GATA binding

To identify putative functional SNPs, we bioinformatically interro-

gated the the common SNPs at these two haplotype blocks to find

TFs that possibly bind at the SNP sequences and to find whether

potential TFBS were affected by the different alleles. The

strongest allele-specific differences were found at rs6056178 for

GATA2 binding (difference logp = 2.1) with significant predicted

binding at the common G-allele (p < .0025) and no significant

binding at the alternative T-allele (Table S1). The highest PWM

similarity score was found for the GATA1 motif with 97.5%

(Figure 2).

rs6056178 was located within a reported TF ChIP-seq cluster

that demonstrated GATA2 and GATA3 binding (reported by

ENCODE, Figure S2). Within the DNA sequence of this ChIP peak, we

found a single GATA binding site (Supplementary Material).

We validated the predicted GATA1 and GATA2 binding at

rs6056178 in vitro. To this end, we conducted GATA1 and GATA2

antibody EMSAs with allele-specific DNA probes and nuclear protein

extract from SaOS-2 cells. We observed allele-specific binding of

GATA1 and GATA2 antibodies at the DNA probes (Figure 2). The

effect T-allele (alternative rare allele) abrogated antibody binding by

16.5% and 14.5%, respectively, compared to the reference common

G-allele.

Subsequently, we quantified putative effects of the two

rs6056178 alleles on the activity of the luciferase reporter gene in

SaOS-2 cells. The DNA sequence with the rs6056178 common G-allele

cloned upstream of the minimal promoter of the reporter gene signifi-

cantly increased gene activity compared to the control reporter

plasmid, which lacked the putative regulatory sequence at rs6056178

(1.9 ± 0.2-fold, p = .004). In contrast, the rare T-allele showed no regu-

latory effect on luciferase activity (Figure 3). This indicated that the

regulatory element at rs6056178 acts as an enhancer and that the

common G-allele is functional. The difference between both alleles was

significant with p = .01, indicating a reduced functional effect of the

disease-associated rare T-allele.

3.3 | RSPO4 is the target gene of the association

To validate cis-regulation of the disease-associated chromatin ele-

ments tagged by rs114691134, rs6056178, and rs11476402 on

the expression of RSPO4, we performed CRISPRa in HeLa cells. We

chose this cell type because SaOS-2 cells showed poor survival

after transfection of the CRISPRa system. A CRISPRa-gRNA that

targeted the RSPO4 promoter increased the expression of RSPO4

6878 ± 394-fold (p ≤ .0001) relative to the unspecific control

sgRNA (Figure 3). CRISPRa of rs114691134 (gRNA1 annealing

50 bp downstream to this SNP) increased the expression of RSPO4

11.6 ± 3.3-fold compared to the scrambled unspecific control

sgRNA (p = .005). The second gRNA, located 1 kb upstream and

downstream of the TF-ChIP-seq clusters tagged by rs114691134

and rs6056178, respectively, increased RSPO4 expression 25.8

± 6.5-fold (p = .003). These results showed that this associated

chromatin element strongly regulates RSPO4 expression in cis,

implying RSPO4 as a target gene of the association. Two other

gRNAs, which targeted the chromatin at rs6056178 (95–155 bp

distance) and rs11476402 (0–54 bp distance), showed no effect

(data not shown).
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TABLE 1 RSPO4 associated with stages III–IV, grade C periodontitis in different European populations.

Haplotype block tSNP Exploration p (GER/NL) OR (95% CI) Replication p (Spain) OR (95% CI) p (meta)

1 rs114035391 .0014 1.3 (1.12–1.58) n.s. n.s. -

2 rs6056178 .045 1.2 (1.0–1.42) 1.8e–4 1.39 (1.17–1.65) 4.6 � 10�5

3 rs11476402 .025 1.14 (1.02–1.27) 5.8e–5 1.40 (1.19–1.65) 7.0 � 10�5

Abbreviations: CI, confidence interval; GER, Germany; NL, The Netherlands; n.s., not significant; OR, odds ratio; RSPO4, R-spondin 4; tSNP, tagging single

nucleotide polymorphism.

F IGURE 2 rs6056178 has allele-specific effects on GATA binding. (a) The DNA sequence at the common G-allele of rs6056178 shares a
matrix similarity of 97.5% with the GATA transcription factor (TF) binding motif. The rare T-allele impairs the GATA motif. (b) GATA1 and GATA2
EMSAs performed with rs6056178 allele-specific oligonucleotide probes and nuclear protein extract from SaOs-2 cells. Binding of GATA
antibodies to allele-specific probes is shown in lanes 1 and 4. Unlabeled DNA was added to verify that the band shift was antibody-specific in
lanes 2 and 3. (c) Absolute value area of the antibody-specific bands. In the background of the rare T-allele of rs6056178, GATA1 and GATA2
binding to the allele-specific oligonucleotide probes were reduced 16.5% and 14.9%, respectively, compared to the common G-allele.

480 CHOPRA ET AL.



3.4 | RSPO4 activation regulates distinct genes and
gene sets

Because RSPO4 was significantly upregulated in mouse RILs that were

resistant to alveolar bone loss caused by oral bacterial infection, we

were interested in knowing the genes and gene sets in human cells

that showed differential regulation after RSPO4 upregulation. First,

we tested whether HeLa cells provided an adequate model to interro-

gate the effects of RSPO4 gene activation by showing that RSPO4

activation significantly enriched the expression of a custom set of pre-

dicted functional partners of RSPO4 (p = .0045), which were indicated

by the STRING database (Szklarczyk et al., 2021) (Figure S3). Next, we

contrasted RSPO4 CRISPRa cells to scrambled sgRNA as controls and

performed gene set enrichment analyses (GSEA) with the co-

expression gene set tmod and the Molecular Signatures Database

(MSigDB) gene sets reactome, hallmark, KEGG, and GO (Table S1).

The most significant enriched gene sets of both tmod and GO were

“type I interferon response” (FDR = 0.0006, area under the curve

F IGURE 3 rs6056178-G activates gene expression and is located at a cis-regulatory element. (a) rs6056178 has allele-specific effects on
luciferase activity. The 220-bp DNA sequence, spanning 110 bp upstream and downstream of the individual alleles of single nucleotide
polymorphism (SNP) rs6056178 showed allele-specific enhancer activity in HeLa cells. In the background of the common rs6056178 G-allele,
luciferase activity was increased (1.9 ± 0.2-fold, p = .004). The reporter sequence containing the rare T-allele showed no significant increase in
luciferase activity. The difference between both alleles was significant with p = .01, indicating a reduced functional effect of the disease-
associated rare T-allele. (b) The putative causal SNP rs6056178 locates to ENCODE DNAse I hypersensitivity sites, transcription factor binding
sites experimentally confirmed by ChIP-Seq for various cell types and to human methylation marks (HMM) indicating a weak enhancer (yellow) in
HMEC cells (HMEC, human epithelial cells isolated from female breast tissue). The indicated SNPs are in strong linkage disequilibrium with
r2 > 0.8. GATA2 and GATA3 binding at the sequence of rs6056178 was shown by ChIP-experiments (HMM colour codes: green = transcribed,

grey = repressed, blue = insulator). (c) CRISPRa of the periodontitis-associated genomic region at rs6056178 showed a cis-regulatory effect on
R-spondin 4 (RSPO4) expression. CRISPRa of gRNA1, located 50 bp downstream of rs114691134, increased RSPO4 expression 11.6 ± 3.3-fold
compared to the unspecific control sgRNA (p = .005). gRNA2, 1 kb distance of the ChIP-Seq TF clusters tagged by rs6056178 and rs114691134,
increased RSPO4 expression 25.8 ± 6.5-fold (p = .003). gRNA targeting the RSPO4 promoter increased RSPO4 expression 6878 ± 394-fold
(p ≤ .0001), relative to the unspecific control sgRNA (error bars indicate 95% confidence interval, **p < .01. ****p < .0001, transcript levels
determined by quantitative real-time PCR).
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[AUC] = 0.71) and “response to interferon-alpha” (FDR = 0.0002,

AUC = 0.78), respectively (Figure 4). tmod gene sets were derived

from clustering expression profiles from human blood collected for

various immune conditions, and we noted that the tmod gene set

“platelet activation II” showed strong enrichment (FDR = 6 � 10�6,

AUC = 0.72). The top regulated hallmark gene set was “myc target”
(FDR = 4.5 � 10�7, AUC = 0.7). The most significant enriched gene

sets of reactome and KEGG were “cell extracellular matrix interac-

tions” (FDR = 0.0002, AUC = 0.8) and “extracellular matrix receptor

interaction” (FDR = 3.4 � 10�6, AUC = 0.65), respectively.

At the individual gene level, we found that the strongest upregu-

lated gene was gliomedin (GLDN) with a fold change (FC) = 439

(p < 5 � 10�21) (Figure 5, Table 2). The second most upregulated gene

was MUCIN21 (MUC21), with 178 FC (p = 1.4 � 10�6). We also found

F IGURE 4 Gene set enrichment after R-spondin 4 (RSPO4) upregulation in HeLa cells. Evidence plots (receiver operator characteristic curves)
for the top gene sets from tmod, GO, hallmark, reactome, and KEGG. (a) tmod: “type I interferon response,” FDR = 0.0006, AUC = 0.71.
(b) tmod: “platelet activation II,” FDR = 6 � 10�6, AUC = 0.72. (c) GO: “response to interferon-alpha,” FDR = 0.0002, AUC = 0.78. (d) Hallmark;
“myc target,” FDR = 4.5 � 10�7, AUC = 0.7. (e) Reactome: “cell extracellular matrix interactions,” FDR = 0.0002, AUC = 0.8. (f) KEGG:
“extracellular matrix receptor interaction,” FDR = 3.4 � 10�6, AUC = 0.65. The grey rug plot underneath each curve corresponds to genes sorted
by p-value, with the genes belonging to the corresponding gene sets highlighted in red (upregulated genes) or blue (downregulated genes). Bright
red or bright blue indicates that the genes are significantly regulated. The area under the curve (AUC) corresponds to the effect size of the
enrichment, with 0.5 being no enrichment and 1.0 being maximal possible enrichment. Data show three biological replicates for each experiment.
CRISPR-activated cells with a gRNA that targeted the promoter were used for RNA-seq.
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several significantly downregulated genes (Table 2), but their effects

were less strong compared to those of the upregulated genes. The

strongest downregulation was shown by the gene Fer-1 Like Family

Member 6 (FER1L6, chr.8; FC = �181, p = 4.3 � 10�6). The second

most downregulated gene was Fucosyltransferase 2 (FUT2, FC = �64,

p = .0009). The third most downregulated gene was interleukin

21 receptor (IL21R; FC = �49, p = .003). Notably, the fifth most

downregulated gene was FER1L2 (Otoferlin, OTOF, chr.2), a paralogue

of FER1L6.

4 | DISCUSSION

In this study, we provided evidence for association of the gene

RSPO4, an activator of canonical Wnt signalling, with stage III–IV,

grade C periodontitis in different European populations, suggesting

the involvement of this gene in the aetiology of severe rapid forms of

periodontitis. We proved that RSPO4 is the target gene of this associ-

ation. RSPO4 overexpression led most notably to the upregulation of

GLDN and MUC21. GLDN is a reported risk gene of bone mineral

F IGURE 5 Volcano plot of differentially
regulated genes after R-spondin 4 (RSPO4)
upregulation in HeLa cells.

TABLE 2 Top differentially
expressed genes in HeLa cells after
RSPO4 gene activation

Gene log2Fold change lfcSE padj (p < 0.005)

Top upregulated (>6 lfc) RSPO4 12.046 1.181 4.2e–21

GLDN 8.777 1.209 3.5e–10

MUC21 7.475 1.251 1.4e–6

CDHR2 6.504 0.505 2.4e–34

ANKRD62 6.287 1.342 .00070

VWA2 5.986 1.375 .0023

Top downregulated (>2 lfc) FER1L6 �7.088 1.228 4.3e–6

FUT2 �5.961 1.287 .00086

IL21R �5.603 1.315 .0033

KCNK7 �4.26 0.651 4.4e–8

FER1L2 �3.362 0.275 7.7e–31

CCDC187 �3.027 0.727 .0045

PIK3AP1 �2.082 0.388 3e–5

Note: Bold lettering indicates that RSPO4 was targeted by CRISPRa, resulting in strongest upregulation of

all genes. RSPO4 values were given here as an experimental control.

Abbreviation: lfc, logarithmic fold change.
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density (BMD) (Mullin et al., 2018), a trait that has been related to

periodontitis susceptibility (Gil-Montoya et al., 2021). While the func-

tion of GLDN is largely unknown, an important paralogue is OLFML2B

(Olfactomedin Like 2B). Gene ontology (GO) annotations related to

this gene include extracellular matrix (ECM) binding. MUC21 was

reported in a genomewide expression profiling study to be one of the

most upregulated genes in gingival wound healing (Wang &

Tatakis, 2017) and the most upregulated mucin gene in gingival epi-

thelial cells following infection with the protozoan parasite Entamoeba

gingivalis (Bao et al., 2020). We observed that the effects on downre-

gulation were weaker compared to the effects on upregulation, imply-

ing that RSPO4 rather is an activating gene. FER1L6 showed the

strongest downregulation, and FER1L2 (Otoferlin, OTOF, chr.2), an

important paralogue of FER1L6 encoded on a different chromosome,

was the fifth most downregulated gene. While the function of FER1L6

is largely unknown, FER1L2 was reported to be involved in the trans-

port of intracellular compartments to the cell membrane and subse-

quent vesicle membrane fusion (Heidrych et al., 2009). The second

most downregulated gene was FUT2, which has a role in the fucosyla-

tion of host glycoproteins and glycolipids that mediate interaction

with the host microbiota influencing its composition. FUT2 is a risk

gene of multiple early-onset diseases including inflammatory bowel

diseases (Liu et al., 2015), childhood asthma (Ahluwalia et al., 2020),

childhood diarrhoea (Bustamante et al., 2016), and psoriasis (Tsoi

et al., 2017), to name a few. The third most downregulated gene was

the interleukin 21 receptor (IL21R; log2FC = �5.6, p = .003), which

transduces the growth-promoting signal of IL21. This gene is impor-

tant for the proliferation and differentiation of T cells, B cells, and nat-

ural killer (NK) cells (provided by RefSeq, Jul 2010). Taken together,

these findings indicate a novel, broad role of RSPO4 in host barrier

defence.

Interestingly, the literature has reported a genomewide associa-

tion of RSPO4 with response to antiviral therapy (Leger et al., 2014).

In response to viral infection, human cells release interferons, a

group of immune signalling proteins. Notably, the most significant

enriched gene sets of tmod and GO are related to interferon

response. In addition, reactome and KEGG suggested enrichment of

gene sets that are involved in ECM interactions, mechanisms that

involve cell proliferation and differentiation, cell migration, and cell

adhesion. This implies broader roles of RSPO4 during inflammation

at the environment–body interface, which may encompass innate

immune and ECM functions.

We found rs6056178 downstream of the coding region of RSPO4

as a biological functional and putative causal variant that affects

GATA binding. Additional evidence for this result was the observation

of GATA2 and 3 binding to the chromatin at rs6056178, which was

determined by ChIP-Seq experiments performed by ENCODE. We

demonstrated allele-specific GATA1 and 2 binding at rs6056178 by

EMSA. GATA TFs largely share the same motif ([A/T]GATA[A/G]) and

GATA1 and 2 are theoretically able to bind at the motif found within

the SNP sequence. Thus, we cannot discriminate which GATA TF

binds in vivo. In the mature organism, GATA1 primarily regulates the

expression of genes that mediate the development of red blood cells

and platelets. GATA2 regulates many genes that are critical for self-

renewal, maintenance, and functionality of blood-forming, lymphatic

system-forming, and other tissue-forming stem cells. Loss of function

causes haematological, immunological, or other disorders that pro-

gress to opportunistic infections, lung failure, or virus-induced can-

cers. GATA3 is critical for inflammatory and humoral immune

responses and the functioning of the endothelium.

A limitation of this study is that we did not analyse the effects of

RSPO4 upregulation in gingival cells. However, we showed that

RSPO4 activation in HeLa significantly enriched the expression of pre-

dicted functional partners of RSPO4, implying that HeLa cells are a

valid cell model. Another limitation is that we validated the cis effects

of the associated region on RSPO4 but not on other genes. It is possi-

ble that the associated regulatory elements also affect other genes

both in cis and trans. For instance, the nearest gene to the association

second to RSPO4 is angiopoietin 4 (ANGPT4) �40 kb downstream,

with an agonistic function on angiogenesis (provided by RefSeq, Jul

2008) and a paralogue of ANGPT1, which was reported in the GWAS

of de Coo et al. as a suggestive risk gene of stage III–IV, grade C peri-

odontitis. Notably, a direct link of RSPO4 with angiopoietin-like

4 (ANGPTL4) has been described (Kirsch et al., 2017). RSPO4 acts as a

ligand for the LGR6 receptor (Szenker-Ravi et al., 2018). Upon bind-

ing, LGR6 associates with phosphorylated co-receptor lipoprotein

receptor-related protein 6 (LRP6), triggering the canonical Wnt-

signalling pathway. ANGPTL4 as a Wnt-signalling antagonist also binds

to co-receptor LRP6, leading to the attenuation of Wnt/b-catenin

signalling.

5 | CONCLUSION

In conclusion, we showed that rs6056178 is a functional and putative

causal variant of severe progressive forms of periodontitis and affects

GATA binding. RSPO4 is a target gene of this association and its upre-

gulation has effects on the expression of genes that involve host

defence and barrier integrity, such as MUC21 and FUT2.
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