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A B S T R A C T   

Obsessive Compulsive Disorder (OCD) is a mental health condition still classified and diagnosed 
with subjective interview-based assessments and which molecular clues have not completely been 
elucidated. We have recently identified a new regulator of anxiety and OCD-like behavior called 
Immuno-moodulin (IMOOD) and, here, we report that IMOOD gene promoter is differentially 
methylated in OCD subjects when compared to genomic material collected from healthy controls 
and this alteration is significantly correlated with the increased expression of the gene in OCD. We 
also demonstrated that IMOOD promoter can form G-quadruplexes and we suggest that, in ho-
meostatic conditions, these structures could evoke DNA-methylation silencing the gene, whereas 
in pathological conditions, like OCD, could induce gene expression making the promoter more 
accessible to transcriptional factors. We here thus further suggest IMOOD as a new biomarker for 
OCD and also hypothesize new mechanisms of gene regulation.   

1. Introduction 

In transgenic mice overexpressing Annexin-A1 specifically in T cells showing high level of compulsive repetitive digging and 
increased level of anxiety-like behavior, it was recently reported an overexpression of the gene coding for the Testis Development 
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Related Protein (TDRP) that we alternatively named Immuno-moodulin (IMOOD) because of its discovery in T cells and ability to 
modulate anxiety-like behavior in mice (Piras et al., 2020), and from now on in the manuscript this is how we will refer to. 

Of interest, the analysis of IMOOD mRNA levels in PBMCs of patients with Obsessive Compulsive Disorder (OCD) revealed a sixfold 
increase in gene expression when compared to healthy controls (Piras et al., 2020). These findings suggest IMOOD as the first blood 
protein biomarker of OCD and related behaviors and opens up to in-depth analysis of the molecular mechanisms by which IMOOD gene 
is regulated and overexpressed in OCD. Focusing on the study of this gene, the overall objective of this work is thus to suggest new tools 
to diagnose and stratify patients for their increased risk of developing OCD, a psychiatric condition responsible for a significant 
impairment of daily functioning and reduction in quality of life, for both patients and their caregivers (American Psychiatric Asso-
ciation, 2013; Dell’Osso et al., 2007; Fontenelle et al., 2010). Available treatments for OCD are yet partially effective (Koran and 
Simpson, 2013) with only one-third of people seeking for help (García-Soriano et al., 2014; Levy et al., 2013). Moreover, OCD patients 
might present themselves in a relatively healthy way when compared to subjects with other psychiatric conditions, and diagnostic 
criteria might not help detecting subjects with subthreshold symptoms (De Bruijn et al., 2010). 

Thus far, very little is known on IMOOD gene and promoter regulation. Human IMOOD (Ensembl gene ENSG00000180190, Uniprot 
identifier Q86YL5) is a protein that was originally thought to contribute to normal sperm motility, but was later found not essential for 
male fertility. Recent works suggest that IMOOD could play a regulatory role not only in OCD but also in other psychiatric, neuro-
degenerative and/or autoimmune diseases. By Next Generation Sequencing (NGS), a mutation in IMOOD (chr8:442616;A4G) has been 
observed only in the affected twin from a pair of monozygotic twins discordant for gender dysphoria (Morimoto et al., 2017). GWAS 
and DNA sequencing data show a significant Single Nucleotide Polymorphism (SNP) associated with longevity in dogs and located in 
the 3′UTR of the IMOOD gene (Korec et al., 2022). 3′ Untranslated regions might have a relevant role in the regulation of translation 
and mRNA stability (Kuersten and Goodwin, 2003) and 3′UTR SNPs have been already described in humans associated with longevity 
(Crocco et al., 2016). 

Moreover, a microduplication in band p23.3 of chromosome 8 was found to segregate with a broad spectrum of psychiatric 
problems and, of note, a significant association was observed for FBXO25 and IMOOD, localized in the proximal part of the micro-
duplication (Harich et al., 2020). When the authors were tempted to validate the relevance of their finding in Drosophila, they found 
two orthologues for FBXO25, whereas there aren’t orthologues for IMOOD. As Drosophila does not have an adaptive immune system, it 
is possible to speculate that indeed IMOOD might be a genuine ‘peripheral’ modulator of anxiety behavior that is expressed in T cells. 
The hypothesis is also corroborated by the fact that IMOOD is not expressed in any invertebrate lacking an adaptive immune system. 

The main goal of this work is to elucidate the role of IMOOD in the pathophysiology of OCD and better characterize its gene 
structure and regulation. 

2. Methods and materials 

2.1. Subjects 

A total of 31 patients (21 women and 10 men; age: 38.19 ± 13.11) followed up at the OCD tertiary outpatient Clinic of the Uni-
versity Department of Psychiatry of Milan, Luigi Sacco Hospital were included in the study. Diagnoses were assessed by the admin-
istration of a semi-structured interview based on DSM-5 criteria (SCID 5 research version, RV) (First et al., 2015). In case of psychiatric 

Fig. 1. a. Schematic representation of human IMOOD gene. Translation start codon (ATG), exons and introns are depicted. Coding regions of exons 
are shown filled. Sequence of the CpG island under study is also reported. Bold text indicates the 4 CpG sites analyzed; b. Percentage of DNA 
methylation of IMOOD promoter in human PBMCs from CTRL group vs. OCD. Focus on CpG sites 1,2,3,4 in CpG island located in Chr 8: 
546,051–545,318. No interesting difference emerges from average values. A remarkable difference for CpG site 2 (*). c. Correlation between IMOOD 
gene expression and % change of DNA methylation at CpG site 2 of the same gene. Data were compared by Spearman’s rank correlation coefficient. 
Spearman r and p value are shown. 
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comorbidity, OCD had to be the primary disorder and illness severity was measured through the Yale-Brown Obsessive Compulsive 
Scale (Y-BOCS) (Goodman et al., 1989). Presence of medical condition and/or drug abuse represented exclusion criteria. All patients 
were for at least one month on stable pharmacological treatment chosen according to international guidelines in the field (Koran and 
Simpson, 2013). A total of 30 age and sex-matched controls (18 women and 12 men; age: 36.70 ± 13.15) were volunteers without any 
psychiatric disorder, as determined by the nonpatient edition of the SCID and no positive family history for major psychiatric disorders 
in the first-degree relatives (Maxwell and Maxwell, 2013). All subjects had given their written informed consent to participate in the 
study, which included the use of personal and clinical data as well as blood drawing for genotyping and methylation analysis. The 
study protocol had been previously approved by the local Ethics Committee. 

2.2. Analysis of IMOOD DNA methylation 

To analyze methylation levels of IMOOD, Genomic DNA was isolated from human PBMCs, as previously described (Pucci et al., 
2019). 

500 ng of each purified DNA sample was subjected to bisulfite modification using the EZ DNA Methylation-Gold™ Kit (Zymo 
Research, Orange, CA, USA), inducing chemical conversion of unmethylated cytosine residues to uracil as previously described 
(D’Addario et al., 2019). The DNA methylation status of 4 CpG sites present in the IMOOD CpG island at gene promoter, predicted 
through MethPrimer (Li and Dahiya, 2002), was assessed using a pyrosequencing assay. 

The schematic representation of the CpG island under study at IMOOD human gene is shown in Fig. 1a, whereas the exact locations 
of the CpG sites analyzed are reported in Table 1. 

CpG methylation assay was designed through PyroMark Assay Design Software 2.0 (Qiagen, Hilden, Germany). We chose to 
analyze the sequence with the best score within a CpG island spanning from 8:545,322 to 8:546,094. PCR and Sequencing primers and 
the related assay score are reported in Table 2. 

DNA, after bisulfite treatment, was first amplified by PyroMark PCR Kit (Qiagen, Hilden, Germany) with a biotin labeled primer 
according to the manufacturer’s recommendations. PCR conditions were as follows: 95 ◦C for 15 min, followed by 45 cycles of 94 ◦C for 
30 s, 56 ◦C for 30 s, 72 ◦C for 30 s, and, finally, 72 ◦C for 10 min. Specificity of PCR products was then verified by electrophoresis. The 
sequencing was performed on a PyroMark Q48 Autoprep using Pyro Mark Q48 Advanced Reagents (Qiagen, Hilden, Germany), 
following the manufacturer’s recommendations. DNA methylation level was analyzed through the PyroMark Q48 Autoprep 2.4.2 
software which calculates the methylation percentage mC/ (mC + C) (mC = methylated cytosine, C = unmethylated cytosine) for each 
CpG site, allowing quantitative comparisons. Quantitative methylation results were expressed both as a percentage of every single CpG 
site and as the average of the methylation percentage of all the 4 CpG sites under study. 

2.3. Bioinformatics 

Pattern-based prediction of Transcription Factor Binding sites was performed using the Alggen promo database (Farré et al., 2003; 
Messeguer et al., 2002), setting a dissimilarity margin less or equal than 15%. Search for G4s was performed with the web-based server 
QGRS Mapper (Kikin et al., 2006), where the algorithm for the search of G4s scans the input sequence for the following motif: Gx - Ny1 
- Gx - Ny2 - Gx - Ny3 - Gx, where x ≥ 2 is the number of G quartet stacks; y1,y2,y3 is the length of each loop between G groups, of 
arbitrary length. For our analysis, we set the parameters as follows: max length 45; minimum G-group size 2; loop size: 0–36. 

2.4. AlphaScreen® assay 

We performed an Alpha (Amplified Luminescence Proximity Homogeneous Assay) assay to test the ability of G4-forming oligos to 
bind to an anti-G4 monoclonal antibody (Biffi et al., 2013) before and after CpG methylation. This Ab has been shown to bind G4 
structures with different symmetries in vitro by ELISA and in immunocytochemistry experiments (Biffi et al., 2013), and it has been 
successfully utilized in ChIP-seq experiments (Hänsel-Hertsch et al., 2016). 

The following oligonucleotides were purchased from IDT (www.idtdna.com)  

bIMOOD 5’ – b- GAG AGG GGA ATT TGC GGG GGC CGG GTG GGG GCT CGG GGG – 3′ 
IMOOD 5’ – GAG AGG GGA ATT TGC GGG GGC CGG GTG GGG GCT CGG GGG – 3′ 
bKIT2 5′– b- AGA CCC GGG CGG GCG CGA GGG AGG GT – 3′ 
KIT2 5’ – CGG GCG GGC GCG AGG GAG GGT – 3′ 
KIT2mut 5′– CTT TCT TTC GCG ATT TAT TTT – 3′ 
b2stackg4 5′– b-GGA GGT ATC ATA TGA CAG TGA ACT TCA AGG AAC TAT GGA ACC CTC TTA TGG ACT CCC – 3′ 

Table 1 
Location of the CpG sites under study at the human IMOOD gene. Genome assembly GRCh38: CM000670.2, transcript TDRP- 
201 (ENST00000324079.11).  

Human IMOOD CpG Island (chromosome 8) 

CpG Site 1 CpG Site 2 CpG Site 3 CpG Site 4 

8: 545,398 8: 545,381 8: 545,374 8: 545,362  

A. Sabatucci et al.                                                                                                                                                                                                     

http://www.idtdna.com


Advances in Biological Regulation 89 (2023) 100976

4

Anti-DNA G-quadruplex structures, clone BG4 Monoclonal Antibody (AbG4) was purchased at Merk Sigma-Aldrich. The 
AlphaScreen® FLAG (M2) no-wash assay kit containing Streptavidin Donor beads and Anti-FLAG conjugated AlphaScreen® Acceptor 
beads was purchased at PerkinElmer. 

Biotinylated oligos were designed to bind to the assay kit streptavidin-tagged donor beads. The Acceptor beads are functionalized 
with an anti-FLAG antibody, able to bind to the FLAG-tag present in AbG4. 

Alpha measurements were performed on an EnSpire Microplate Reader (PerkinElmer) using a standard Alpha method protocol for 
low volume 384 well plates. We utilized white Proxyplate-384 Plus, white shallow well microplates (PerkinElmer). 

The following buffers were used to dissolve samples: Buffer A (Tris 10 mM pH 7.4, KCl 100 mM, Tween20 0.1% v/v); Buffer B (Tris 
10 mM pH 7.4, KCl 100 mM, Tween20 0.1% v/v, BSA 1 mg/ml); Buffer C (Tris 10 mM pH 7.4 KCl 100 mM); Buffer D (Tris 10 mM pH 
7.4). 

In each microplate well we added 3 μl competitor in buffer A and 3 μl AbG4 30 nM in buffer B, then incubated 1 h in the dark at 
room T. Therefore, we added 3 μl b-oligo 30 nM in buffer A and 6 μl of a donor/acceptor mix beads in buffer B, and we read the Alpha 
signal after 2 h incubation in the dark at room T. 

Before proceeding with the Alpha assay, all oligonucleotides were diluted at 15 μM in buffer A or buffer C and followed an 
annealing step. Annealing conditions were as follows: 95 ◦C for 5 min followed by a slow-cooling step (− 0.05 ◦C/s) until reaching 21 ◦C 
to promote G4 structures formation. 

2.5. Oligonucleotide methylation 

Reagents for oligonucleotide methylation are from New England Biolabs. Methylation of KIT2 and IMOOD oligos was performed 
according to producer recommended protocols. In Brief: 2 μl SAM 1.6 mM were incubated for 1 h at T = 37 ◦C with 1 μl of oligo (1 μg/ 
μl), 1 μl Sssl methylase (4U/μl), 2 μl NEB buffer and 14 μl nuclease-free water. The reaction was stopped by heating samples at 65 ◦C for 
20 min. 

2.6. UV differential optical absorption spectroscopy 

UV spectra in the 220–350 nm wavelength range, with a 1 nm step were measured using a nanodrop 2000C instrument (Thermo 
Scientific). 

bKIT, KIT, KITmut, bIMOOD and IMOOD oligonucleotides were diluted at 15 μM in buffer A, C, or D (same buffer compositions as in 
Alpha assays). Samples in buffer A and C were measured before and after an annealing step. Differential spectra were calculated on 
those normalized at the wavelength of 260 nm. 

2.7. Statistical analysis 

Statistical Data Analysis was performed using Prism® 9 (GraphPad Software, San Diego, CA). DNA methylation results at IMOOD 
promoter in OCD human samples are expressed as mean ± standard deviation (SD). DNA methylation at each CpG site was analyzed 
using the Mann-Whitney test and Sidak-Bonferroni correction was used for the multiple comparisons. Power calculations were per-
formed using G*Power version 3.1 (Faul et al., 2007). All the data were compared by Spearman’s rank correlation coefficient. P-values 
<0.05 were statistically significant. For Alpha assays, data points are reported as mean ± standard deviation (SD) of a triplicate. 
Experimental points were analyzed using a log(inhibitor) vs. response – Variable slope (four parameters) Least squares fit (Sabatucci 
et al., 2020). 

3. Results 

3.1. IMOOD promoter is differentially methylated in OCD patients 

A significant decrease in IMOOD DNA methylation at gene promoter in OCD subject at CpG site 2 (CTRL: 8.22 ± 3.85; OCD: 5.78 ±
1.20; p = 0.032) was observed (Fig. 1b). Achieved Power was 0.91 for DNA methylation at this CpG site. Consistently, we also report an 

Table 2 
Primer set used for CpG methylation assay.  

Primer Seta Score: 89 
Quality: High 

Primer Id Sequence Nt Tm, ◦C %GC 

→ PCR F1 GGGGGTAGTTAGGGAGTAAGTG 22 59.3 54.5 
⥆ PCR R1 CTATCCCCCATTCCCTAAATCCTCCTCTA 29 60.1 48.3 
→ Sequencing S1 GGGGAGAAGGAGAGA 15 48.3 60.0 
Sequence to Analyze ATYGGGAGAG GGGAATTTGY GGGGGTYGGG TGGGGGTTYG GGGGTAGAGG AGGATTTAGG GAAT  

a Primers’ characteristics like nucleotide number (Nt), melting temperature (Tm, ◦C) and percentage in GC (%GC) are reported. Reverse bio-
tinylated primer is indicated (þ). Analyzed sequence (after bisulfite conversion) and CpG methylation assay score are reported as well. 
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inverse significant correlation between the already reported IMOOD gene expression (2^(− DDCt) values) (Piras et al., 2020) and DNA 
methylation at the same CpG 2 (Spearman’s r = - 0.37, p = 0.038) (Fig. 1c). No significant correlations were observed when stratifying 
data according to age, gender, years of onset or Yale-Brown Obsessive Compulsive Scale (Y-BOCS) scores, a scale designed to measure 
the severity and type of OCD symptoms (see Supplementary Fig. S1). 

3.2. IMOOD is predicted to contain G-quadruplexes 

We performed a bioinformatic analysis of the CpG island of IMOOD promoter containing the CpG site resulted differentially 
methylated between OCD and controls, in search of possible Transcriptional Factors (TFs) binding sites that could promote/repress the 
transcription of this gene. 

In this way, we identified, among the others, the presence of a potential consensus site for WT1, a complex zinc finger transcription 
factor that has been shown to activate or repress numerous target genes and to be sensitive to CpG methylation (Hashimoto et al., 
2014). 

Moreover, we noticed that the region contains 51 guanines, accounting for 55.4% of total nucleotides, that might predict for the 
formation of a G4 structure, a secondary DNA structure alternative to the double helix, which is observed upon stacking of typically 3 
or more G-quartets, where a G quartet is a square planar structure formed by 4 guanine residues. We thus performed a bioinformatic 
prediction for the possible formation of G4s using QGRS mapper on the IMOOD promoter CpG island. 

For this analysis, we also used as a positive control the promoter sequence of the proto-oncogen gene KIT, which contains 3 
different and well-characterized G4 structures, namely KIT1, KIT2 and SP1 (Ducani et al., 2019) (GrCH38.p13 chromosome 4:54,657, 
830 - 54,657,906). As a negative control, we designed an oligo of the length of KIT2 (21 nts), containing no guanines (KIT2mut). 
Finally, we also tested the program on a 54 nt synthetic sequence containing a possible 2-fold stack G4 (2stack G4). Results are reported 
in Table 3. 

As expected, QGRS reported no results for KIT2mut oligo, addressing to zero the probability to form G4 structures, and a very low 
score for the synthetic oligo sequence, indicating a low probability of forming a 2-stack quadruplex, characterized by a very long 
connecting loop (23 nts). 

In our positive control sequence KIT, the program returned 3 regions, corresponding respectively to the well-known G4 motifs KIT2, 
SP1 and KIT1. 

Regarding the IMOOD gene promoter oligo, 3 different regions are predicted to form G4s. Among them, the 35 nt-long 4-stack G4 in 
position 30 containing the observed differentially methylated CpG site resulted with at G-score of 106, much higher than the one 
calculated for the 3 G4 motifs in KIT. 

Of note, expanding our analysis to the whole promoter, we observed that the considered CpG island belongs to a region, extending 
761 nts from the tss in the 5’ flanking tract containing 50% G. 

In this region, QGRS predicted 17 different possible G4 non overlapping sequences. Among them, 5 with scores higher than 100 
(the considered one being the 3rd best ranking) (data not shown). 

3.3. Alpha assay: IMOOD forms G4 at promoter region 

We verified in vitro the formation of the G4 structure predicted with the highest score at IMOOD promoter (Imood-B, see Table 3) 
setting up an Alpha assay based on the ELISA method proposed by Biffi and coll. (Biffi et al., 2013). 

As a positive control for this method, we chose the KIT2 sequence (see Table 3), already tested for AbG4 affinity (Biffi et al., 2013). 
Moreover, its 3-stack structure has been resolved by NMR in different conditions (Peterková et al., 2021). 

After verifying that the buffer composition does not affect the Alpha measurements, by registering the Alpha signal of a 
biotinylated-FLAG standard sample at different concentrations in buffer B and in standard Alpha buffer, we optimized sample con-
centrations and incubation time (data not shown). 

We then performed a competitive binding assay for measuring the affinity of G4-forming oligos vs AbG4 Ab. At fixed concentration 

Table 3 
QGRS Mapper G4 prediction results (overlaps not included).  

Oligoa POSITION LENGTH QGRS G-score 

IMOOD-A 2 14 GGCGGGGGAGAAGG 33 
IMOOD-B 30 35 GGGGAATTTGCGGGGGCCGGGTGGGGGCTCGGGGG 106 
IMOOD-C 69 19 GGAGGACCCAGGGAACCGG 32 
KIT (KIT1) 7 20 GGGCGGGCGCGAGGGAGGGG 68 
KIT (SP1) 28 17 GGCGAGGAGGGGCGTGG 36 
KIT (KIT2) 57 21 GGGAGGGCGCTGGGAGGAGGG 69 
KITmut – –  – 
2stackG4 1 38 GGAGGTATCATATGACAGTGAACTTCAAGGAACTATGG 14  

a Input sequences:IMOOD:CGG CGG GGG AGA AGG AGA GAA CCG GGA GAG GGG AAT TTG CGG GGG CCG GGT GGG GGC TCG GGG GTA GAG 
GAG GAC CCA GGG AAC CGG GGA TAKIT:AGA CCC GGG CGG GCG CGA GGG AGG GGA GGC GAG GAG GGG CGT GGC CGG CGC GCA GAG GGA 
GGG CGC TGG GAG GAG GGG KITmut:CTT TCT TTC GCG ATT TAT TTT 2stack G4:GGA GGT ATC ATA TGA CAG TGA ACT TCA AGG AAC TAT GGA 
ACC CTC TTA TGG ACT CCC. 
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of biotinylated oligos and AbG4 (30 nM) we added 7 points of a 1:3 serial dilution of 300 nM competitors. bKIT2 competitors used are 
respectively KIT2, KIT2 after methylation, KIT2mut; bIMOOD competitors: IMOOD, IMOOD methylated, KIT2mut. Data fitting pa-
rameters are reported in Table 4, experimental points and curves in Fig. 2. 

Our results show how bKIT2 has a good affinity vs AbG4, with a Kd of 337 nM. CpG methylation seems to slightly stabilize the 
structure, with a Kd value of 226 nM (see Fig. 2. This result is in line with what reported by Laddachote and coll (Laddachote et al., 
2021). who showed that CpG methylation does not affect the structure and thermal stability of KIT2 in the presence of K+ ions in 
solution. The mutated sequence (KIT2mut) is substantially non-competitive, with a predicted Kd value of 15 μM (Fig. 2a). 

IMOOD has higher affinity vs AbG4 (Kd = 259 nM) with respect to KIT2. Again, for this structure, CpG methylation has no structural 
destabilizing effect as the affinity vs AbG4 (Kd = 274 nM) remains unchanged within the error (Fig. 2b). 

Interestingly, the 2stackG4 oligo, predicted to form G4s with low score, gave rise to a strong Alpha signal. A displacement assay, 
using IMOOD oligo as a competitor, allowed us to determine that this structure has anyway lower affinity vs AbG4, with a very low 
IC50 concentration (10 nM) (Fig. 2c). 

3.4. UV differential absorbance spectroscopy confirms G4 formation and stability 

The possible structural effects of the experimental conditions used in the Alpha assay (biotinylation, K+ concentration, annealing 
step, addition of detergent in solution) on the observed G4 formation and stability have been thus analyzed by UV differential ab-
sorption spectroscopy. UV absorbance spectroscopy is a method largely used to assess the formation of G4 structures in solution. Upon 
G4 formation, a differential UV spectrum gives rise to characteristic peaks (Gray and Chaires, 2012; Karsisiotis et al., 2011). 

We registered the absorption spectra of biotinylated and non-biotinylated oligonucleotides in buffer A and buffer C (before and 
after annealing) and calculated the differential spectra with respect to buffer D (Fig. 3). 

The analysis of the differential spectra shows how the G4-forming oligonucleotides KIT2 and IMOOD have typical differential 
spectra (Karsisiotis et al., 2011) with maxima around 244 and 276 nm, and minima around 260 and 290 nm while the mutated 
oligonucleotide KIT2mut, not competent for forming G4s, maintains the same conformation in all considered buffer compositions, and 
it is not influenced by the presence of K+ ions in solution. 

Biotinylation at the 5′-end of KIT2 and IMOOD oligonucleotides seems to slightly influence G4 stability, as for these samples 
maxima and minima are less pronounced with respect to non-biotinylated ones. 

KIT2 and bKIT2 show an increase of the maximum at 244 ± 1 nm after annealing, addressing a possible G4 stabilization or 
symmetry variation. In the case of IMOOD and bIMOOD, the differential spectra before and after annealing do not show significant 
differences. The addition of TWEEN 20 detergent in solution has no influence on the shape of differential spectra for all analyzed 
samples. 

4. Discussion 

The first result of this study is the identification of a specific CpG island at IMOOD promoter containing a CpG site (CpG site 2) 
differentially methylated in DNA obtained from PBMCs of OCD subjects when compared to genomic material collected from healthy 
controls. This alteration was significantly correlated with the increased expression of the gene that we previously reported (Piras et al., 
2020). It has already been observed that epigenetic alterations appear to be relevant in different pathologies (Tafani et al., 2020) 
including OCD (D’Addario et al., 2022a, 2022b; Schiele et al., 2022). So far, studies into the peripheral DNA methylation signatures in 
OCD have mostly focused on candidate-genes (Endres et al., 2022). 

Our data on IMOOD DNA methylation add a new piece in the puzzle and we thus propose the involvement of its transcriptional 
regulation in OCD suggesting a role for CpG methylation at gene promoter. A recent meta-analysis study reported differential 
methylation in opioid users when compared to nonusers at CpGs annotated to 6 genes, among these IMOOD gene (Lee et al., 2023). It is 
of interest to note that the level of compulsivity and obsessionality in opioid dependence has been found to be comparable to that found 
in OCD (Friedman et al., 2000). 

In order to deeply analyze the molecular mechanisms behind IMOOD regulation, we performed a bioinformatic analysis and we 
noticed that IMOOD promoter has a quite extended region with a peculiar characteristic: a remarkable high percentage of guanines. 
This guanine-rich sequence also includes CpG site 2. These two concomitant elements caught our attention, letting us hypothesize that 
different regulators of gene expression could be involved. 

Considering that KIT gene promoter, with a well-known and characterised G4-forming region accounts for a lower percentage of G, 
with respect to IMOOD (about 37% vs 50%), we focused on the possibility that IMOOD promoter could form G-quadruplexes (G4s). 

G4s are DNA secondary structures consisting of stacks of planar G-tetrads, which are preferentially stabilized by monovalent 

Table 4 
Competition assay curves fitting parameters.  

OLIGO bKIT2 bImood b2stackG4 

competitor KIT2 KIT2 meth KIT2 mut Imood Imood meth Imood mut Imood (displacement) 

HillSlope − 0.8987 − 0.9813 − 0.6714 − 1.533 − 1.405 0.3033 − 1.473 
IC50 (M) 3.37E-07 2.26E-07 1.50E-05 2.59E-07 2.74E-07 6.62E-20 1.08E-08 
R squared 0.9813 0.993 0.8084 0.9962 0.999 0.2605 0.9965  
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cations (the strongest is K+) centrally coordinated to the O6 atoms of guanines (Spiegel et al., 2020). 
G4 formation can be predicted in silico, using computational algorithms based on the search of a G-rich motif (Puig Lombardi and 

Londoño-Vallejo, 2020) and this approach allowed to predict the presence of at least one G4 motif in >40% human gene promoters 
(Huppert and Balasubramanian, 2007). 

Recent evidence suggests that G4s are involved in key genome functions such as transcription, replication, genome stability, and 
epigenetic regulation (Spiegel et al., 2020). In particular, G4s have recently been shown to be target binding sites for a large number of 
transcription factors (TFs) when located at gene promoters (Fang et al., 2022; Spiegel et al., 2020). Moreover, it has been demonstrated 
that G4s can influence methylation at CpG islands (Fang et al., 2022; Mao et al., 2018) and appear to be prevalent TF binding hubs in 
human chromatin (Spiegel et al., 2021), in particular for highly expressed genes and their binding can be affected by cytosine 
methylation (Patel et al., 2020; Yin et al., 2017). 

We already successfully utilized the Alpha technology to propose an innovative assay to measure the interaction of DNA motifs to 
TFs and quantitatively evaluate the effect of CpG methylation on binding affinity (Sabatucci et al., 2020). Here, the use of Alpha 
method allowed us not only to verify the formation of G4 structures on IMOOD and on positive and negative control sequences, but also 
to verify the structural effect of CpG methylation on G4 stability. Moreover, the high sensitivity of the method allowed us to verify the 
difference in affinity for the monoclonal AbG4 for 4-stack stable G4s vs a predicted low-score 2-stack G4. 

In our experimental conditions, CpG methylation, for both KIT and IMOOD, does not substantially affect the G4 structure. Indeed, 
CpG methylation has been shown to have structural effects on G4 stability, stabilizing some G4 structures and destabilizing some 
others. G4 sequences occur more frequently at gene promoters, thus also in CpG islands (Huppert and Balasubramanian, 2007; Zhao 
et al., 2007) and have been associated to suppression as well as activation of the transcription (Stevens et al., 2022). 

At the level of gene promoters, CpG methylation has been suggested to act as an epigenetic transcription regulator, as this 

Fig. 2. a, b. Alpha competition assays for the determination of the constant affinity Kd of G4s vs the monoclonal AbG4 antibody. Competitors to the 
binding of b-consensus oligos (a. bKIT2; b. bIMOOD) to AbG4 are respectively the untagged oligo before (cyan) and after (red) full enzymatic 
methylation. Untagged non-specific mutated KIT2 oligo (green) was used in both cases as negative control. Panel c: Alpha displacement assay of 
biotinylated 2-stack predicted G4 oligo (blue) using as a competitor the untagged IMOOD G4 sequence gives a calculated IC50 value much lower (1 
order of magnitude) with respect to bIMOOD (red), addressing to a very low affinity for the AbG4 antibody (see Table 4 for fitting values). 
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epigenetic modification can affect the binding activity of G4-binding proteins, including TFs (Tsukakoshi et al., 2018), and this could 
actually be the mechanism occurring at IMOOD promoter. Moreover, a recent bioinformatic study hypothesized that G4 structures may 
act as epigenetic regulatory elements potentially able to recruit enzymes adding or removing methylation marks suggesting that G4 
formation might generally evoke DNA-methylation perturbation not necessarily promoting hyper- or hypomethylation (Rauchhaus 
et al., 2022). 

Our data overall support the hypothesis that IMOOD expression is modulated by DNA methylation in OCD. This modification 
targets a specific CpG site in IMOOD promoter and a significant difference has been reported between OCD and healthy subjects. 

At the same time, IMOOD promoter can fold in multiple G-quadruplex structures, and we verified experimentally that the observed 
CpG motif differently methylated is constitutive of a G4 structure and does not affect its stability in the presence of K+ ions in solution. 

Our in-silico analysis suggests that the reported one could be one of several points where CpG motifs are constitutive of G4 
structures, and thus that the interplay between CpG methylation and G4s could be a crucial regulation mechanism for IMOOD 
expression. 

It would be thus possible that IMOOD promoter is silenced in homeostatic conditions due to higher levels of DNA methylation, 
whereas it becomes more accessible to TFs in pathological conditions, such as in OCD, inducing an increase in its expression. Further 
biomolecular studies will be of help to deepen our knowledge on the role and regulation of this gene and to characterize the binding of 
the different TFs. The data we report on the epigenetic and on the DNA conformations at specific genomic sequences could represent a 
novel approach to better characterize important biological functions, such as the regulation of gene expression, altered nucleosome 
positioning (stable G4s induce subsequent genomic rearrangements), or even the control of genomic imprinting. 

In conclusion, our data could be of relevance in order not only to suggest new biomarkers and thus new targets but also new 
therapeutic approaches for OCD, as well as other disorders where these kinds of alterations might occur. For instance, it might be not so 
unlikely to prospect in those with known altered IMOOD gene regulation, methyl donor supplementation that might be functional in 

Fig. 3. Differential UV spectra. Left panel: wt oligos. Right panel: biotinylated oligos. The normalized spectra of all samples measured in Buffer D 
(Tris/HCl 10 mM, pH 7.4) were subtracted to the ones in Buffer C (Tris 10 mM pH 7.4 KCl 100 mM); or Buffer A (Tris 10 mM pH 7.4, KCl 100 mM, 
Tween20 0.1% v/v) before or after annealing (ann). 
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reduce IMOOD up-regulation by modifying TFs recruiting on G4 motifs. 
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