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Abstract

Aim: The basis of phenotypic variation of periodontitis is genetic variability. Disease

relevant effects of individual risk alleles are considered to result from genetic interac-

tions. We investigated gene � gene (G�G) interactions of suggestive periodontitis

susceptibility alleles.

Materials and Methods: We used the case-only design and investigated single-

nucleotide polymorphism (SNPs) that showed associations in our recent genome-

wide association study (GWAS) and GWAS meta-analysis with p < 5 � 10�6.

CRISPR-dCas9 gene activation followed by RNA-sequencing and gene-set enrich-

ment analyses elucidated differentially expressed genes and gene networks. With the

databases of SNPInspector and Transfac professional, luciferase reporter gene assays

and antibody electrophoretic mobility shift experiments, we analysed allele-specific

effects on transcription factor binding.

Results: SNPs at the genes sialic acid binding Ig-like lectin 5 (SIGLEC5) and plasmino-

gen (PLG) showed G�G interactions with rs1122900 at the long non-coding RNA

(lncRNA) CTD-2353F22. Associated chromatin cis-activated CTD-2353F22.1 6.5-fold

(p = .003), indicating CTD-2353F22.1 as target gene of this interaction. CTD-

2353F22.1 regulated GADD45A (padj < 4.9 � 10�11, log2 fold change (FC) = �0.55),

THBS1, SERPINE1 and Tissue Factor F3 (padj < 5 � 10�7, log2 FC ≥ �0.35) and the

gene set “angiogenesis” (area under the curve = 0.71, padj = 8.2 � 10�5). rs1122900

effect C-allele decreased reporter gene activity (5.5-fold, p = .0003) and PRDM14

binding (76%).
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Conclusions: CTD-2353F22.1 mediates interaction of SIGLEC5 and PLG, together

with genes that function in periodontal wound healing.

K E YWORD S

angiogenesis, case-only design, gene–gene interaction, lncRNA, periodontitis

Clinical Relevance

Scientific rationale for study: Disease relevant effects of genetic risk factors are considered to

result from interacting susceptibility alleles.

Principal findings: We found that risk alleles of SIGLEC5 and PLG genetically interact with the

long non-coding RNA CTD-2353F22.1, which regulates genes with a role in wound healing and

angiogenesis.

Practical implications: Our results emphasize the important role of wound healing and vasculari-

zation in the pathogenesis of periodontitis. These mechanisms may be particularly affected in

patients with a genetic susceptibility to periodontitis.

1 | INTRODUCTION

Periodontitis is an oral inflammatory disease with a wide range of mani-

festations that differ in severity, progression of tissue destruction and

age of disease onset. The basis of the phenotypic variation is genetic

variability between different individuals (Timpson et al., 2018). Genetic

variants mostly are single-nucleotide polymorphisms (SNPs) (Genomes

Project et al., 2015) and the number of functional SNPs, their specific

biological consequences, magnitude of effects and interactions with

each other and with environmental factors form the genetic architec-

ture that influences and shapes disease manifestation (Boyle

et al., 2017; Wray et al., 2018). For periodontitis, several genome-wide

association study (GWAS) were performed to identify specific genetic

risk variants. However, the proportion of heritability explained by these

associations is small. This is consistent with other complex diseases and

implies a genetic architecture of many risk loci with moderate effect

sizes (Visscher et al., 2017). It is considered that a disease phenotype

that impacts only a small fraction of the population and has a genetic

architecture of common risk loci with low or moderate effects, such as

early-onset periodontitis, is best explained by a non-linear relationship

between the disease and the burden of risk alleles (Wray et al., 2018).

In this view, the consequences of the effects of the risk alleles are non-

additive but are caused by interacting genetic effects. This implies that

many individuals in the population carry risk variants, but specific com-

binations have non-additive deleterious consequences that strongly

contribute to the individual disease risk (Wray et al., 2018). The knowl-

edge of these gene � gene (G�G) interactions and their biological con-

sequences has strong potential to contribute to a better understanding

of the particular causation of the disease and may improve disease

treatment or prevention.

Early-onset, severe phenotypes are considered to have a high

heritability. We recently performed a GWAS with generalized stage III

grade C periodontitis with an age of first diagnosis ≤35 years to better

understand the biology of this disease (Munz et al., 2017). In that

study, we identified three loci with suggestive associations

(p < 5 � 10�6) and two loci with genome-wide significance

(p < 5 � 10�8), which were the inhibitory immune receptor gene sialic

acid binding Ig-like lectin 5 (SIGLEC5) and the antimicrobial peptides

alpha defensin gene DEFA1A3. The association with SIGLEC5 was sub-

sequently validated by a GWAS meta-analysis of periodontitis

(Shungin et al., 2019). Additionally, in a meta-analysis of generalized

stage III grade C periodontitis and more moderate forms of periodon-

titis (≤60 years of first diagnosis), comprising 5095 cases and 9908

controls, we found two novel loci that were associated with periodon-

titis at genome-wide significance level and four loci that showed sug-

gestive associations (Munz et al., 2019).

In the current study, we hypothesized that G�G interactions exist

between these associations. The objective of this study was to identify

putative interactions of SNPs that showed associationswith p < 5 � 10�5

in ourGWAS andGWASmeta-analysis. Aworkflow illustrating the experi-

mental approach and themain results is shown in Figure S1.

2 | MATERIALS AND METHODS

2.1 | G�G interaction analysis

For the statistical analysis of G�G interactions, we used GWAS geno-

types of 896 North-West European periodontitis cases, with 30%

bone loss at >2 teeth diagnosed ≤35 years (Munz et al., 2017). This

diagnosis indicated severe, rapid disease progression corresponding to

stage III grade C periodontitis (Caton et al., 2018). We used the case-

only design to analyse G�G interactions. This study design provides a

considerable gain in power over classical case–control analyses and

has been applied to identify G�G and G–environment interactions

(Piegorsch et al., 1994; Freitag-Wolf et al., 2019, 2021; Aleknonyte-

Resch et al., 2020). We calculated the statistical power to detect

G � G with the case-only design post hoc using Quanto software

(Gauderman, 2002). We fixed effects parameters as follows: disease

prevalence = 0.1%, MAF according to the associated SNPs at SIGLEC5
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(MAF = 0.2) and PLG (MAF = 0.4), and odds ratio (OR) = 1.75. With

these parameters, our case sample had a power of 0.94. With the

case–control design (considered a 1:1 case–control ratio), the power

was 0.75. The statistical model is described in detail in Appendix.

Additionally, we validated the assumed statistical independence of

genotypes in our GWAS controls (N = 7104, described in (Munz

et al., 2017)) using the Wald test as described in detail in Supplemen-

tary Methods. For further analyses, we included only SNP pairs with

p > .1 in the controls, which confirmed that G1 and G2 are indepen-

dent in the population. A significant result of the same test in the

cases indicates interactions between G1 and G2.

To limit the family-wise error rate of the association tests to 5%, Bon-

ferroni correction was applied, dividing the conventional p value threshold

of .05 by the number of SNP pairs considered to obtain a test-wise thresh-

old. Starting with 10 SNP associations selected from the GWAS and

GWAS meta-analysis, we compared a total of 45 SNP interactions. All sta-

tistical analyses were performed with PLINK 21 and R (v. 3.5.0).

2.2 | Bioinformatical investigations of expressed
quantitative trait loci, linkage disequilibrium and
transcription factor binding sites

Methods used for expressed quantitative trait loci (eQTL), linkage dis-

equilibrium (LD) and transcription factor binding sites (TFBS) analyses

are explained in Appendix.

2.3 | 50- and 30-RACE-PCR and qRT-PCR

To obtain the full length sequences of CTD-2353F22.1 transcripts

expressed in the B cell line GM12878 and in primary CD19+ primary

B cells (RNA purchased from Miltenyi Biotec, Germany), we per-

formed RACE-PCR and quantitative Real-Time PCR (qRT-PCR) as

described in Appendix.

2.4 | CRISPR-dCas9 activation, RNA-Sequencing,
luciferase reporter gene assays and electrophoretic
mobility shift assay

These methods were performed as recently described (Chopra

et al., 2021) and we give all experimental details in Appendix.

3 | RESULTS

3.1 | SNPs at SIGLEC5 and PLG showed
gene � gene interaction with rs122900 at lncRNA
CTD-2353F22.1

We performed a G�G interaction analysis with SNPs that showed

association with periodontitis at p < 5 � 10�6 in our previous GWAS

(Munz et al., 2017) and GWAS meta-analysis (Munz et al., 2019). For

these SNPs, we found G�G interactions with p < .01 between

rs1122900 at the lncRNA CTD-2353F22 and rs4284742 (SIGLEC5)

and rs1247559 (PLG), with p = .0057 and p = .0092, respectively

(Table 1). The G�G interaction of these SNPs suggested an interac-

tion OR of 1.6. This indicates that the interaction of the risk alleles

gives an additional risk that is above the additive effect of the individ-

ual risk alleles.

3.2 | eQTLs and CRISPRa indicated CTD-2353F22
as the target gene of the rs122900-association

eQTL data showed that SIGLEC5 was the target gene of the associa-

tion with periodontitis (rs4284742, whole blood: p = 7.7 � 10�14)

(Westra et al., 2013). A study that investigated SNP associations with

PLG levels in blood plasma identified the rare rs2565722-T allele,

which is correlated with the G�G interacting SNP rs1247559 at PLG

(r2 = 0.73), to be associated with 0.42 unit increase of protein plas-

minogen (Suhre et al., 2017). This also implied PLG as target gene of

the association.

For SNP rs1122900, eQTL effect was observed on CTD-

2353F22.1 (whole blood: p = 6 � 10�15) (Figure 1) (eGTEx

Project, 2017). This indicates CTD-2353F22 as the target gene of the

association. Using CRISPRa, we tested whether the chromatin ele-

ments at rs1122900 were able to cis-activate CTD-2353F22.1 expres-

sion, to validate CTD-2353F22.1 as a target gene. We transfected six

sgRNAs that covered 2600 basepairs (bp) of the chromatin at

rs1122900. One sgRNA (chr19:36690687–36690704, hg19), located

1.506 nucleotides downstream of rs1122900 (chr5:36689181, hg19),

induced CTD-2353F22.1 expression 2.7-fold (p = .003; Figure 2).

Expression of the neighbouring protein-coding gene solute carrier

family 1 member 3 (SLC1A3) SLC1A3 was not increased by CRISPRa.

We previously reported a second haplotype block at CTD-

2353F22 that showed association with stage III grade C periodontitis

(Munz et al., 2017). This block is correlated with rs1122900

(r2 = 0.74) and tagged by rs6887423, which is in strong LD (r2 > 0.8)

with three other SNPs (Figure 1). eQTL data indicated additive acti-

vating regulatory effects in carriers of the rs6887423 C-allele on

CTD-2353F22 expression in blood (p = 2.6 � 10�26), but not on other

genes. We performed CRISPRa with three gRNAs that covered

167 bp of the chromatin at rs6887423. A gRNA (chr19:36696573–

36696591) that located 72 bp downstream rs6887423 induced CTD-

2353F22.1 expression 6.5-fold (p = .003) compared with the

scrambled gRNA (Figure 2) but not SLC1A3. This indicated that CTD-

2353F22 is the target gene of the association with periodontitis.

3.3 | CTD-235322 is primarily expressed as an
intergenic lncRNA

CTD-2353F22 is expressed at the highest levels in mast cells (39.5

counts per million [CPM]), B cells (22.9 CPM) and dendritic cells (17.2
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CPM), with enrichment of 16.8-fold (p = 4.7 � 10�7), 9.2-fold

(p = 1.3 � 10�7) and 6.6-fold (p = 1.9 � 10�5), respectively, com-

pared with other cells (Fantom 5 data) (Lizio et al., 2015; Abugessaisa

et al., 2021). CTD-2353F22 is expressed in different transcripts

(Figure 1). These are an antisense lncRNA ENST00000510740 (spliced

RNA 478 bp), which overlaps with the sequence of SLC1A3, and two

intergenic transcripts that terminate 12 kb downstream SLC1A3

(ENST00000512329, 1924 bp; ENST00000508745, 589 bp). We vali-

dated the expression of CTD-2353F22 antisense and intergenic tran-

scripts by RACE-PCR in the B cell line GM12878 and in primary

CD19+ primary B cells. Sequencing of the 50- and 30-RACE products

validated the expression of the two intergenic transcripts and of the

antisense transcript. Notably, qRT-PCR showed a 4.0-fold (GM12878)

and 4.6-fold (CD19+) higher expression of the intergenic transcripts

compared with the antisense transcript. RACE-PCR detected no

expression of the truncated 2 exon transcript or other transcript

isoforms.

3.4 | Overexpression of CTD-2353F22
downregulates genes of the coagulation cascade and
activates genetic pathways involved in response to
wounding and re-vascularization

Intergenic lncRNAs often function in trans-acting mode to target

distant gene loci, while antisense lncRNAs, which are transcribed

from the opposite strand of a protein-coding gene, commonly

downregulate their neighbouring antisense gene (Chu et al., 2011).

Having shown that CTD-2353F22 is the target gene of the associa-

tion with rs1122900 and is largely expressed as an intergenic

RNA, we were interested in identifying genes and pathways that

respond to CTD-2353F22 expression. We targeted sgRNAs to the

promoter of CTD-2353F22 for using CRISPRa to induce CTD-

2353F22 expression in the native chromatin context. We observed

that the transfection efficiency of CRISPRa was considerably

higher in HeLa cells compared with B cells, with a transfection effi-

ciency of 70%–80% and 20%–25%, respectively. Because higher

transfection efficiency results in a higher number of transfected

cells, and thus in reduced confounding by untransfected cells, we

used CRISPRs in HeLa cells. First, we tested whether the expres-

sion ratio of the CTD-2353F22 isoforms was identical to B cells

and performed qRT-PCR from cDNA of CRISPR activated HeLa

cells with our RACE-PCR primers. Expression of intergenic tran-

scripts ENST00000512329 and ENST00000508745 strongly

increased with FC = 34 (p = .002) and FC = 37 (p = .0004),

respectively. In agreement with our RACE-PCR data in the B cell

line GM12878 and in CD19+ primary B cells, antisense transcript

ENST00000510740 showed the lowest expression with FC = 5.1

(p = .01; Figure 3). This indicated that CRISPRa in HeLa induced

no artificial transcript bias.

Next, we performed RNA-sequencing of total RNA from CRISPR

activated HeLa cells compared with HeLa cells transfected with

scrambled sgRNA as controls. CTD-235322.1 was the most upregu-

lated gene with a 49� fold change (FC log2 = 5.6; padj < 7.5 � 10�35).

No other gene was upregulated with FC ≥1.3 (Table 2), indicating that

CTD-235322 is not an activating lncRNA. In contrast, several genes

showed strong downregulation. Of these, GADD45A (Growth Arrest

And DNA Damage Inducible Alpha) was most significantly downregu-

lated (adjusted p-value padj < 4.9 � 10�11, log2 FC = �0.55). Notably,

three genes of the coagulation cascade were among the top five most

TABLE 1 G�G interaction analysis shows the interaction of single-nucleotide polymorphisms (SNPs) at SIGLEC5 and PLG with rs1122900 at
CTD-2353F22.1

Gene SNP

Effect size in

GWAS (risk
allele)

p Value

(GWAS
association)

G�G

interaction
partner SNP

OR (risk

allele � risk
allele) pa

GWASb SIGLEC5 rs4284742 1.33 (G) 1.3 � 10�8 CTD-2353F22 rs1122900 1.604 [1.586–
1.622]

.0057

DEFA1A3 rs2738058 6.8 � 10�10 None

CTD-2353F22 rs1122900 1.26 (A) 8.0 � 10�7 SIGLEC5 n.s.

OSTCP2 rs4970469 1.2 � 10�6 None

FCER1G rs2070901 4.4�10�6 None

GWAS

meta-

analysisc

ATP6V1C1 rs16870060 3.7 � 10�9 None

LOC107984137 rs729876 9.77 � 10�9 None

PLG rs1247559 1.21 (T) 2.25 � 10�5 CTD-2353F22 rs1122900 1.601 [1.582–
1.620]

.0092

MCM3AP Rs9982623 5.7 � 10�7 None

MAPK6PS2 Rs9984417 3.2 � 10�6 None

Abbreviation: OR, odds ratio.
aTwo-sided Wald test in the case-only design.
bMunz et al. (2017).
cMunz et al. (2019).
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significant downregulated genes (padj < 5 � 10�7, log2 FC ≥ �0.35).

These genes were THBS1 (Thromospondin 1), SERPINE1 (Serpin Fam-

ily E Member 1) and Tissue Factor F3 (Coagulation Factor III).

GO term enrichment analysis showed highest enrichment for the

terms “Response to Wounding”, “Blood Vessel Morphogenesis”, fol-
lowed by “angiogenesis” and “inflammatory response” (Figure 3b).

Gene-set enrichment analysis using a second-generation algo-

rithm showed the highest effect sizes for the gene set “angiogenesis”
(area under the curve [AUC] = 0.71, padj = 8.2 � 10�5), “E2F Targets”
(AUC = 0.67, padj = 1.5 � 10�13), “MYC Targets V2” (AUC = 0.65,

padj = 1.1 � 10�4) and “TNF alpha signalling via NFKB” (AUC = 0.63,

padj = 1.0 � 10�17; Figure 4).

F IGURE 1 Chromosomal positions of the gene CTD-2353F22.1 and periodontitis-associated single-nucleotide polymorphisms (SNPs).
(a) CTD-2353F22.1 is expressed in one antisense transcript and two intergenic isoforms. The eight periodontitis-associated SNPs are marked with
light blue vertical lines. SNP order from left to right: rs6862950, rs56038114, rs56039629, rs1122900, rs17585785, rs56066032, rs6887423
and rs56162483. From top: The first panel shows the chromosomal hg19 positions and the exon–intron structure of the genes. CTD-2353F22.1
is transcribed in reverse orientation to SLC1A3. The second panel shows the ENCODE-derived DNase I hypersensitive sites from 125 cell types.
These accessible chromatin zones are functionally related to transcriptional activity. The next panel presents the binding regions that were

determined for 338 transcription factors (TFs) by chromatin immunoprecipitation sequencing (ChIP-seq) experiments of ENCODE. This panel
does not show the exact transcription factor binding site but indicates TF binding was found at these chromatin regions. The subsequent panel
displays chromatin state segmentation for the human cell line GM12878, generated with ChIP-seq data for nine TFs functionally related to
transcriptional activity as input. The states are coloured to highlight predicted functional elements (orange = strong enhancer, yellow = weak
enhancer, green = weak transcribed, blue = insulator, red = active promoter, purple = poised promoter). The bottom panel shows ENCODE-
derived H3K4me1 and H3K27ac methylation marks from seven cell lines that are often associated with the higher activation of transcription and
are defined as active enhancer marks. The figure was generated using UCSC Genome Browser. (b, c) Three SNPs are correlated with rs1122900
and with rs6887423 at r2 > 0.8 (dashed horizontal line; figures generated with LDproxy Tool with CEU and GBR samples). (d, e) The common C
alleles of rs1122900 and rs6887423 increase CTD-2353F22.1 expression. eQTL violin plot with expression data in whole blood (GTEx Analysis
Release V8 [dbGaP Accession phs000424.v8.p2]). Note that in European populations the common alleles of these SNPs are not ancestral in
African populations (rs1122900, EU: A = 0.42, C = 0.58, AFR: A = 0.88, C = 0.12; rs6887423, EU: T = 0.45, C = 0.55, AFR: T = 50, C = 0.50).
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3.5 | rs1122900-C is a functional allele that
impairs expression and PRDM14 binding

rs1122900 and rs6887423 were located on correlated haplotype

blocks (r2 = 0.67). Each of these SNPs was in strong LD (r2 > 0.8) with

three further SNPs (Figure 1). We bioinformatically investigated

whether the different alleles of these eight SNPs changed predicted

TFBSs. At rs1122900, we found a predicted TFBS for the TF

PRDM14 (PWM similarity score = 89%, Figure 5). At rs6887423, we

found a TFBS for AHR (PWM similarity score = 100%) and at

rs56038114, we found a predicted TFBS for GATA1 (PWM similarity

score = 96%, Figure S2). None of the databases predicted allele-

specific TFBS at the other five SNPs. The three disease-associated

SNPs with predicted TFBS were located at DNAse I hypersensitivity

clusters (determined by ENCODE; Figure 1), indicating chromatin

accessibility.

To test whether the DNA sequences at rs1122900,

rs6887423 and rs56038114 had allele-specific effects on gene

F IGURE 2 CRISPRa at rs1122900 and rs6887423 increases CTD-2353F22.1 expression. (a) CRISPRa with gRNAs that aligned directly at the
genomic region at rs1122900 showed no effect on CTD-2353F22.1 expression. (b) CRISPRa with gRNAs that aligned in a distance of 2100–
2600 bp downstream of rs1122900 activated CTD-2353F22.1 expression 2.7-fold (p = .003). (c) CRISPRa with a gRNA that aligned directly at
rs6887423 with gRNA 1 induced CTD-2353F22.1 expression 6.5-fold (p = .003). The coloured bold vertical lines in the right panels show the
chromosomal positions of the gRNAs, the light blue thin vertical lines show the positions of rs1122900 (right upper and middle panel) and
rs6887423 (right bottom panel). *p < .05, **p < .005
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activity, we cloned ≤147 bp spanning each SNP allele upstream of

the luciferase reporter gene promoter and transfected the reporter

plasmids into HeLa cells. The rs1122900-A reporter gene

increased luciferase activity 5.5-fold compared with the empty

plasmid (p = .0003), whereas the rs1122900-C reporter gene

showed no increase in luciferase activity (Figure 5). This indicated

allele-specific enhancer function of the DNA sequence at rs1122900.

In contrast, the DNA sequence at rs6887423-sequence showed

no effect on luciferase activity. Likewise, the sequence containing

the common allele of rs56038114 did not affect the luciferase

gene expression, although the sequencing with the rare C-allele,

which was predicted to reduce GATA1 binding affinity, increased

the expression 2.2-fold (p = .01). After correcting for six indepen-

dent measurements, we considered this effect not significant.

These data implied that rs6887423 and rs56038114 were not

functional SNPs that are causative for the periodontitis

association.

Next, we tested if PRDM14 binds at the predicted TFBS at

rs1122900. We performed a PRDM14-antibody electrophoretic

mobility shift assay (EMSA) with rs1122900 allele-specific oligonucle-

otide probes and nuclear protein extract from the B cell line Raji.

Binding of PRDM14-antibody to allele-specific probes with the effect

C-allele abrogated antibody binding compared with probes with the

A-allele by 76% (Figure 5).

F IGURE 3 CTD-2353F22.1 has a role in the regulation of wound healing and vascularization. (a) CRISPR-dCas9 activation of the CTD-
2353F22.1 promoter in HeLa cells upregulated the antisense transcript ENST00000510740.1 (�001) 5.1-fold (p = .01). In contrast, the intergenic
transcripts ENST00000512329.1 and ENST00000508745.1 were upregulated 34-fold (p = .002) and 37-fold (p = .0004), respectively. This
expression ratio was concordant to that found in the B cell lymphocyte cell line GM12878 and primary CD19+ B cells by RACE-PCR, indicating
that CRISPRa in HeLa cells corresponds with B cell expression (see text). (b) Dot plot of GO enrichment analysis shows the highest enrichment for
the terms “Response to Wounding” and “Blood Vessel Morphogenesis”, followed by “Angiogenesis” and “Inflammatory response”. Dots
represent term enrichment (red = high enrichment, blue = low enrichment; dot sizes represent the counts of each row of the GO category).
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4 | DISCUSSION

In this study, we searched for G�G interactions of common risk vari-

ants identified in our previous GWAS (Munz et al., 2017) and GWAS

meta-analysis (Munz et al., 2019) that were associated with

p < 5 � 10�6. We identified G�G interaction of variants at SIGLEC5

and PLG with a variant at the intergenic lncRNA CTD-2353F22.1.

Mast cells, B cells and dendritic cells primarily express CTD-

2353F22.1, implying a role of this lncRNA in immune regulation. Inter-

genic lncRNAs often function in trans-acting mode to target distant

gene loci (Chu et al., 2011). Accordingly, we observed that following

upregulation of CTD-2353F22.1, distant genes were downregulated

but not the neighbouring gene.

The gene that showed most significant downregulation was

GAD45A, which is activated following stressful growth arrest condi-

tions and DNA damage and inhibits entry of cells into S phase

(Takekawa & Saito, 1998; Tran et al., 2002). The next three most sig-

nificantly downregulated genes were THBS1, SERPINE1 and Coagula-

tion Factor F3, which have roles in coagulation and wound healing.

Thrombospondin-1 is a potent inhibitor of angiogenesis (Streit

et al., 2000) in response to vascular injury and cytokines (reviewed in

Simantov & Silverstein, 2003). SERPINE1 encodes the plasminogen

activator inhibitor 1 (PAI), which is involved in fibrinolysis and blood

clot degradation (Lee et al., 1993; Fay et al., 1997; Jankun

et al., 2007), regulation of cell adhesion (Planus et al., 1997) and stim-

ulation of keratinocyte migration during cutaneous injury repair

(Providence et al., 2008). The expression of coagulation factor F3 by

adventitial fibroblasts and vascular smooth muscle cells provides a

haemostatic barrier that activates coagulation when vascular integrity

is disrupted (Drake et al., 1989). Coagulation with robust thrombin

generation leading to fibrin formation is necessary for wound healing.

Likewise, in the wound bed, expression of proteolytic enzymes such

as PLG (Silva et al., 2021) and their inhibitors like SERPINE1 (PAI-1)

provide a mechanism for fine control of proteolysis to facilitate matrix

restructuring during wound healing (Simone et al., 2014).

Corresponding to these top downregulated genes, the gene-set

enrichment analysis showed the highest effect sizes for the gene sets

“angiogenesis” and wound healing. During wound healing of tissue

injuries, angiogenic capillary sprouts invade the wound clot and orga-

nize into a microvascular network throughout the granulation tissue

(reviewed in Tonnesen et al., 2000). Taken together, our data suggest

that lncRNA CTD-2353F22.1 has a putative role in the regulation of

these processes. Furthermore, the identified G�G interaction of

lncRNA CTD-2353F22.1 with PLG and SIGLEC5 implies that these

genes are functionally linked.

Most wounds at tissue–environment interfaces will cause leakage

of blood from damaged vessels with subsequent formation of a blood

clot that consists of platelets embedded in a mesh of cross-linked

fibrin fibres. Clot formation serves as a temporary shield protecting

the wounded tissue to prevent bacterial spread and provides a provi-

sional matrix over and through which cells can migrate during the

repair process (Opneja et al., 2019). However, tissue regeneration in

response to wounding requires subsequent resolving of fibrin clots.

For the protease plasmin, the active form of plasminogen, the princi-

pal physiological target is fibrin. Likewise, defective wound healing

and periodontitis characterize PLG deficiency (Silva et al., 2021).

Moreover, for wound healing in an aseptic commensal environment

like the oral cavity, discrimination of tissue injuries from pathogenic

infections is required. Here, the innate immune system uses danger

(DAMPs)- and pathogen-associated molecular patterns that originate

from wounding or injuries by pathogenic infection, respectively, and

are recognized through Toll-like receptors (TLR). Sialoside-based pat-

tern recognition by SIGLEC receptors selectively suppresses the TLR-

response to DAMPs, suggesting a mechanism that allows wound

TABLE 2 Up- and downregulated genes (padj < 5 � 10�6) after CRISPRa of CTD-2353F22.1 in HeLa cells

Gene Description Fold change (log2) p Value padj Value

Upregulated genes

CTD-2353F22.1 Uncharacterized lncRNA 5.61 6.4E-39 7.5E-35

LPL Lipoprotein lipase 0.34 1.1E-14 4.9E-11

CPS1 Carbamoyl-phosphate synthase 1 0.31 7.9E-14 2.3E-10

RNF182 Ring finger protein 182 0.29 6.2E-10 8.1E-07

ASS1 Argininosucciante synthase 1 0.38 7.7E-10 9.0E-07

ATP9A ATPase phospholipid transporting 9A 0.36 4.5E-09 4.4E-06

CBX5 Chromobox 5 0.29 4.9E-09 4.4E-06

Downregulated genes

GADD45A Growth arrest and DNA damage inducible alpha �0.55 1.25E-14 4.89E-11

THBS1 Thrombospondin 1 �0.35 4.98E-13 1.17E-09

SERPINE1 Serpin family E member 1 �0.46 2.45E-12 4.78E-09

F3 Coagulation factor III, tissue factor �0.50 1.65E-10 2.76E-07

FOSL1 FOS Like 1, AP-1 transcription factor subunit �0.64 2.82E-10 4.12E-07

NBPF19 Neuroblastoma breakpoint family member 19 �0.63 1.22E-09 1.30E-06
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healing in the presence of commensal microorganisms (Chen

et al., 2009). The observed G�G interaction may indicate a physiologi-

cal link between fibrinolysis and innate immune suppression during

commensal aseptic wound healing. This may have consequences for

healing after the surgical and non-surgical phase of periodontal ther-

apy. Moreover, the affect alleles are common in the general popula-

tion with >10% frequency.

A limitation of the G�G interaction study was the limited number of

cases, which puts restrains on the significance of the p-value. Likewise,

the G�G interaction indicated a significance of p < .01, which was not

significant after Bonferroni correction. Therefore, the G�G analysis sug-

gested an interaction but did not prove it. However, we consider that the

effects of CTD-2353F22.1 upregulation on genes and gene sets that cor-

relate with the functions of SIGLEC5 and PLG are not chance observations

but confirm our results. Another limitation is that the OR of the G�G

interaction cannot be interpreted as a distinct effect size. Instead, it indi-

cates an effect stronger than the additive effects of the individual risk

alleles. Another limitation was the explanatory power of the gene-set

enrichment analysis, indicated by an AUC ≤0.71. However, lncRNAs are

part of complex regulatory units that make a strong effect of a single

lncRNA unlikely (Statello et al., 2021). Another limitation of our study was

that we performed genome-wide expression profiling and reporter gene

activity in HeLa cells and not in cells that express CTD-2353F at the high-

est levels in nature. We chose HeLa cells because of the high transfection

efficiency, which improves the sensitivity of these experiments by reduc-

ing confounding from untransfected cells. However, we found that the

expression ratio of CTD-2353F.1 isoforms in CRISPR activated HeLa cells

is equal to that in B cells. Therefore, we consider the results as valid. Addi-

tionally, the lncRNA transcripts were induced by CRISPRa in HeLa cells in

the same ratio as observed in primary B cells. This showed that CRISPR

did not introduce a bias on the native expression ratio.

We further gave evidence that rs1122900 is a functional variant

by showing allele-specific reporter gene activity and PRDM14 bind-

ing. PRDM14 is a transcription factor that plays an important role in

the regulation of self-renewal of cells and enhances the efficiency of

re-programming human fibroblasts (Chia et al., 2010). A limitation was

that we did not validate binding of PRDM14 at rs1122900 in the

native chromatin context by ChIP-seq. We also noticed that GTEx

data showed reduced expression of CTD-2353F22.1 in blood in the

background of the reference rs122900-A allele. In contrast to this

F IGURE 4 Gene-set enrichment analysis of CRISPRa induced CTD-2353F22.1 expression in HeLa cells. Shown are evidence plots (receiver-
operator characteristic curves) for the top four gene sets. The highest effect sizes of the CTD-2353F22.1 CRISPRa cells compared with scrambled
sgRNA were found for the gene sets “Angiogenesis” (upper left) with an area under curve (AUC) = 0.71 (p-value padj = 8.2 � 10�5), “E2F
Targets” (upper right; AUC = 0.67, padj = 1.5 � 10�13), “MYC Targets V2” (lower left; AUC = 0.65, padj = 1.1 � 10�4) and “TNF alpha signalling
via NFKB” (lower right; AUC = 0.63, padj = 1.0 � 10�17). 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 were significantly regulated. The AUC corresponds to the effect size of the enrichment, with .5 being no enrichment
and 1.0 being maximal possible enrichment.
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observation, our reporter gene showed increased luciferase activity

with the A-allele in HeLa cells. Although speculative, it is possible that

in vivo eQTLs differ from in vitro reporter gene activity, because of

the small length of the tested candidate DNA sequence or differences

between clones of a single cell type and complex cell type composi-

tion of whole blood. Correspondingly to the GTEx data, a repressive

role of PRDM14 was reported (Tsuneyoshi et al., 2008; Chia

et al., 2010; Chan et al., 2013) and it is conceivable that PRDM14

binding at the A-allele that we observed in the EMSA experiments

may repress CTD-2353F22.1 transcription in vivo.

In conclusion, the current G�G interaction analysis revealed interre-

lations of the genetic associations at SIGLEC5 and PLG with the lncRNA

CTD-2353F22.1. Our results showed that this lncRNA has a role in the

regulation of wound healing and vascularization and imply an important

role of these processes in the etiopathogenesis of periodontitis.
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