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Various single nucleotide polymorphisms (SNPs) in the oxytocin receptor (OXTR) gene have been associated with behavioral traits,
autism spectrum disorder (ASD) and other diseases. The non-synonymous SNP rs4686302 results in the OXTR variant A218T and has
been linked to core characteristics of ASD, trait empathy and preterm birth. However, the molecular and intracellular mechanisms
underlying those associations are still elusive. Here, we uncovered the molecular and intracellular consequences of this mutation
that may affect the psychological or behavioral outcome of oxytocin (OXT)-treatment regimens in clinical studies, and provide a
mechanistic explanation for an altered receptor function. We created two monoclonal HEK293 cell lines, stably expressing either the
wild-type or A218T OXTR. We detected an increased OXTR protein stability, accompanied by a shift in Ca2+ dynamics and reduced
MAPK pathway activation in the A218T cells. Combined whole-genome and RNA sequencing analyses in OXT-treated cells revealed
7823 differentially regulated genes in A218T compared to wild-type cells, including 429 genes being associated with ASD.
Furthermore, computational modeling provided a molecular basis for the observed change in OXTR stability suggesting that the
OXTR mutation affects downstream events by altering receptor activation and signaling, in agreement with our in vitro results. In
summary, our study provides the cellular mechanism that links the OXTR rs4686302 SNP with genetic dysregulations associated
with aspects of ASD.
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INTRODUCTION
The neuropeptide oxytocin (OXT) regulates multiple social and
emotional behaviors, such as social bonding, reciprocal trust,
aggression, fear, and anxiety, both in animals and humans [1–3].
Extensive research in rodents revealed endogenous OXT release
from hypothalamic neurons within distinct brain regions in
response to reproductive [4, 5], stressful [6, 7] or social [8, 9]
stimuli, and its binding to intracerebral OXT receptors (OXTR). The
OXTR is a G protein-coupled receptor, which is abundantly
expressed in the brain [1]. By coupling to different G-proteins [10],
the OXTR is linked to multiple intraneuronal signaling cascades,
including Ca2+, protein kinase C and mitogen-activated protein
kinase (MAPK) kinase (MEK1/2) signaling [11, 12], the myocyte
enhancer factor 2A (MEF2A) [13], as well as mitochondrial
respiration [14]. Some of these pathways, e.g., MEF2A signaling
and mitochondrial functioning, have been associated with autism
spectrum disorder (ASD) [15–17].
Consequently, brain OXTRs are not only biological targets of

endogenous OXT, but potentially also for the treatment of
psychopathologies associated with emotional and social deficits
such as ASD [18–20]. For example, synthetic OXT, which can be

applied intranasally and penetrates brain tissue [21, 22] has been
shown to improve social deficits in autistic children [23, 24].
However, the therapeutic efficacy is highly variable across

individuals. The cause for this variability is still elusive, but
epigenetic modification of OXTR expression [25] or the existence
of single nucleotide polymorphisms (SNPs) in the OXTR are likely
to contribute [26]. Thus, uneven distribution of SNP alleles among
clinical trial cohorts could result in the observed variability;
consequently, the effect of the mutation on the gene and the
gene product is essential knowledge to adequately design clinical
studies. So far, the structural as well as functional consequences of
SNPs in the gene encoding the OXTR are not fully understood,
despite the fact that SNPs in the OXTR have already been
associated with a plethora of psychological traits in genome-wide
association studies (GWAS) [27, 28]. Although most of the
described disease-associated SNPs are intronic and/or synon-
ymous mutations [1], non-synonymous SNPs (nsSNPs), which are
likely to affect OXTR protein structure and function, have also
been associated with severe psychopathological conditions of
ASD. For example, the rs4686302 nsSNP has been associated with
deficits in social communication and cognition, as well as
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restricted and repetitive behaviors [29, 30], along with differences
in emotional empathy in a non-clinical Chinese cohort [31].
Another study investigated the association of the rs4686302
nsSNP with premature birth as well as reduced Cesarean section
prevalence, and found that this variant results in increased
contractility upon OXT stimulation in human myometrium
biopsies [32].
The nsSNP rs4686302 is located within the coding region of

exon 3 in the human OXTR gene, leading to an amino acid
exchange of alanine to threonine at position 218 (A218T) of the
OXTR protein. Intriguingly, in silico sequence-based predictions of
the functional significance of this variant did not identify it as
damaging [33], in contrast to the observed phenotype. Thus,
shedding light on the functional consequences of nsSNP
rs4686302 is crucial to assemble a comprehensive model of
molecular and intracellular effects that may ultimately affect
complex behavioral traits associated with ASD. Recently, the
crystal structure of the human OXTR has been solved [34],
opening up the avenue to assess such molecular effects in detail.
Here, we transduced HEK293 cells with an N-terminal FLAG-

tagged OXTR comprising either the reference wild-type (WT)
sequence or the rs4686302 nsSNP. Since the OXTR belongs to the
family of rhodopsin-like GPCRs that do not rely on a signal peptide
[35], but a signal anchor sequence represented by the first
transmembrane domain, the N-terminal tag does not interfere
with protein translation in the endoplasmic reticulum. By means of
FLAG tag-directed fluorescence-activated cell sorting (FACS), we
isolated single clones of OXTR-positive cells to create both WT and
SNP-containing monoclonal cell lines. To control for genomic
effects and to map the insertion site of the OXTR gene, we
conducted whole-genome sequencing. OXTR protein stability and
turnover have also been assessed by cycloheximide degradation
assay and compared between nsSNP and WT cells. Because OXTR
activation leads to Ca2+ release from intracellular stores [36, 37] as
well as Ca2+ influx from the extracellular space [12], we measured
stimulated intracellular Ca2+ levels in both cell lines using Ca2+

fluorescence imaging. Furthermore, we assessed the activation of
the MAPK pathway downstream of the OXTR by western blot, with
ERK1/2 being the proposed essential core factor for the anxiolytic
and anti-stress effects of OXT [38–40]. As both OXTR-activated
pathways signal to the nucleus to regulate gene transcription [41],
we also performed RNA sequencing in WT and SNP-containing
cells and identified multiple genes, which were found to be
differentially regulated by the presence of the SNP. The impact of
the mutation on the receptor structure and on downstream
intracellular events was finally investigated by molecular and
systems biology modeling. The computational results have been
validated by comparison with the aforementioned protein
degradation and Ca2+ imaging assays. Altogether, the combina-
tion of in vitro and in silico approaches used in this work allows to
analyze the molecular and cellular effects of the OXTR A218T
variant and opens the way for future rational drug design efforts.

MATERIAL AND METHODS
Cell culture
HEK293 cells (provided by Prof. Eugen Kerkhoff, University Hospital Regens-
burg) were cultured in DMEM (#D8437, Sigma Aldrich, Darmstadt,
Germany), supplemented with 10% heat-inactivated Gold fetal bovine
serum (#FBS-HI-11A, Capricorn, Germany), and penicillin/streptomycin
(#P4333, Sigma Aldrich) at 37 °C/5% CO2 until 80% confluency. Passaging
was performed at least once a week by gentle trypsinization. Cells were
tested for mycoplasma contamination on a regular basis.

Transduction of HEK293 cells with OXTR gene variants
For a stable integration of the OXTR variants in the genome, moloney
murine leukemia virus (MMLV) vectors were designed (VectorBuilder, Neu-
Isenburg, Germany), and HEK293 cells were transduced according to the

manufacturer’s protocol. The constructs contained the respective human
OXTR gene (transcript variant 1, accession number NM_000916.3) or the
SNP-containing variant (rs4686302) and an N-terminal 3xFLAG tag
conjugated to the gene.

Establishment of monoclonal cell lines expressing the OXTR
To reduce variability, we used monoclonal cell lines. For single cell sorting,
cells were stained with an anti-DDDDK tag antibody that recognizes the
3xFLAG tag, conjugated to phycoerythrin (ab72469, abcam, Cambridge,
UK) and sorted on a BD FACSAriaTM IIu high-speed cell sorter (Becton
Dickinson, Heidelberg, Germany).

Whole-genome sequencing
Two cell lines, expressing either the reference or the SNP-containing OXTR
gene, were chosen based on their expression levels of the OXTR protein
validated by 3xFLAG tag western blot. Further analysis, including the
genomic integration site of the constructs, whole-genome sequencing,
and subsequent bioinformatics analyses were performed by CeGaT GmbH
(Tübingen, Germany). For details, please see Tabs. S1–S4.

Protein isolation and western blot
Protein extraction and western blotting was performed as previously
described in Meyer et al. [13]. Due to a lack of specific OXTR antibodies
[42], we detected OXTR expression via the 3xFLAG tag. Specific antibodies
for anti-DDDDK (ab49763, abcam, Cambridge, UK), ERK1/2 (9102, Cell
Signaling Technology, Frankfurt am Main, Germany) and pERK1/2 (4370,
Cell Signaling Technology) revealed expression levels of the OXTR, and
total and phosphorylated ERK1/2, respectively. The total protein loading
was controlled by the “Stain-Free” method from Bio-Rad (Feldkirchen,
Germany). Uncropped images of western blots are provided in Fig. S1. All
protein quantifications by western blot were replicated at least 3 times.

Flow cytometry
For analysis of cell surface expression of the OXTR, cells were stained with
anti-DDDDK tag antibody conjugated to phycoerythrin (ab72469, abcam,
Cambridge, UK) and DAPI (Sigma-Aldrich, Munich, Germany) to exclude
dead cells. Data were acquired on a BD FACSCelesta™ (Becton Dickinson,
Heidelberg, Germany) and analyzed with FlowJo® v9.9.6 (Treestar Inc.,
Ashland, OR, USA).

Cycloheximide protein degradation assay
The turnover of the OXTR protein was determined using cycloheximide
(CHX)-mediated inhibition of de novo protein synthesis. Cells were seeded
and treated with 20 μg/ml CHX (Sigma, Taufkirchen, Germany) for 0–24 h.
Proteins were isolated with RIPA, and western blot analysis was performed.
The expression of 3xFLAG was analyzed in whole cell lysates.

Cytosolic Ca2+ imaging with Fura-2-AM
The basal cytosolic Ca2+ amount and the OXT-induced cellular Ca2+

response were assessed using the ratiometric Ca2+ indicator Fura-2-AM.
Solutions (Ringer ± Ca2+) and OXT (final concentration 100 nM) were
applied with a perfusion system. Regions of interest were drawn over
selected cells in the visual field using the Zen imaging software (ZEISS) and
FIJI/ImageJ. Ca2+ traces were plotted with the Origin Software (OriginLab,
version 9.7.0.188) evaluating the basal cytosolic Ca2+, area under the curve,
amplitude, as well as full width at half maximum.

Molecular modeling
Both monomeric and homodimeric forms of OXTR may be present at the
OXTR expression levels in the HEK293 cellular lines studied here [43].
Therefore, both forms were modeled.
Our structural models of WT and A218T OXTR monomeric proteins were

based on the X-ray structure of the OXTR A218T variant monomer (PDB code
6TPK) [34], which corresponds to an inactive state. We used SwissModel [44]
to revert eight thermo-stabilizing mutations present in the crystallographic
construct [34] and replace the fusion protein by the sequence of the human
OXTR intracellular loops (UniProtID P30559). The residue at position 218 was
modeled as either alanine or threonine using the Rotamers tool [45] in the
UCSF Chimera program [46]. Models of the WT and A218T monomeric
proteins in an intermediate and in the active states were either generated
with SwissModel [44] or obtained from GPCRdb [47] (Tab. S5). The change in
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folding free energy (ΔΔGfold) of the OXTR monomer upon the mutation was
evaluated by analyzing our A218T models with the mCSM-membrane [48],
DynaMut [49], DynaMut2 [50], and PremPS [51] servers. The corresponding
change in vibrational entropy (ΔΔSvib) was estimated using DynaMut [49].
ΔΔGfold and ΔΔSvib are correlated, in a qualitative way, with changes in
monomer stability and flexibility upon mutation, respectively [52–54]. For
details, please see Tab. S7.
The OXTR/OXTR homodimer models were built using a structural

superposition strategy similar to that in reference [55]. Several dimer
interfaces are possible in class A GPCRs [56, 57], such as the OXTR [55, 58].
Here, we focused on the TM5/TM5’ dimer, for which the A218T variant is
expected to have a more significant effect. We compiled all the
experimental structures of GPCR dimers with a TM5 interface (Tab. S6)
available in the DIMERBOW database [56]. Then, we superimposed our
OXTR A218T monomer model onto each of the monomers of the
experimental dimeric structures by using the MatchMaker tool [59] in the
UCSF Chimera program [46]. The thus-generated A218T OXTR/OXTR dimer
models were used to build the corresponding WT OXTR-OXTR dimer
models by reverting in silico the Thr218 mutation back to Ala using the
Rotamers tool [45]. The different homodimer models were ranked based
on the OXTR/OXTR binding free energy (ΔGbind) evaluated using the
PRODIGY webserver [60, 61]. We then estimated the change in OXTR/OXTR
binding energy upon mutation (ΔΔGbind), using the SAAMBE-3D [62],
MutaBind2 [63], and mCSM-PPI2 [64] servers. All free energy and entropy
calculations reported here are highly approximate and used for qualitative
comparisons only (Tabs. S7–S10).

Systems biology modeling
Our mathematical model of the OXT-mediated Ca2+ release from the
endoplasmic reticulum integrates a previous model for the serotonin 2A
receptor [65] with a kinetic model for intracellular Ca2+ oscillations [66]
(see Supplementary Material for details). Simulation parameters are
described in Tab. S11, the reaction equations and parameters for each of
the signaling cascade steps are described in Tab. S12 and S13.
Our model was developed under the PySB framework [67] and

integrated using the SciPy ODE numerical integrator [68]. The results were
analyzed using NumPy [69], SciPy [68] and scikit-learn [70] libraries. All
simulations and analysis codes were written and run in a Jupyter notebook
[71] (see https://github.com/rribeiro-sci/OXTR.git).

RNA sequencing and gene ontology analysis
The transcriptome of three samples of each OXTR cell line (WT and A218T
mutant) in response to stimulation with 100 nM OXT for 1 h was analyzed
by RNA Sequencing and Gene Ontology (GO) [72, 73] annotation of
differentially regulated genes (SRA SAMN21439292, SAMN21439293,
CeGaT GmbH, Tübingen, Germany).
The list of genes associated with ASD was downloaded from the SFARI

database [74] (https://gene.sfari.org/autdb/GS_Home.do) and compared to
the list of differentially regulated genes obtained from the transcriptome
analysis. Additionally, genes were categorized according to the gene
scoring module of SFARI. Genes scored as category 1 show high
confidence, i.e. they have been clearly implicated in ASD and meet the
most rigorous threshold of genome-wide significance. Category 2
represents strong candidates that are uniquely implicated by GWAS
reaching genome-wide significance and most likely with a functional
effect. Category 3 contains genes with suggestive evidence of ASD
correlation from significant, yet unreplicated, studies.

Statistical analysis
Data were analyzed either by t-test or two-way ANOVA followed by Tukey
post hoc test (Sigma Plot, version 13.0, Systat Software). The variance
between groups was similar, and statistical significance was accepted at p
< 0.05. Due to the large number of genes in the RNA sequencing data set,
Benjamini–Hochberg multiple-testing correction was used for controlling
false discovery rate (padj, adjusted p value). In Ca2+ imaging experiments, n
represents number of cells/traces, in western blots, n represents number of
cell lysates. Data are presented as mean ± standard error of the mean.

RESULTS
The molecular and cellular consequences of cellular expression of
the OXTR nsSNP rs4686302 were assessed using a combination of
molecular biology techniques complemented with computational

modeling. First, HEK293 cells (which do not express the OXTR
endogenously) were transduced with a construct containing
either the WT or OXTR A218T variant, combined with an
N-terminal 3xFLAG tag (Fig. 1a). Next, positively transduced cells
were sorted to establish two monoclonal cell lines. Whole-genome
sequencing revealed that the WT OXTR construct was inserted on
chromosome 8 within the MYC gene (see Tab. S1), whereas the
A218T mutant OXTR construct was inserted twice on chromosome
6 at two positions (see Tab. S1), which are located within the
NUDT3 and USP45 gene, respectively. For each insertion site, we
extracted ten genes upstream and downstream of the location
and analyzed potential insertion-induced dysregulations. These
genes (see Tab. S2) were not considered for further analysis.
The double gene insertion in the OXTR A218T cell line resulted

in a 1.36-fold upregulation of the OXTR transcript, which was
confirmed by RNA sequencing, and a 1.78-fold upregulation of the
protein in whole cell lysates compared to the OXTR WT-expressing
cells (Fig. 1b, c and Tab. S3, S4). Whole cell lysates include vesicular
OXTR [75] and potentially even nuclear OXTR [76]. However, the
functionally most important fraction is the cell surface-bound
OXTR, whose level was determined by flow cytometry. Both cell
lines showed only a low expression level of the OXTR in the
membrane, which was slightly higher in the A218T compared to
the WT cells (Fig. 1d).
The stability of the OXTR variants was analyzed by the CHX

chase assay (Fig. 1e). 3xFLAG levels were quantified after
treatment with CHX as percentage of the initial FLAG protein
level (0 min of CHX treatment). We revealed a significantly
reduced protein degradation turnover, i.e. higher stability, of the
OXTR A218T variant compared with WT (Fig. 1f).
Subsequent analyses of MAPK pathway activation, i.e. of basal

and OXT-induced phosphorylation of ERK1/2, were performed by
western blot in both OXTR WT and mutant cells (Fig. 1g, h) [40].
We found a significantly reduced MAPK activation in the
A218T cells as reflected by both pERK1 (Fig. 1g) and pERK2
(Fig. 1h) levels after 60 min OXT stimulation.
Additionally, in vitro evaluation of cellular Ca2+ responses using

Fura-2 Ca2+ imaging (Fig. 2a, b) revealed reduced basal cytosolic
Ca2+ levels in A218T cells compared to WT, both in the presence
and absence of extracellular Ca2+ (Fig. 2c). However, the
amplitude of the OXT-induced Ca2+ signal was higher in
A218T cells compared with WT cells incubated in Ca2+-free Ringer
(Fig. 2d). The area under the curve revealed a cell line-specific
effect showing a higher increase in the cytosolic Ca2+ concentra-
tion upon OXT stimulation in A218T compared to WT cells (Fig. 2e).
The full width at half maximum, which reflects the kinetics of the
OXT-induced Ca2+ response, also differed significantly between
the two cell lines irrespective of the bathing solution, indicating a
prolonged OXT-induced Ca2+ response in the A218T cells (Fig. 2f).
To provide a rationale for the increased stability and the

differential OXTR-mediated Ca2+ responses in the A218T variant,
we resorted to in silico methods. OXTR can exist as monomer and
homodimer [43, 55]; therefore, the effect of the mutation was
investigated for both forms. The X-ray structure of OXTR A218T
[34] was solved in its monomeric form and shows that the side
chain of T218, located in the transmembrane helix 5 (TM5),
establishes intrahelical interactions with Ile214 and Leu222 (see
Figs. 3 and S2). In contrast, in our model of the monomeric OXTR
WT, the A218 side chain does not form any interactions (Figs. 3
and S2). The additional intramolecular interactions present in the
A218T variant may stabilize the monomeric receptor, as also
suggested by a change in folding free energy predicted by several
web servers (see Tab. S7).
To assess the effect of the A218T variant on the OXTR/OXTR

homodimer, we focused on the TM5/TM5’ interface, where residue
218 is located. In our top-ranked models of the WT OXTR
homodimer (Figs. 3 and S3), A218 does not form any inter-
molecular interactions across the protein/protein interface.
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Instead, in the mutant homodimer, T218 forms hydrophobic
interactions with residues of the adjacent monomer in two out of
the top three dimer models (Figs. 3 and S3). The additional
intermolecular interactions in the T218A variant may be associated
with an increase in dimer stability, as indicated by the change in
OXTR-OXTR binding free energy predicted with several web

servers (see Tabs. S8–S10). Therefore, our modeling predicts that
the mutant A218T OXTR is more stable, in line with the
experimental in vitro data presented in Fig. 1d. Nonetheless, our
calculations only provide a (qualitative) estimation of thermo-
dynamics stabilities, which differ from the experimental readout
related to protein degradation.
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The change in intrahelical interactions at the OXTR monomer
level is also predicted to result in a decrease in protein flexibility in
the A218T variant compared to WT (Tab. S7). This is in line with
previous computational studies showing that the presence of Ser
or Thr in TM helices affects their dynamics [77]. Nonetheless, it
should be noted that the calculations presented here account only
in a very simplified way for the contribution of protein dynamics
(see Supplementary Material). Molecular dynamics simulations, in
combination with energetic analyses, would be needed to
estimate more accurately the mutational effects on protein
stability and flexibility [78–80].
Taken together, the effects of the A218T variant on both

stability and flexibility of monomeric and dimeric OXTRs (Tabs. S7
and S10), albeit small, may affect the participation of the TM5 helix
in receptor activation [81–84]. In turn, this may impact the
subsequent OXTR-mediated signaling pathways. Here, we
explored this possibility by building a mathematical model of
the OXTR-dependent effects on the intracellular Ca2+ concentra-
tion (in Ca2+-free Ringer’s solution). Importantly, such model
integrates the previous molecular modeling data in the parameter
that implicitly depends on receptor activation: the kinetic constant
(kf_coupling_wt and kf_coupling_mut for the WT and A218T
variant, respectively, Tab. S11) describing the binding between the
receptor and its cognate G-protein (see reaction 3 in Tab. S12). By
changing this single parameter on passing from WT to A218T (see
kf_coupling_wt and kf_coupling_mut in Tab. S11), the in silico
model (Fig. 2g) turns out to reproduce the experimental Ca2+

concentration curves (Fig. 2c), including the maximal amplitude
(Fig. 2h), the area under the curve and the full width at half
maximum (Fig. 2i, j). Thus, within its limitations (see Supplemen-
tary Material), our approach further supports the change in
receptor activation caused by the mutation as a key factor for the
observed changes in intracellular Ca2+ concentrations.
The aforementioned changes in Ca2+ dynamics and MAPK

pathway in the OXTR mutant cells are likely to affect gene
expression. Indeed, RNA sequencing analyses revealed a con-
siderable cohort of differentially regulated genes in OXT-
stimulated A218T versus WT cells. When filtered by corrected
significance padj < 0.05, a total of 7823 genes were differentially
regulated with the top 100 differentially expressed genes being
listed in a heatmap (Fig. 4). Out of these genes, 429 have been
identified as ASD risk genes after comparison with the database
provided by SFARI. Additionally, classification of the filtered genes
according to the gene scoring module in SFARI showed that 107
differentially expressed genes fall in category 1 of the ASD scoring,
of which the 50 most frequently reported are listed in Tab. 1.
In order to identify the underlying biological functions, in which

the differentially expressed genes are implicated, we performed a
gene set testing. The GO analysis was conducted for the
differentially expressed genes between OXTR WT and A218T cell
lines with a log2FoldChange cutoff of 1.5. The analysis was done
using either only the upregulated genes or only the

downregulated genes, or both upregulated and downregulated
genes together, as summarized in Tab. S3. We were able to
identify Ca2+ and MAPK signaling GO terms, which validates the
in vitro/in silico results obtained in this study. In addition, other
terms that were previously associated with the OXTR [13, 14], such
as cellular morphology and connectivity, or mitochondrial
functioning, were selected from the dataset and assigned in the
Supplementary Material (see Tab. S4).

DISCUSSION
In this study, we evaluated the functional relevance and cellular
consequences of a specific genetic variation in the OXTR gene, the
nsSNP rs4686302 (Fig. 1a). In humans, this A218T mutation of the
OXTR has been associated with cognition deficits, differences in
emotional empathy, and preterm birth [29–31, 33]. Our approach,
using MMLVs to permanently integrate the OXTR gene into the
HEK293 genome, provided monoclonal cell lines with stable
receptor expression levels. Using whole-genome sequencing, we
mapped the integration site(s) of the OXTR (Tab. S1) and identified
a set of unintendedly disrupted adjacent genes that were
excluded from further analyses (Tab. S2). The double insertion of
the OXTR A218T construct resulted in a higher level of mRNA
(Fig. 1b) and total cellular protein, compared to the WT OXTR cells
(Fig. 1c). Additionally, we found that there is a discrete difference
in the cell surface expression of the OXTR between the two cell
lines (Fig. 1d). Such minor increases in surface expression could be
functionally relevant, as gene duplications have already been
associated with diagnosed ASD. For instance, a case study
associated an OXTR gene duplication with pervasive develop-
mental disorder, especially obesity and behavioral issues [85].
The nsSNP rs4686302 is located within the coding sequence of

Exon 3 and leads to an alanine/threonine amino acid exchange.
We found that the A218T mutation has a stabilizing effect on the
receptor protein. Using CHX protein degradation assays, we
showed that the OXTR A218T variant exhibits significantly longer
half-life kinetics (Fig. 1f) suggesting an increased protein stability.
In support, molecular modeling indicated that the A218T mutation
stabilizes the OXTR monomeric structure relative to WT (Tab. S7)
by forming additional stabilizing intramolecular interactions
(Figs. 3 and S2). The A218T mutation may further stabilize the
protein in the homodimeric state (Tab. S10) by establishing
intermolecular interactions across the OXTR/OXTR interface (Figs. 3
and S3).
Comparison of the downstream signaling cascades between the

two cell lines revealed a more pronounced OXT-induced increase
in intracellular Ca2+ levels in OXTR A218T relative to WT cells.
Moreover, the kinetic profile of the Ca2+ response indicated a
prolonged signal duration in mutant cells.
Our calculations further suggest that the A218T mutation,

located in TM5 (Fig. 3), is associated with decreased flexibility of
this helix, which is likely to affect receptor activation and, hence,

Fig. 1 Inherent properties and intracellular effects of the wild-type (WT) and A218T oxytocin receptor (OXTR). a Gene and protein
sequence of WT and A218T OXTR. b Relative mRNA expression levels of the OXTR in A218T compared to WT cells analyzed by RNA
sequencing. *padj < 0.001. c T-test revealed a significantly increased protein expression of the 3xFLAG tag in the whole cell lysate of A218T
compared to WT cells. n= 6. *p= 0.005. d Flow cytometric determination of the surface expression level of the OXTR in WT and A218T cells.
Values inside the flow cytometry plots represent the percentage of cells above and beyond a set threshold. Colored values under the
histogram plot show the mean fluorescence intensity (MFI). FSC-A: forward scatter area. e Scheme of cycloheximide (CHX) inhibition effect on
protein translation. The schematic art pieces used in this figure were provided by Servier Medical Art (https://smart.servier.com) licensed
under a Creative Commons Attribution 3.0 Unported License. f Quantification of 3xFLAG levels after CHX treatment as percentage of the initial
protein level (0 min of CHX treatment). Two-way ANOVA revealed a significant effect between the cell lines in the protein stability evaluated
by CHX assay. n= 4 and 6 for each data point. *p (cell line)= 0.002. *p (treatment) < 0.001. g, h Quantification of western blot results showing
relative phosphorylation level of ERK1 and ERK2 in the OXTR WT and A218T cell line after stimulation with 100 nM oxytocin (OXT) for 1 h.
Direct comparison of the cell lines revealed that the OXTR A218T cells show a lower phosphorylation level than the OXTR WT cells
independent of the treatment (Vehicle= gray bars/OXT= blue bars). *p < 0.049. n= 10 per group. b, c, f, g, h Data are shown as mean ± SEM.
Band intensity was normalized by whole lane staining using the “Stain-Free” method (© Bio-Rad).
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the response of OXTR-triggered intracellular signaling pathways.
Indeed, mathematical modeling suggests that altered activation
kinetics of the receptor affects intracellular Ca2+ concentrations in
a manner compatible with the in vitro results. However, it remains
to be clarified, whether the elevated OXT-induced Ca2+ levels in

OXTR A218T cells affect cellular viability or induce, when
prolonged, cytotoxicity [86]. Interestingly, WT and A218T cells
also differed with respect to the Ca2+ source they mainly rely on:
whereas influx from the extracellular space dominates in OXTR
WT cells, release from intracellular Ca2+ stores seems to be the
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in vitro in silico
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Fig. 3 Comparison of the local environment of residue 218 in wild-type (WT) and mutant (MUT) models based on the crystal structure of
the OXTR A218T variant (PDB code 6TPK). a, b Monomeric forms (inactive state). No interactions, hydrogen bonds (HBs) and hydrophobic
interactions (HPs) involving the residue are indicated by a cross, a violet arrow, and a green arrow, respectively. The counterpart homology
models of the active and intermediate states are shown in the Supplementary Information (Fig. S2). c, d Top homodimeric models with a TM5
interface based on the experimental structure of the μ-opioid receptor dimer (PDB code 4DKL). The residue in position 218 is shown as
spheres and residues surrounding it within 5.5 Å as sticks. The other OXTR/OXTR models are shown in the SI (Fig. S3).

Fig. 2 Intracellular Ca2+ dynamics in the oxytocin receptor (OXTR) wild-type (WT) and A218T variant in vitro and in silico. a, b
Representative Ca2+-traces of OXTR WT or A218T cells upon stimulation with 100 nM oxytocin (OXT) in Ca2+-containing (gray line) or
Ca2+-free (blue line) Ringer’s solution. Ca2+ levels were analyzed as fluorescence ratio at 510 nm after excitation at 340 and 380 nm. c Basal
cytosolic Ca2+ levels of OXTR WT and A218T cells reflected by Fura-2 340 nm/380 nm ratios under both conditions. *p < 0.001. d Mean
amplitude of OXT-induced Ca2+-signals in Ca2+-free and Ca2+-containing Ringer’s solution in WT and mutant cells. *p < 0.001. Interaction
between cell line and treatment (± Ca2+) *p= 0.01. e Mean area under the curve calculated as integral over time above baseline in OXTR
A218T compared to OXTR WT cells under both conditions. *p < 0.001. f Two-way ANOVA revealed a main effect between the cell lines
regarding the full width at half maximum (FWHM). *p= 0.02. g Graphical representation of the simulation curves of Ca2+ concentration upon
stimulation with OXT in Ca2+-free Ringer’s solution. h Maximal amplitude of OXT-induced Ca2+ simulation curves’ peaks of OXTR WT and
OXTR A218T. ∗ ratio= 1.13. i Area under simulation’s curves of OXTR WT and A218T. ∗ ratio= 1.10. j FWHM of the OXT-induced Ca2+

simulation’s curves of OXTR WT and OXTR A218T. ∗ ratio= 1.07. c–f Bars show mean+ SEM in presence (gray bars) or absence (blue bars) of
extracellular Ca2+. Two-way ANOVA with sample size for graphs: n (OXTR WT+ /−Ca2+)= 91/96, n (OXTR A218T+ /−Ca2+)= 63/89.
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Fig. 4 Heatmap of the top 100 differentially expressed genes in the oxytocin receptor (OXTR) A218T variant compared to OXTR wild-type
(WT) cells. Color-coded values represent the log2FoldChange expression after normalization of the biological replicates in each cell line.
Genes (rows) and cell lines (columns) were clustered hierarchically according to similarity between expression levels.
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main source in OTXR A218T cells. Since several Ca2+-gated
membrane channels of the OXTR A218T cell line are down-
regulated (Fig. 4 and Tab. 1), using intracellular Ca2+ sources
might have compensatory reasons. Particularly noteworthy in this
context is the downregulation of the receptor potential canonical
6 (TRPC6) channel, accompanied by a similar, but less pronounced,
downregulation of the related TRPC3. TRPC3 forms a complex with
TRPC6 [87], and disruption of TRPC6 expression and protein
function has been associated with ASD [88]. Moreover, activation
of the TRPC6 channel promotes dendritic growth via the CAMKIV/
CREB pathway [89], a pathway known to be coupled to the OXTR
[39] and to OXT-induced neurite growth regulation [13, 14].
Furthermore, a link between TRP channel activation and the OXT
system has previously been described [12].
Moreover, the alpha 1C subunit of the voltage-gated L-type

calcium channel (CACNA1C), which is among the most prominent
ASD-associated genes, was found to be downregulated by a factor
of 2.17 in OXTR A218T cells (Table 1). Thus, the reduced Ca2+

permeability may explain the lower basal levels of cytosolic Ca2+

in OXTR A218T cells. The observed differences in Ca2+ dynamics
might play an important role in maintaining downstream signal
specificity, e.g. in the MAPK cascade. Indeed, stimulation with OXT
resulted in a less pronounced MAPK pathway activation in OXTR
A218T compared with WT cells. Since the anxiolytic effect of the
OXT is mediated via phosphorylation of ERK1/2 [38, 40], we
hypothesize that the attenuated phosphorylation level in OXTR
A218T cells accounts, to some extent, for comorbid anxiety found
in some cases of ASD.
Furthermore, the diminished activity of the ERK1/2 pathway

impacts transcriptional regulation by downstream transcription
factors. We have mapped changes in the transcriptome of OXTR
WT versus OXTR A218T by means of RNA sequencing. As both cell
lines derived from the same mother-cell line, changes in the
transcriptome can be traced back to the induced genomic
alterations. The transcriptome analysis revealed a large cohort of
significantly regulated genes in OXT-stimulated OXTR A218T
compared to WT cells. When filtered by corrected significance
padj < 0.05, 7823 genes were found to be differentially regulated,
of which 429 have been associated with ASD risk, providing a
potential molecular link between the A218T variant and a
psychopathological phenotype.

CONCLUSIONS
Various SNPs in the OXTR, including the A218T mutation, have
been associated with psychological traits and psychopathologies.
Our in vitro and in silico results provide a starting point to
understand the molecular, intracellular and functional conse-
quences of an expression of the OXTR A218T variant, which has
been associated with ASD symptoms. The expression of the
variant turns out to result in (i) enhanced receptor stability,
possibly by forming additional intra- and intermolecular interac-
tions, (ii) altered intracellular Ca2+ dynamics, likely by affecting
receptor activation, and (iii) other downstream effects including
changes in MAPK activation and expression of several ASD-related
target genes. Thus, allosteric ligands that reverse the observed
effects of the A281T mutation on the receptor’s activation may
provide a potential therapeutic strategy for ASD patients bearing
the nsSNP rs4686302.

REFERENCES
1. Jurek B, Neumann ID. The oxytocin receptor: from intracellular signaling to

behavior. Physiol Rev. 2018;98:1805–908.
2. Grinevich V, Neumann ID. Brain oxytocin: how puzzle stones from animal studies

translate into psychiatry. Mol Psychiatry. 2021;26:265–79.
3. Donaldson ZR, Young LJ. Oxytocin, vasopressin, and the neurogenetics of soci-

ality. Science. 2008;322:900–4.

Table. 1. List of the 50 most frequently reported ASD-associated genes,
which are differentially expressed in OXTR A218T compared to WT cells.

Gene Gene name 
# of 

reports log2FoldChange 

843sniamodtaeperniryknaelpitlumdna3HS3KNAHS -0.52

MECP2 Methyl CpG bi 282nietorpgnidn 0.27

26golomohnisnetdnaesatahpsohpNETP 0.25

651nietorpgnitavitcaesaPTGsaRcitpanys1PAGNYS 0.42

CHD8 chromodomain helicase DNA binding protein 8 54 0.17

051Pxobdaehkrof1PXOF 0.28

CACNA1C calcium channel, voltage-dependent, L type, alpha 1C subunit 47 -2.17

74B1niamodnoitcaretnihcir-TAB1DIRA 0.20

5411niamodtaepernirykna11DRKNA 0.21

DYRK1A Dual-specificity tyrosine-(Y)-phosphoryla�on regulated kinase 1A 45 0.33

544rotcafnoitpircsnarT4FCT 0.56

342Pxobdaehkrof2PXOF 0.63

241nietorpgnidnibnixatnyS1PBXTS -0.75

ADNP Ac�vity-dependent neuroprotector homeobox 41 0.28

CHD2 Chromodomain helicase DNA binding protein 2 40 0.43

GABRB3 gamma-aminobutyric acid (GABA) A receptor, beta 3 38 -4.78

532sniamodtaeperniryknaelpitlumdna3HS2KNAHS -2.41

SCN8A sodium channel, voltage gated, type VIII, alpha subunit 35 0.50

535nietorpniamodgnidnibGpC-lyhteM5DBM 0.62

4391nirehdacotorp91HDCP -7.10

33ekil-31tinubusxelpmocrotaideML31DEM 0.19

33niamodFNZhtiwtnemeleelbasopsnartogoPZGOP 0.51

232sisorelcssuorebut2CST -0.20

CHD7 chromodomain helicase DNA binding protein 7 28 0.28

72A3EesagilnietorpnitiuqibuA3EBU 0.15

622niamod7ceSdnafitomQI2CESQI -1.62

62rotcafegnahcxeeditoelcuneninaugohRoirTOIRT 0.16

623nirykna3KNA 0.20

621GxobdaehkroF1GXOF 0.40

523ekilsbmocxeslanoitiddA3LXSA 0.29

525gniniatnocniamodTES5DTES 0.46

421nimorbiforuen1FN -0.14

3202gniniatnocniamodBTBdnaregnifcniZ02BTBZ 1.08

221decudnidicacioniter1IAR -0.39

121sisorelcssuorebut1CST -0.32

123nilluC3LUC 0.15

121rotpecerdeknil-X1ekilatebnicudsnart1RX1LBT 0.21

ATRX alpha thalassemia/mental retarda�on syndrome X-linked 21 0.31

VPS13B vacuolar protein sor�ng 13 homolog B (yeast) 20 0.21

91rotcafnoitpircsnart1FAED1FAED -0.15

DDX3X DEAD (Asp-Glu-Ala-Asp) box helicase 3, X-linked 19 0.20

91nihcaeborueNAEBN 0.29

WAC WW domain containing adaptor with coiled-coil 19 0.33

KMT2C Lysine (K)-specific 81C2esarefsnartlyhtem 0.16

BCL11A B-cell CLL/lymphoma 11A (zinc finger protein) 18 0.42

813nixeruen3NXRN 0.71

71xoboemohdetalersselatsiraXRA -1.24

NSD1 nuclear receptor binding SET domain protein 1 17 0.14

71lanoruen,2niryknA2KNA 0.32

CASK calcium/calmodulin dependent serine protein kinase 16 -0.37

Genes are indicated with full gene name, the number (#) of reports, and
log2FoldChange from transcriptome analysis of the cell lines. With a color
code from red to blue, positive values indicate a higher expression in
A218T compared to WT and negative values reduced expression.

M. Meyer et al.

9

Molecular Psychiatry



4. Neumann I, Landgraf R. Septal and hippocampal release of oxytocin, but not
vasopressin, in the conscious lactating rat during suckling. J Neuroendocrinol.
1989;1:305–8.

5. Waldherr M, Neumann ID. Centrally released oxytocin mediates mating-induced
anxiolysis in male rats. Proc Natl Acad Sci USA. 2007;104:16681–4.

6. Neumann ID, Wigger A, Torner L, Holsboer F, Landgraf R. Brain oxytocin inhibits
basal and stress-induced activity of the hypothalamo-pituitary-adrenal axis in
male and female rats: partial action within the paraventricular nucleus. J Neu-
roendocrinol. 2000;12:235–43.

7. Ebner K, Bosch OJ, Kromer SA, Singewald N, Neumann ID. Release of oxytocin in
the rat central amygdala modulates stress-coping behavior and the release of
excitatory amino acids. Neuropsychopharmacology. 2005;30:223–30.

8. Lukas M, Toth I, Reber SO, Slattery DA, Veenema AH, Neumann ID. The neuro-
peptide oxytocin facilitates pro-social behavior and prevents social avoidance in
rats and mice. Neuropsychopharmacology. 2011;36:2159–68.

9. Menon R, Grund T, Zoicas I, Althammer F, Fiedler D, Biermeier V, et al. Oxytocin
signaling in the lateral septum prevents social fear during lactation. Curr Biol.
2018;28:1066–78 e1066.

10. Busnelli M, Chini B. Molecular basis of oxytocin receptor signalling in the brain:
what we know and what we need to know. Curr Top Behav Neurosci.
2018;35:3–29.

11. Martinetz S, Meinung CP, Jurek B, von Schack D, van den Burg EH, Slattery DA,
et al. De novo protein synthesis mediated by the eukaryotic elongation factor 2 is
required for the anxiolytic effect of oxytocin. Biol Psychiatry. 2019;85:802–11.

12. van den Burg EH, Stindl J, Grund T, Neumann ID, Strauss O. Oxytocin stimulates
extracellular Ca2+ influx through TRPV2 channels in hypothalamic neurons to
exert its anxiolytic effects. Neuropsychopharmacology. 2015;40:2938–47.

13. Meyer M, Berger I, Winter J, Jurek B. Oxytocin alters the morphology of hypo-
thalamic neurons via the transcription factor myocyte enhancer factor 2A (MEF-
2A). Mol Cell Endocrinol. 2018;477:156–62.

14. Meyer M, Kuffner K, Winter J, Neumann ID, Wetzel CH, Jurek B. Myocyte enhancer
factor 2A (MEF2A) defines oxytocin-induced morphological effects and regulates
mitochondrial function in neurons. Int J Mol Sci. 2020;21:19.

15. Gevezova M, Sarafian V, Anderson G, Maes M. Inflammation and mitochondrial
dysfunction in autism spectrum disorder. CNS Neurol Disord Drug Targets.
2020;19:320–33.

16. Zhang Z, Cao M, Chang CW, Wang C, Shi X, Zhan X, et al. Autism-associated
chromatin regulator Brg1/SmarcA4 is required for synapse development and
myocyte enhancer factor 2-mediated synapse remodeling. Mol Cell Biol.
2016;36:70–83.

17. Tu S, Akhtar MW, Escorihuela RM, Amador-Arjona A, Swarup V, Parker J, et al.
NitroSynapsin therapy for a mouse MEF2C haploinsufficiency model of human
autism. Nat Commun. 2017;8:1488.

18. Guastella AJ, Hickie IB. Oxytocin treatment, circuitry, and autism: a critical review
of the literature placing oxytocin into the autism context. Biol Psychiatry.
2016;79:234–42.

19. Martinetz S, Neumann ID. The potential of oxytocin as a therapeutic target for
psychiatric disorders. Expert Opin Ther Targets. 2016;20:515–8.

20. Neumann ID, Landgraf R. Balance of brain oxytocin and vasopressin: implications
for anxiety, depression, and social behaviors. Trends Neurosci. 2012;35:649–59.

21. Lee MR, Shnitko TA, Blue SW, Kaucher AV, Winchell AJ, Erikson DW, et al. Labeled
oxytocin administered via the intranasal route reaches the brain in rhesus
macaques. Nat Commun. 2020;11:2783.

22. Neumann ID, Maloumby R, Beiderbeck DI, Lukas M, Landgraf R. Increased brain
and plasma oxytocin after nasal and peripheral administration in rats and mice.
Psychoneuroendocrinology. 2013;38:1985–93.

23. Parker KJ, Garner JP, Libove RA, Hyde SA, Hornbeak KB, Carson DS, et al. Plasma
oxytocin concentrations and OXTR polymorphisms predict social impairments in
children with and without autism spectrum disorder. Proc Natl Acad Sci USA.
2014;111:12258–63.

24. Parker KJ, Oztan O, Libove RA, Sumiyoshi RD, Jackson LP, Karhson DS, et al.
Intranasal oxytocin treatment for social deficits and biomarkers of response in
children with autism. Proc Natl Acad Sci USA. 2017;114:8119–24.

25. Andari E, Nishitani S, Kaundinya G, Caceres GA, Morrier MJ, Ousley O, et al. Epi-
genetic modification of the oxytocin receptor gene: implications for autism
symptom severity and brain functional connectivity. Neuropsychopharmacology.
2020;45:1150–8.

26. Bakermans-Kranenburg MJ, van Ijzendoorn MH. A sociability gene? Meta-analysis
of oxytocin receptor genotype effects in humans. Psychiatr Genet. 2014;24:45–51.

27. Aspe-Sanchez M, Moreno M, Rivera MI, Rossi A, Ewer J. Oxytocin and vasopressin
receptor gene polymorphisms: role in social and psychiatric traits. Front Neurosci.
2015;9:510.

28. LoParo D, Waldman ID. The oxytocin receptor gene (OXTR) is associated with
autism spectrum disorder: a meta-analysis. Mol Psychiatry. 2015;20:640–6.

29. Francis SM, Kim SJ, Kistner-Griffin E, Guter S, Cook EH, Jacob SASD. and genetic
associations with receptors for oxytocin and vasopressin-AVPR1A, AVPR1B, and
OXTR. Front Neurosci. 2016;10:516.

30. Kalyoncu T, Ozbaran B, Kose S, Onay H. Variation in the oxytocin receptor gene is
associated with social cognition and ADHD. J Atten Disord. 2019;23:702–11.

31. Wu N, Li Z, Su Y. The association between oxytocin receptor gene polymorphism
(OXTR) and trait empathy. J Affect Disord. 2012;138:468–72.

32. Fueg F, Santos S, Haslinger C, Stoiber B, Schaffer L, Grunblatt E, et al. Influence of
oxytocin receptor single nucleotide sequence variants on contractility of human
myometrium: an in vitro functional study. BMC Med Genet. 2019;20:178.

33. Kim J, Stirling KJ, Cooper ME, Ascoli M, Momany AM, McDonald EL, et al.
Sequence variants in oxytocin pathway genes and preterm birth: a candidate
gene association study. BMC Med Genet. 2013;14:77.

34. Waltenspuhl Y, Schoppe J, Ehrenmann J, Kummer L, Pluckthun A. Crystal struc-
ture of the human oxytocin receptor. Sci Adv. 2020;6:eabb5419.

35. Rutz C, Klein W, Schulein R. N-terminal signal peptides of g protein-coupled
receptors: significance for receptor biosynthesis, trafficking, and signal trans-
duction. Prog Mol Biol Transl Sci. 2015;132:267–87.

36. Ludwig M, Sabatier N, Bull PM, Landgraf R, Dayanithi G, Leng G. Intracellular
calcium stores regulate activity-dependent neuropeptide release from dendrites.
Nature. 2002;418:85–89.

37. Tobin VA, Douglas AJ, Leng G, Ludwig M. The involvement of voltage-operated
calcium channels in somato-dendritic oxytocin release. PLoS One. 2011;6:e25366.

38. Blume A, Bosch OJ, Miklos S, Torner L, Wales L, Waldherr M, et al. Oxytocin
reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic
paraventricular nucleus. Eur J Neurosci. 2008;27:1947–56.

39. Jurek B, Slattery DA, Hiraoka Y, Liu Y, Nishimori K, Aguilera G, et al. Oxytocin
regulates stress-induced Crf gene transcription through CREB-regulated tran-
scription coactivator 3. J Neurosci. 2015;35:12248–60.

40. Jurek B, Slattery DA, Maloumby R, Hillerer K, Koszinowski S, Neumann ID, et al.
Differential contribution of hypothalamic MAPK activity to anxiety-like behaviour
in virgin and lactating rats. PLoS One. 2012;7:e37060.

41. Kyriakis JM, Avruch J. Mammalian MAPK signal transduction pathways activated
by stress and inflammation: a 10-year update. Physiol Rev. 2012;92:689–737.

42. Yoshida M, Takayanagi Y, Inoue K, Kimura T, Young LJ, Onaka T, et al. Evidence
that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in ser-
otonergic neurons in mice. J Neurosci. 2009;29:2259–71.

43. Cottet M, Albizu L, Perkovska S, Jean-Alphonse F, Rahmeh R, Orcel H, et al. Past,
present and future of vasopressin and oxytocin receptor oligomers, prototypical
GPCR models to study dimerization processes. Curr Opin Pharm. 2010;10:59–66.

44. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al.
SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic
Acids Res. 2018;46:W296–W303.

45. Dunbrack RL Jr. Rotamer libraries in the 21st century. Curr Opin Struct Biol.
2002;12:431–40.

46. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al.
UCSF Chimera-a visualization system for exploratory research and analysis. J
Comput Chem. 2004;25:1605–12.

47. Pandy-Szekeres G, Munk C, Tsonkov TM, Mordalski S, Harpsoe K, Hauser AS, et al.
GPCRdb in 2018: adding GPCR structure models and ligands. Nucleic Acids Res.
2018;46:D440–D446.

48. Pires DEV, Rodrigues CHM, Ascher DB. mCSM-membrane: predicting the effects
of mutations on transmembrane proteins. Nucleic Acids Res. 2020;48:
W147–W153.

49. Rodrigues CH, Pires DE, Ascher DB. DynaMut: predicting the impact of mutations
on protein conformation, flexibility and stability. Nucleic Acids Res. 2018;46:
W350–W355.

50. Rodrigues CHM, Pires DEV, Ascher DB. DynaMut2: Assessing changes in stability
and flexibility upon single and multiple point missense mutations. Protein Sci.
2021;30:60–69.

51. Chen Y, Lu H, Zhang N, Zhu Z, Wang S, Li M. PremPS: Predicting the impact of
missense mutations on protein stability. PLoS Comput Biol. 2020;16:e1008543.

52. Nielsen SV, Stein A, Dinitzen AB, Papaleo E, Tatham MH, Poulsen EG, et al. Pre-
dicting the impact of Lynch syndrome-causing missense mutations from struc-
tural calculations. PLoS Genet. 2017;13:e1006739.

53. Strokach A, Corbi-Verge C, Kim PM. Predicting changes in protein stability caused
by mutation using sequence-and structure-based methods in a CAGI5 blind
challenge. Hum Mutat. 2019;40:1414–23.

54. Pandurangan AP, Blundell TL. Prediction of impacts of mutations on protein
structure and interactions: SDM, a statistical approach, and mCSM, using machine
learning. Protein Sci. 2020;29:247–57.

55. Busnelli M, Kleinau G, Muttenthaler M, Stoev S, Manning M, Bibic L, et al. Design
and characterization of superpotent bivalent ligands targeting oxytocin receptor
dimers via a channel-like structure. J Med Chem. 2016;59:7152–66.

M. Meyer et al.

10

Molecular Psychiatry



56. Garcia-Recio A, Navarro G, Franco R, Olivella M, Guixa-Gonzalez R, Cordomi A.
DIMERBOW: exploring possible GPCR dimer interfaces. Bioinformatics.
2020;36:3271–2.

57. Stenkamp RE. Identifying G protein-coupled receptor dimers from crystal pack-
ings. Acta Crystallogr D Struct Biol. 2018;74:655–70.

58. Lemel L, Niescierowicz K, Garcia-Fernandez MD, Darre L, Durroux T, Busnelli M,
et al. The ligand-bound state of a G protein-coupled receptor stabilizes the
interaction of functional cholesterol molecules. J Lipid Res, 2021;62:100059.

59. Meng EC, Pettersen EF, Couch GS, Huang CC, Ferrin TE. Tools for integrated
sequence-structure analysis with UCSF Chimera. BMC Bioinforma. 2006;7:339.

60. Vangone A, Bonvin AM. Contacts-based prediction of binding affinity in protein-
protein complexes. Elife. 2015;4:e07454.

61. Xue LC, Rodrigues JP, Kastritis PL, Bonvin AM, Vangone A. PRODIGY: a web server
for predicting the binding affinity of protein-protein complexes. Bioinformatics.
2016;32:3676–8.

62. Pahari S, Li G, Murthy AK, Liang S, Fragoza R, Yu H, et al. SAAMBE-3D: predicting
effect of mutations on protein-protein interactions. Int J Mol Sci. 2020;21:2563.

63. Zhang N, Chen Y, Lu H, Zhao F, Alvarez RV, Goncearenco A, et al. MutaBind2:
predicting the impacts of single and multiple mutations on protein-protein
interactions. iScience. 2020;23:100939.

64. Rodrigues CHM, Myung Y, Pires DEV, Ascher DB. mCSM-PPI2: predicting the
effects of mutations on protein-protein interactions. Nucleic Acids Res. 2019;47:
W338–W344.

65. Chang CW, Poteet E, Schetz JA, Gumus ZH, Weinstein H. Towards a quantitative
representation of the cell signaling mechanisms of hallucinogens: measurement
and mathematical modeling of 5-HT1A and 5-HT2A receptor-mediated ERK1/2
activation. Neuropharmacology. 2009;56:213–25.

66. Keizer J, De Young GW. Two roles of Ca2+ in agonist stimulated Ca2+ oscilla-
tions. Biophys J. 1992;61:649–60.

67. Lopez CF, Muhlich JL, Bachman JA, Sorger PK. Programming biological models in
Python using PySB. Mol Syst Biol. 2013;9:646.

68. Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al.
Author Correction: SciPy 1.0: fundamental algorithms for scientific computing in
Python. Nat Methods. 2020;17:352.

69. Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen P, Cournapeau D,
et al. Array programming with NumPy. Nature. 2020;585:357–62.

70. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-
learn: Machine Learning in Python. J Mach Learning Research 2011;12:2825–30.

71. Kluyver T, Ragan-Kelley, B, Pérez, F, Granger, B, Bussonnier, M, Frederic, J, et al.
and Jupyter development team. Jupyter Notebooks—a publishing format for
reproducible computational workflows. In: Loizides F, Schmidt B, editors. Posi-
tioning and Power in Academic Publishing: Players, Agents and Agendas. IOS
Press BV: Amsterdam, The Netherlands, 2016, p. 87–90.

72. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat
Genet. 2000;25:25–29.

73. The Gene Ontology C. The Gene Ontology Resource: 20 years and still GOing
strong. Nucleic Acids Res. 2019;47:D330–D338.

74. Abrahams BS, Arking DE, Campbell DB, Mefford HC, Morrow EM, Weiss LA, et al.
SFARI Gene 2.0: a community-driven knowledgebase for the autism spectrum
disorders (ASDs). Mol Autism. 2013;4:36.

75. Conti F, Sertic S, Reversi A, Chini B. Intracellular trafficking of the human oxytocin
receptor: evidence of receptor recycling via a Rab4/Rab5 “short cycle”. Am J
Physiol Endocrinol Metab. 2009;296:E532–542.

76. Di Benedetto A, Sun L, Zambonin CG, Tamma R, Nico B, Calvano CD, et al.
Osteoblast regulation via ligand-activated nuclear trafficking of the oxytocin
receptor. Proc Natl Acad Sci USA. 2014;111:16502–7.

77. Del Val C, White SH, Bondar AN. Ser/Thr motifs in transmembrane proteins:
conservation patterns and effects on local protein structure and dynamics. J
Membr Biol. 2012;245:717–30.

78. Morra G, Colombo G. Relationship between energy distribution and fold stability:
insights from molecular dynamics simulations of native and mutant proteins.
Proteins. 2008;72:660–72.

79. Montefiori M, Pilotto S, Marabelli C, Moroni E, Ferraro M, Serapian SA, et al. Impact
of mutations on NPAC structural dynamics: mechanistic insights from MD
simulations. J Chem Inf Model. 2019;59:3927–37.

80. Gapsys V, Michielssens S, Seeliger D, de Groot BL. Accurate and rigorous pre-
diction of the changes in protein free energies in a large-scale mutation scan.
Angew Chem Int Ed Engl. 2016;55:7364–8.

81. Roth CB, Hanson MA, Stevens RC. Stabilization of the human beta2-adrenergic
receptor TM4-TM3-TM5 helix interface by mutagenesis of Glu122(3.41), a critical
residue in GPCR structure. J Mol Biol. 2008;376:1305–19.

82. Sansuk K, Deupi X, Torrecillas IR, Jongejan A, Nijmeijer S, Bakker RA, et al. A
structural insight into the reorientation of transmembrane domains 3 and 5

during family A G protein-coupled receptor activation. Mol Pharm.
2011;79:262–9.

83. Zhou Q, Yang D, Wu M, Guo Y, Guo W, Zhong L, et al. Common activation
mechanism of class A GPCRs. Elife. 2019;8:e50279.

84. Peeters MC, Li Q, van Westen GJ, Ijzerman AP. Three “hotspots” important for ade-
nosine A(2B) receptor activation: a mutational analysis of transmembrane domains 4
and 5 and the second extracellular loop. Purinergic Signal. 2012;8:23–38.

85. Bittel DC, Kibiryeva N, Dasouki M, Knoll JH, Butler MG. A 9-year-old male with a
duplication of chromosome 3p25.3p26.2: clinical report and gene expression
analysis. Am J Med Genet A. 2006;140:573–9.

86. Kass GE, Orrenius S. Calcium signaling and cytotoxicity. Environ Health Perspect.
1999;107:25–35.

87. Tang Q, Guo W, Zheng L, Wu JX, Liu M, Zhou X, et al. Structure of the receptor-
activated human TRPC6 and TRPC3 ion channels. Cell Res. 2018;28:746–55.

88. Griesi-Oliveira K, Acab A, Gupta AR, Sunaga DY, Chailangkarn T, Nicol X, et al.
Modeling non-syndromic autism and the impact of TRPC6 disruption in human
neurons. Mol Psychiatry. 2015;20:1350–65.

89. Tai Y, Feng S, Ge R, Du W, Zhang X, He Z, et al. TRPC6 channels promote dendritic
growth via the CaMKIV-CREB pathway. J Cell Sci. 2008;121:2301–7.

ACKNOWLEDGEMENTS
The HEK293 cell line was obtained from Prof. Dr. Eugen Kerkhoff from University
Hospital Regensburg. The Central FACS Facility of the Regensburg Center for
Interventional Immunology (RCI) provided FACS analytics and cell sorting. The
authors thank Carolin Molthof, Carina Mayer and Laura Stangl for excellent technical
and scientific contributions, as well as Prof. Dr. Mark Wheatley and Prof. Dr. Christine
Ziegler for fruitful scientific discussions. This work was supported by the German
Research Foundation (DFG) Graduate School “Neurobiology of Emotion Dysfunctions”
(GRK 2147), DFG grants NE 465/27-1 (I.D.N.), NE 465/31-1 (I.D.N.), JU 3039/1-1 (B.J.),
WE 2289/10-1 (C.H.W.), DFG 422182557, and European Union’s Horizon 2020
Framework Programme for Research and Innovation under the Specific Grant
Agreement No. 945539 (Human Brain Project SGA3).

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-021-01241-8.

Correspondence and requests for materials should be addressed to Inga D.
Neumann.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

M. Meyer et al.

11

Molecular Psychiatry

https://doi.org/10.1038/s41380-021-01241-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structure-function relationships of the disease-linked A218T oxytocin receptor variant
	Introduction
	Material and methods
	Cell culture
	Transduction of HEK293 cells with OXTR gene variants
	Establishment of monoclonal cell lines expressing the OXTR
	Whole-genome sequencing
	Protein isolation and western blot
	Flow cytometry
	Cycloheximide protein degradation assay
	Cytosolic Ca2+ imaging with Fura-2-AM
	Molecular modeling
	Systems biology modeling
	RNA sequencing and gene ontology analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	Funding
	Competing interests
	ADDITIONAL INFORMATION




