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Oxytocin is a nonapeptide hormone that modulates social behavior, mediates the lactation 

reflex, and induces and strengthens uterine contractions. Each year, oxytocin is administered to 

about half of laboring patients for induction and augmentation, and to almost all patients for 

prevention of post-partum hemorrhage – a total of four million patients per year in the United 

States alone. However, response to oxytocin varies widely between individuals, and 

complications including uterine hyperstimulation, uterine atony, required Cesarean section, and 

postpartum hemorrhage can arise from either excessive or inadequate oxytocin response. To 

avoid these adverse events, it is critically important to identify individuals at risk for aberrant 

oxytocin response and develop strategies to improve outcomes in these patients. 

In this dissertation, I first sought to determine the effects of common missense genetic 

variants in the oxytocin receptor (OXTR) gene on oxytocin response. I screened prevalent genetic 

variants in OXTR and found that five variants alter calcium signaling and β-arrestin recruitment 
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in cells. Three of these five variants had differential effects on calcium signaling and β-arrestin 

recruitment, leading to imbalance between activation and desensitization of the OXTR. 

Molecular dynamics simulations showed that these three variants cause conformational changes 

that are consistent with the signaling changes we observed in cells. Overall, these data show that 

OXTR variants alter oxytocin response, and suggest that individuals with these genetic variants 

may benefit from personalized oxytocin dosing. 

In the second part of this dissertation, I investigated the role of OXTR trafficking in 

determining oxytocin responsiveness. OXTR genetic variants that impair OXTR trafficking 

decrease maximal oxytocin response in transfected cells. I investigated whether small molecule 

modulators of OXTR and the closely related vasopressin receptor family could act as 

pharmacological chaperones for OXTR, increasing the cell surface localization of the wild type 

OXTR and rescuing the trafficking defects in variant OXTR. Treatment with the 

oxytocin/vasopressin antagonists increased cell surface localization of variant OXTR and 

rescued oxytocin signaling. The increase in OXTR cell surface localization and oxytocin 

responsiveness could also be observed in immortalized and primary human myometrial cells. 

Overall, these results show that pharmacological chaperones can enhance trafficking and 

function for both wild type and variant OXTR. This work presents a novel therapeutic strategy to 

improve the efficacy of oxytocin use in patients predicted to respond poorly due to genetic or 

environmental factors. 
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Chapter 1: Introduction 

1.1 Physiological roles of oxytocin 

 Oxytocin secretion and oxytocin-responsive tissues 

The actions of oxytocin were first directly 

observed in 1906, when Sir Henry Dale showed 

that extracts from the posterior pituitary gland 

caused powerful contractions in the cat uterus (1). 

Dale later coined the term oxytocin from the Greek 

oxus and tokus, meaning “sharp” and “childbirth.” 

Nearly 50 years later, oxytocin’s nine amino acids 

were sequenced and synthesized by du Vigneaud, 

making oxytocin the first peptide hormone to be 

chemically synthesized (2). The nonapeptide 

structure with a disulfide bridge between the 

cysteines at position 1 and 6 were later found to be 

highly conserved across species (3). 

Oxytocin and the other neurohypophysial 

hormone, arginine vasopressin, are synthesized in 

Figure 1.1 Oxytocin-secreting and oxytocin-
responsive tissues. Oxytocin is released by the 
posterior pituitary gland and placenta, especially at 
the end of pregnancy. Oxytocin binds to the 
oxytocin receptors in the brain, breast, and uterus, 
leading to cellular signaling that modifies 
behavior, promotes lactation, and stimulates 
uterine contraction. 
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the paraventricular and supraoptic nuclei of the hypothalamus (4, 5). Initially produced as a 

prohormone, immature oxytocin is cleaved from neurophysin during transport to the posterior 

pituitary, then stored in neurosecretory granules (6). These granules are released in a pulsatile 

fashion in response to various stimuli including suckling, stress, and vaginal dilation (7-10). 

Once released into the blood, oxytocin activates downstream signaling pathways on 

tissues that express high levels of the oxytocin receptor (OXTR). The human OXTR gene was 

originally cloned from the myometrium, endometrium, ovary, and breast in 1992 (11), but has 

since been found in the tissues of several organ systems (3, 12-17). OXTRs in the brain, uterus, 

and breast are particularly important for mediating oxytocin’s roles in behavior, uterine 

contraction, and lactation (Figure 1.1). 

 Oxytocin in the uterus 

Oxytocin is best known for its modulation of uterine contractions. In preparation for 

labor, oxytocin binding sites in the uterus increase by six- to twelve-fold throughout pregnancy 

and reach a peak at or just before term (18-21). During labor, oxytocin is secreted in pulses that 

become more and more frequent as labor progresses (22). At this time, oxytocin is produced by 

the amnion, chorion, and decidua in addition to the pituitary gland, potentially leading to 

increased local concentrations of oxytocin (23, 24). Local concentrations are determined not only 

by oxytocin secretion, but also by degradation of oxytocin by oxytocinases produced by 

gestational tissues during labor (25, 26).   

Oxytocin activates downstream signaling pathways by binding to OXTR, a member of 

the G-protein coupled receptor family. OXTR signaling through Gq leads to the activation of 
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phospholipase C-β (PLC), which converts phosphatidylinositol 4,5-bisphosphate (PIP2) to 

inositol triphosphate (IP3) and diacylglycerol (DAG) (Figure 1.2). IP3 binds to a receptor on the 

sarcolemma, causing a conformational change that allows Ca2+ to flow down its concentration 

gradient from the sarcoplasmic reticulum (SR) lumen into the cytosol (27, 28). 

Oxytocin also increases the cytosolic Ca2+ concentration by promoting Ca2+ influx from 

the extracellular environment. First, oxytocin-induced depletion of the SR Ca2+ triggers store-

operated calcium entry through Orai and transient receptor potential cation (TRPC) Ca2+-

permeable channels located in the plasma membrane (29). Second, OXTR signaling through 

DAG activates protein kinase C, which inactivates the K+ efflux channel Slo2.1 (30). Slo2.1 

inhibition leads to depolarization of the cell membrane, which allows for Ca2+ influx through 

voltage-gated calcium channels (LTCCs) (Figure 1.2) (31, 32). Finally, OXTR maintains a high 

intracellular Ca2+ concentration by preventing Ca2+ efflux from the plasma membrane Ca2+-

ATPase (PMCA) pump (Figure 1.2) (33-35). 

Transient increases in cytosolic Ca2+ concentration like those caused by oxytocin are 

essential for myometrial contraction (36). Cytosolic Ca2+ binds to calmodulin, forming a 

complex that activates myosin light chain kinase (MLCK). MLCK phosphorylates the myosin 

light chain (MLC), which then allows myosin to hydrolyze ATP and move along the actin 

filament (Figure 1.2). A decrease in intracellular Ca2+ concentration deactivates MLCK, 

allowing myosin to be dephosphorylated by myosin light chain phosphatase (MLCP), leading to 

myometrial relaxation.  

At the time of parturition, the myometrium becomes more responsive to agents that 

increase intracellular Ca2+ (37, 38). Oxytocin contributes to calcium sensitization through two 
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potential mechanisms (27). First, oxytocin signaling leads to activation of the small G protein 

RhoA (39, 40). RhoA in turn activates Rho kinase (ROCK), which phosphorylates MLCP to 

inactivate it (Figure 1.2) (39, 40). Second, OXTR signaling through the Gq-PLC-DAG pathway 

leads to protein kinase C-mediated phosphorylation of CPI-17 (41). Similar to ROCK, 

phosphorylated CPI-17 inhibits MLCP, thereby increasing the ratio of active MLCK to MLCP 

(Figure 1.2) (41).  

 

Figure 1.2 OXTR signaling in myometrium.  
LTCC: L-type calcium channel. PMCA: plasma membrane Ca2+ ATPase pump. 
PLC: phospholipase C. PIP2: phosphatidylinositol 4,5-bisphosphate. IP3: 
inositol triphosphate. IP3R: IP3 receptor. MLCK/MLCP: myosin light chain 
kinase/phosphatase.  
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While the above functions of oxytocin are sufficient to induce uterine contractions, some 

researchers have hypothesized that oxytocin’s most important function is to increase production 

of prostaglandins (42). Prostaglandins are produced from arachidonic acid by the enzyme 

cyclooxygenase 2 (COX2) and are potent inducers of uterine contractions. As pregnancy 

progresses, increased oxytocin signaling leads to upregulation of COX2, resulting in higher local 

prostaglandin concentration (43-46). Oxytocin-mediated induction of COX2 likely occurs 

through several mechanisms. First, oxytocin-induced increases in intracellular Ca2+ 

concentration activate calcineurin, enabling nuclear translocation of nuclear factor of activated T 

cells (NFAT) (47). In the nucleus, NFAT promotes transcription of the PTGS2 (COX2) gene 

(47). Second, oxytocin signaling through Gq, Gi, and β-arrestin activates the MAPK cascade 

(48), which can induce COX2 expression through activation of transcription factors that have yet 

to be identified (49, 50). Finally, both MAPK and protein kinase C (activated by the oxytocin-

induced DAG production) can phosphorylate NFκB, which translocates to the nucleus to 

promote COX2 expression (45, 49). Oxytocin signaling through MAPK, NFAT, and NFκB 

increases production of prostaglandins and cytokines such as IL-1β in the myometrium, decidua, 

and amnion, thus creating a pro-inflammatory and pro-contractile local environment in the uterus 

(45, 46, 51). 

 Oxytocin and behavior 

Oxytocin is commonly studied for its role in regulating social behavior, emotion, pain 

perception, and food intake (52). In particular, oxytocin plays an essential role in male and 

female sexual function and mating behavior (52). Sexual stimulation activates oxytocin-secreting 
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neurons in the paraventricular nucleus, leading to increased oxytocin concentrations in the brain, 

blood, and spinal cord (52). In male rats, intracerebral and intrathecal injections of oxytocin 

facilitate erection (53, 54), while intravenous or intraperitoneal injections facilitate ejaculation 

(55). In female rats, injection of oxytocin into the medial preoptic area and ventromedial 

hypothalamus increases lordosis, a behavior necessary for sexual receptivity (56). Oxytocin also 

activates reward circuitry in the brain in response to mating, potentially contributing to the 

formation of pair bonds in monogamous mammals such as prairie voles (57). In humans, blood 

oxytocin concentrations are higher in bonded couples than in single people (58). In chimpanzees, 

urine oxytocin concentrations increase after grooming of a bonded partner (59).  

Oxytocin also likely plays a role in maternal behavior, at least in rodents and sheep. In 

sheep, infusion of oxytocin into the paraventricular nucleus increases maternal acceptance (low-

pitched bleats, licking the lamb, and suckling) and decreases maternal rejection (butting the 

lamb) (60). Intracerebral infusion of oxytocin in nulliparous female rats also increases maternal 

behaviors towards foster pups (61). Conversely, injection of oxytocin antagonists into the medial 

preoptic area or ventral tegmental area delays the onset of pup retrieval and decreases subsequent 

maternal behaviors (52). These studies are consistent with the findings from mouse knockout 

studies that OXTR-deficient dams take longer to retrieve their pups (62) and that oxytocin-

deficient nulliparous females are less likely to retrieve foster pups (63). Optogenetic stimulation 

of oxytocin-producing neurons in the paraventricular nucleus enables pup retrieval, perhaps by 

acting upon the auditory cortex and increasing sensitivity to pup call sounds (64). 

 Investigators hypothesize that the oxytocin system may play a role in the etiology or 

treatment of aggression, anxiety, and depression. Thus far, results from both human and animal 



7 

 

studies have had mixed results. A systematic review and meta-analysis published in 2016 

showed that oxytocin measurements in blood, saliva, urine, and cerebrospinal fluid are likely not 

associated with six psychiatric disorders tested (65). Still, several studies have assessed the 

effects of intranasal oxytocin on human behavior. Some of these trials have shown that oxytocin 

decreases anxiety, particularly in response to social stimulus, but some have shown no effect or 

even an increase in fear response (reviewed in (66)). Some researchers postulate that intranasal 

oxytocin treatment may be useful for alleviating discomfort with social situations often 

experienced by patients with anxiety and mood disorders (52). Conversely, oxytocin may 

increase “observational fear” or “fear contagion” – terms for anxiety caused by observing 

another individual in distress (67). This was shown to be true in mice, confirming the importance 

of oxytocin for affective empathy (67). 

 Insights from mouse and human genetics 

Knockout mice that lack oxytocin (Oxt-/-) provide additional insights into the role of 

oxytocin in mouse reproduction and behavior (68). Oxt-/- female display no obvious differences 

in mating, fertility, gestation length, or maternal behavior (68, 69) – their only apparent 

parturition-related difference is in the circadian timing of labor (70). However, after delivery, the 

Oxt-/- dams are unable to nurse their offspring due to a defective milk ejection reflex (68, 69). 

Oxytocin injections correct this defect, resulting in normal pup survival (68). Similar to Oxt-/- 

mice, Oxtr-/- mice have normal fertility, gestation, and parturition, but are unable to lactate (62). 

However, unlike Oxt-/- dams, Oxtr-/- females display decreased maternal nurturing behavior 

(62). Oxtr-/- males are aggressive compared to wild type controls and compared to Oxt-/- mice 
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who were exposed to oxytocin in utero (62). Mice that lack CD38, an ADP-ribosyl cyclase that 

triggers oxytocin secretion from the hypothalamus, display similar differences in social behavior, 

including decreased maternal nurturing and social recognition (71). Taken together, these studies 

indicate that in the mouse, oxytocin and oxytocin receptor are essential for lactation and typical 

social development, but unnecessary for normal pregnancy and parturition. 

The latter findings came as a surprise to researchers in the field, given oxytocin’s 

importance in obstetric practice for labor induction and augmentation. However, other lines of 

evidence support the hypothesis that oxytocin is sufficient, but not necessary, for normal 

parturition in humans. Pharmacological inhibition of oxytocin function with OXTR antagonists 

atosiban and barusiban does not effectively prevent labor, suggesting that humans can 

compensate for decreased oxytocin function (72). Furthermore, loss-of-function OXTR mutations 

have been found in patients who experienced preterm labor, rather than those with delayed or 

absent uterine contractions (73). 

Several studies have tested the hypothesis that single nucleotide polymorphisms (SNPs) 

in the OXTR gene alter social behavior in humans, yielding mixed results (74).  Many of these 

studies have studied the impact of rs53576, a noncoding single SNP in the third intron of OXTR, 

on survey-based assessments of empathy (74). Of 13 studies published between 2012 and 2016, 

five studies found that the G allele of rs53576 increased empathy, one found that the G allele 

decreased empathy, and seven showed no significant effect of rs53576 on empathy (75). 

Nevertheless, popular media has frequently touted this G allele as the “empathy gene,” 

prompting direct-to-consumer genetic testing companies such as 23andme to offer genotyping 

for rs53576. 
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Researchers have also investigated whether common noncoding SNPs or rare missense 

variants are associated with autism spectrum disorder (ASD). ASD is characterized in part by 

persistent deficits in social communication and interaction, which can manifest in the inability to 

initiate or respond to social interactions, lack of nonverbal communication, and differences in 

relationship development (76). ASD is largely an inherited disorder (77), leading researchers to 

search for individual loci that may contribute to risk. Candidate gene studies investigating the 

association between SNPs in OXTR and ASD have reported mixed findings. A meta-analysis 

performed in 2015 showed that four SNPs in noncoding regions of OXTR are significantly 

associated with ASD, with the A allele of rs7632287 conferring the greatest risk (odds ratio 1.44, 

with 95% confidence interval 1.23-1.68) (78). However, it is unclear how rs7632287 functionally 

regulates OXTR. Notably, rs53576 had no effect on ASD risk in this meta-analysis (78). 

While candidate gene studies have had inconsistent results, genome-wide association 

studies (GWAS) have not identified a significant association between SNPs in OXTR and ASD 

(79). These GWAS suggest that several polymorphisms contribute to each person’s risk of ASD, 

making it difficult to detect the role of individual risk loci such as OXTR (79). The exception to 

this rule may be in familial forms of ASD, where a rare, highly penetrant genetic variant causes 

ASD in several individuals in a family (79). A 2015 studied showed that patients with ASD had a 

higher burden of rare variants in the OXTR gene than neurotypical controls (80). However, these 

rare variations, including the missense variants R150S and R376G, have also been found in 

neurotypical controls in other studies (81, 82), making it unlikely that these variants on their own 

cause ASD in families. 
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Overall, it is unclear to what extent genetic variation in OXTR contributes to labor 

phenotypes, behavior differences, or ASD risk in the human population. Some part of the 

confusion in this field is attributable to our lack of understanding of how genetic variants act on 

OXTR. Further research in this area may provide insights into differences in individual response 

to both endogenous and exogenous oxytocin.  

 

1.2 Clinical uses of oxytocin 

 Labor induction and augmentation 

Consistent with its physiologic role in uterine contractions, synthetic oxytocin 

administration is an essential part of active labor management for a large proportion of patients. 

Oxytocin is used in conjunction with prostaglandins to initiate labor, a process known as labor 

induction (83). For those already in labor, oxytocin is the only drug approved to increase uterine 

contractility, a process known as labor augmentation (84). 

Both induction and augmentation are utilized to improve maternal and fetal outcomes. 

About 60% of inductions are medically indicated due to conditions such as preeclampsia or 

premature rupture of medicines (85). Augmentation is performed to reduce the risk for adverse 

outcomes associated with a prolonged second stage of labor, which include infection, postpartum 

hemorrhage (PPH), and Cesarean section (84, 86). Thus, the use of oxytocin during childbirth 

has become far more common over the last 30 years (87, 88). 

Oxytocin dosing 
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An important consideration for both induction and augmentation is that oxytocin 

response varies widely between patients, with no clear way to predict oxytocin dose requirement 

(89). Thus, practitioners adopt an empirical approach to oxytocin dosing (90). Dosing regimens 

vary between hospitals and between providers, but all protocols require intravenous 

administration by an infusion pump that allows for precise control over infusion rate (91). Low-

dose regimens start with an infusion rate of 2 milliunits/minute, while high-dose regimens start 

with an infusion rate of 4 or 6 milliunits/minute (92). From those high or low starting points, 

infusion rates are increased at regular time intervals until strong uterine contractions are 

observed (91). These increases are likely required due to OXTR desensitization and 

internalization from the myometrial cell surface that occurs upon exposure to oxytocin (93). 

Some protocols specify that oxytocin infusion cannot exceed a maximal rate, usually 40 

milliunits/minute, due to studies that show that high maximal oxytocin doses are associated with 

adverse outcomes (94-96). However, even after prolonged exposure to high doses of oxytocin, 

some patients are unable to deliver vaginally and require Cesarean section. 

Oxytocin safety 

By decreasing risk for PPH, unplanned Cesarean section, and intrapartum infections, 

oxytocin administration makes childbirth safer. However, poor labor outcomes can still occur as 

a result of either excessive or inadequate oxytocin response. Patients who are highly responsive 

to oxytocin have an increased risk of uterine hyperstimulation, which can lead to fetal distress or, 

in rare cases, uterine rupture (97). To avoid these complications, some providers advocate for the 

discontinuation of oxytocin infusion in patients who achieve regular contractions. A 2021 study 

found that discontinuation of oxytocin in the active phase of labor significantly reduced the 
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incidence of hyperstimulation and changes in fetal heart rate but increased the duration of labor 

(98). 

Since oxytocin is the only drug approved for management of the active phase of labor, 

patients with weak or absent responses to oxytocin are at risk for adverse events. Patients who 

require induction or augmentation but do not respond to oxytocin will likely require Cesarean 

section, which puts them at risk for surgical complications including endometritis, blood loss, 

wound infection, and dehiscence (99). Patients who exhibit weak oxytocin responses are more 

likely to be exposed to high doses of oxytocin for prolonged periods of time, which increases the 

risk for uterine atony and PPH (94, 95, 100). These complications are thought to occur due to 

desensitization of OXTR, which renders the uterus unresponsive to subsequent doses of oxytocin 

and prevents further contraction (93). In uncomplicated labor, uterine contraction in the third 

stage of labor compresses uterine blood vessels and prevents bleeding. In severe cases of uterine 

atony, this compression does not occur, leading to hemorrhage (101). 

 Postpartum hemorrhage 

PPH occurs in 3% of deliveries and is responsible for 11% of maternal mortality in the 

United States (102, 103). Uterine atony, sometimes secondary to OXTR desensitization, 

accounts for about 70% of PPH cases (104). Oxytocin plays an important role in both prevention 

and management of PPH. Randomized clinical trials show that prophylactic oxytocin 

administration reduces the risk of PPH compared to no treatment (relative risk = 0.51, 95% 

confidence interval 0.37 to 0.72 in a 2019 meta-analysis of nine trials) (105). Thus, administering 

oxytocin after each delivery is the standard of care recommended by the American College of 
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Obstetricians and Gynecologists and the World Health Organization for prevention of PPH (106, 

107). If PPH occurs as a result of uterine atony, oxytocin infusion rate is increased as first-line 

therapy to restore uterine tone (104). 

Oxytocin dosing 

As is the case with labor induction and augmentation, oxytocin dosing for PPH 

prophylaxis and treatment varies between providers and institutions, with no clear evidence 

available to inform dosing protocols (108). For patients who received oxytocin during the second 

stage of labor, oxytocin may be less effective in the third stage due to OXTR desensitization. 

Evidence to support this hypothesis comes from retrospective cohort studies of patients who 

required Cesarean section after a trial of labor augmented with oxytocin (109-111). One study 

found that these patients require higher doses of oxytocin postpartum to prevent PPH (109). Two 

other studies found that patients who were given a longer recovery period between oxytocin 

infusion for labor induction and Cesarean section had less postpartum blood loss (110, 111). 

Researchers hypothesize that this recovery period allows for OXTR resensitization, thereby 

increasing uterine response to oxytocin given during Cesarean section. However, further 

mechanistic studies are necessary to understand this phenomenon and further optimize dosing 

protocols accordingly. 

 Experimental uses 

Lactation 

Oxytocin binds to OXTRs on mammary myoepithelial cells, causing contractions that are 

necessary for the milk ejection reflex (112). Thus, oxytocin may be helpful during lactation to 
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promote milk ejection and prevent breast engorgement. A 1981 study in 12 people showed that 

oxytocin nasal spray dramatically increased milk production by 2-3.5 fold (113). However, a 

2006 study with a larger sample size (N=51) showed that while intranasal oxytocin increased 

daily milk production for the first two days, the effect had disappeared by the third day of 

treatment (114). Finally, oxytocin is most likely ineffective in the treatment of breast 

engorgement (112). 

Behavior modification 

While the role of oxytocin in animal behavior is well-established, the effectiveness of 

intranasal oxytocin for modulation of social behavior in humans is fiercely contested (115, 116). 

Importantly, intranasal administration of oxytocin may not appreciably increase oxytocin 

concentrations in the brain (116). Penetration of the blood brain barrier is difficult to assess, as 

measurement of oxytocin concentrations in both blood and cerebrospinal fluid has been plagued 

by methodological issues (117). Still, several clinical trials show an effect of intranasal oxytocin 

on pro-social behaviors, trust, emotion processing, and other behavioral parameters (115). 

Interest in this field was ignited by a 2005 study published in Nature that showed that intranasal 

oxytocin increased trust in a group of 58 participants playing a money-investing game (118). 

However, researchers have questioned the validity of this study (119) and the broader field of 

psychological studies on intranasal oxytocin (120) due to concerns with statistical methods and 

power. Walum et al. report that the average psychological study on intranasal oxytocin includes 

49 individuals, providing a statistical power of 16% (120). Findings from underpowered studies 

are difficult to replicate, and negative findings from replication studies are under-reported due to 

publication bias (116, 120). 
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Despite these concerns, researchers and clinicians remain interested in the potential of 

intranasal oxytocin for behavior modification in autistic individuals. As above, clinical trials of 

intranasal oxytocin for ASD are generally small, with a median sample size of 18.5 (121).  A 

2021 meta-analysis of 28 studies (total N=745) showed that oxytocin had a significant effect on 

social function in ASD but had no effect on non-social domain symptoms (121). Similar 

conclusions were reached in a 2013 meta-analysis that included four studies (122), but a 2017 

meta-analysis of 12 studies found that oxytocin had no effect on either social or non-social 

domains of ASD (123). It is therefore unclear whether oxytocin therapy benefits autistic people. 

 

1.3 Structural insights into oxytocin receptor activation 

 Ligand binding 

 Given the importance of oxytocin in physiology and medicine, it is essential to 

understand the basic mechanisms by which the OXTR functions. The oxytocin binding pocket 

was first defined in the 1990s and early 2000s based on findings from chimeric receptors and 

site-directed mutagenesis of OXTR (124). For now, our understanding of the binding mode of 

oxytocin to OXTR still hinges on these studies, as well as on computational molecular docking 

predictions that identified residues in OXTR that interact with oxytocin (125). These studies 

implicated the extracellular N-terminus and first two extracellular loops (ECLs) in oxytocin 

binding (Figure 1.3). The extracellular N-terminus contains the R34 residue, which is conserved 

between species and necessary for oxytocin binding (126). This N-terminal domain appears to be 

essential for agonist binding but to have no role in antagonist binding (124, 127, 128). In 
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contrast, both agonists and antagonists bind to ECL2 and ECL3. Definitive confirmation of the 

binding mode of one antagonist was reached in 2020 when Waltenspühl et al. solved the crystal 

structure of OXTR bound to retosiban, a nonpeptide antagonist (129). Waltenspühl’s findings 

corroborated previous studies from twenty years prior that predicted that OXTR antagonists bind 

deep in the ligand binding pocket, forming interactions with transmembrane helices (TM) 1, 2, 

and 7 (124, 127, 129).   

 G protein activation 

 Oxytocin binding to the OXTR induces a conformational change that allows the receptor 

to bind the ⍺ subunit of a heterotrimeric G protein (130). OXTR generally binds to G⍺q, 

although binding to G⍺i has also been described (131, 132).  Crystallographic studies of other 

receptors have revealed a conserved binding site for G⍺ subunits in class A GPCRs. Located 

between the cytoplasmic interfaces of TM 3, 5, and 6, this site contains the DRY amino acid 

motif, long understood to be essential for G protein activation (133). While a crystal structure for 

G-protein bound OXTR has not yet been solved, results from site-directed mutagenesis studies as 

well as molecular modeling suggest a similar G protein activation mechanism in OXTR. The 

DRY motif (DRC, in the case of OXTR) forms part of a tightly-packed “polar pocket,” which 

opens upon oxytocin binding (125) (Figure 1.3). A charge-switch mutation of the aspartate of 

the OXTR DRY motif to asparagine (D136N) results in a constitutive activation, likely because 

it expands the polar pocket to allow for binding of G protein in the unliganded state (134). 

Modeling studies have also predicted that oxytocin binding destabilizes the interaction between 
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the OXTR NPxxY motif (Y329) and helix 8 (F337), another known conserved mechanism of 

class A GPCRs (125, 134) (Figure 1.3). 

 

Figure 1.3 OXTR structural domains. Oxytocin binding pocket with disulfide bridge between C112 and C187 is 
shown in orange. Black boxes show DRC and NPxxY motifs, both of which are essential for G protein activation. 
Palmitoylation sites are shown in yellow, and GRK phosphorylation sites are shown in blue. ICL: intracellular loop. 
ECL: extracellular loop. Figure adapted from Anthony Bartley/Chrystie Tyler.  
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 Coupling to β-arrestin 

 Like several other GPCRs, OXTR also couples to β-arrestin-1 and β-arrestin-2 (48, 135). 

The β-arrestins are best known as modulators that “arrest” or dampen G protein function, but 

they can also act as scaffolds and adapters for independent signaling cascades such as MAPK 

(48, 136). β-arrestin recruitment to OXTR has been well-characterized (137, 138). Upon binding 

of oxytocin to OXTR, G protein receptor kinases (GRKs) phosphorylate two triple-serine (SSS) 

motifs in the cytoplasmic C-terminal tail (137) (Figure 1.3). In particular, GRK family members 

GRK2 and GRK6 have been identified as important for OXTR desensitization (138, 139). 

Following C-terminal phosphorylation, β-arrestins are recruited to OXTR. Researchers believe 

that β-arrestins dampen G protein signaling through steric hindrance of the GPCR-G protein 

interaction (136). On a slightly longer time scale, β-arrestins also promote internalization of 

OXTR from the cell surface by creating a scaffold for AP-2 and clathrin (136, 137). 

 Allosteric modulators 

 OXTR’s affinity for oxytocin is dependent on extracellular Mg2+ concentration and 

plasma membrane cholesterol content, suggesting that both Mg2+ and cholesterol act as positive 

allosteric modulators. Depletion of cholesterol from cell membranes converts OXTR to a low-

affinity state, increasing its dissociation constant by ~100 times (140-142). Cholesterol is also 

essential for OXTR stability (129, 143) and cell surface expression (124). High-affinity, stable 

OXTRs are primarily localized to cholesterol-rich microdomains such as caveolae and lipid rafts 

(144, 145). 
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 The OXTR cholesterol binding site was first defined in molecular modeling studies in 

2001 by Politowska et al., who predicted the involvement of key residues at the extracellular 

interface of TM 5 and 6 (146). Waltenspühl’s crystal structure and mutagenesis studies showed 

the TM 5 residues identified by Politowska et al. are essential for cholesterol binding, but did not 

show involvement of TM 6 (129). Waltenspühl et al. also identified a divalent cation binding site 

created by E42 and D100 at the extracellular interface of TM 1 and 2 (129) (Figure 1.3). 

Mutation of either or both of these residues decreases oxytocin binding affinity and abrogates the 

effect of Mg2+ on oxytocin binding (129). 

 While divalent cations act as positive allosteric modulators for OXTR, the monovalent 

cation Na+ acts as a negative allosteric modulator (147).  Crystal structures of several other 

GPCRs have revealed a Na+ binding pocket in the transmembrane helix bundle that is stabilized 

by a highly conserved aspartate residue in TM 2 (148). However, mutations of this site in OXTR 

(D85A, D85N, and D85E) result in receptors that are mostly mistargeted and nonfunctional (125, 

147, 149), making it difficult to ascertain whether Na+ modulation of OXTR occurs through this 

shared mechanism. 

 Post-translational modifications 

 Cysteines in the OXTR TM 3 (C112) and extracellular loop 2 (C187) form a disulfide 

bridge, a structural feature conserved in many other Class A GPCRs (129). Conserved cysteine 

residues in the C-terminus may be sites for palmitoylation, which occurs in the closely related 

V2 vasopressin receptor (AVPR2) (150). If present, palmitoyl groups at these cysteines (C346 

and C347) would anchor a portion of helix 8 to the cell membrane (Figure 1.3). Palmitoylation 
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modulates ligand binding and G protein coupling in some GPCRs, including the β2-adrenergic 

receptor and 5-HT4 serotonin receptor, but not in others (151-153). While the function of 

palmitoylation in human OXTR has not yet been studied, mutation of palmitoylation sites in rat 

OXTR appears to have no effect on oxytocin affinity or total oxytocin binding capacity (154). In 

contrast, non-palmitoylated AVPR2 mutants have intact vasopressin binding and Gs signaling, 

but impaired trafficking to the plasma membrane and internalization (150, 155). 

 OXTR has three putative N-linked glycosylation sites, characterized by NxS/T motifs, at 

the extracellular N-terminus. Endoglycosidase F treatment of guinea pig myometrial membranes 

leads to a decrease in OXTR molecular weight from approximately 75 kDa to approximately 40 

kDa (156), indicating that OXTR is glycosylated. However, mutations of asparagine in the 

NxS/T motifs (N8D, N15D, and N26D) has no effect on total oxytocin binding or oxytocin 

binding affinity in stably transfected cells (157). Thus, the functional importance of OXTR 

glycosylation remains unknown. 

 OXTR oligomers 

 Studies on tagged OXTRs overexpressed in heterologous cells have shown that OXTR is 

capable of forming homomers and heteromers with AVPR2 and the vasopressin 1A receptor 

(AVPR1A) (158-161). It is less clear whether oligomerization occurs in native tissues (162). 

Such studies would likely be confounded by the lack of a commercially-available specific and 

sensitive OXTR antibody that can detect untagged endogenous OXTR. Albizu et al. overcame 

this challenge by using fluorescent oxytocin and vasopressin antagonists to measure proximity 

between OXTR, AVPR1A, and AVPR2 (163). Their results suggest that OXTR homomers and 
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heteromers are present in native rat mammary tissue (163). Another study showed that bivalent 

ligands that target OXTR dimers display increase potency over oxytocin in in vivo models of 

social behavior in zebrafish and mice, suggesting that OXTR dimers occur in the mouse and 

zebrafish brain (164). 

 

1.4 Opportunities for translational research 

 Personalized medicine 

Given the uncertainty around oxytocin dosing during labor, clinicians have sought 

strategies to standardize oxytocin infusion protocols (165, 166). These standardized protocols are 

complicated by the observation that oxytocin dose requirements vary widely between 

individuals. The maximal oxytocin infusion rates required for induction or augmentation vary 

from 2 milliunits/minute (the starting rate specified in low-dose protocols) to 40 

milliunits/minute (the maximal infusion rate recommended by many providers). The duration of 

oxytocin infusion required before delivery also varies by 50 hours or more, contributing to wide 

variations in the total oxytocin dose received by patients (167). Thus, clinicians have sought to 

identify individual factors that may predict oxytocin dose requirement and enable personalized 

dosing of oxytocin. 

A 2015 study by Frey et al. determined several clinical factors that were associated with 

oxytocin dose requirement, including maternal diabetes, infant birth weight, intrapartum fever, 

magnesium administration, and induction of labor (89).  However, these factors are not sufficient 

to explain the vast variation in oxytocin dose requirement, leading researchers to hypothesize 
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that maternal genetics may play a role. Thus far, two clinical studies have investigated the 

hypothesis that genetic variation in the OXTR gene underlies variation in oxytocin 

responsiveness. First, our lab sequenced the OXTR coding region in 187 patients who required 

high (maximum infusion rate over 20 mU/min) or low (maximum below 4 mU/min) doses of 

oxytocin to induce labor (168). Second, Grotegut et al. genotyped 18 SNPs in OXTR and tested 

the association between individual SNP genotypes and oxytocin dose requirement (169). 

Unfortunately, neither of these studies were powered to detect significant associations, and a 

causal link between OXTR variants and oxytocin response has yet to be established. Progress in 

this area has been slowed, in part, by our limited understanding of the effects of genetic variants 

on OXTR function. My work in Chapter 2 begins to address this challenge by characterizing the 

effects of the most common OXTR missense variants on oxytocin response. 

  Novel therapeutics 

Concerns about the safety and efficacy of oxytocin treatment (1.2.1) have led researchers 

to seek alternatives and adjuncts that may improve outcomes in labor. Oxytocin treatment is 

ineffective in patients who have been over-exposed to oxytocin during labor and in patients who 

have a poor primary response to oxytocin due to genetic or other personal factors. Excessive 

exposure to oxytocin leads to OXTR desensitization and increases the risk for uterine atony and 

PPH (100).  To avoid these complications, researchers seek “biased” OXTR agonists that 

activate G protein-mediated contractions without inducing β-arrestin-mediated desensitization 

(135). “Biased” agonism, or signaling bias, occurs when a receptor preferentially signals through 

one pathway or partner. A key finding of my work in Chapter 2 is that some missense genetic 
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variants in OXTR cause preferential signaling through Gq or β-arrestin, in some ways mimicking 

the effects of a biased agonist. Our findings and computational model may help guide the design 

of novel biased OXTR agonists. 

Inadequate primary response to oxytocin also poses significant clinical challenges, 

including labor arrest and requirement for Cesarean section. Both labor arrest and Cesarean 

section can increase the risk for complications such as infection and blood loss (86, 99). Thus, it 

may be clinically useful to identify patients at risk for oxytocin response and develop strategies 

that sensitize the uterus to oxytocin. To address this need, in Chapter 3 of this thesis, I 

investigated trafficking of OXTR to the cell surface as a potential mediator of poor primary 

response to oxytocin. I identified agents called pharmacological chaperones that increase 

trafficking of OXTR from intracellular stores to the cell membrane. These pharmacological 

chaperones increase oxytocin response in several cell types, including primary human 

myometrial cells isolated from the human uterus, suggesting that this strategy may be useful to 

enhance clinical response to oxytocin.  
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2.1 Introduction 

A synthetic form of the hormone oxytocin is administered to a large portion of pregnant 

patients in the United States to induce or augment labor (1) and to nearly all patients who deliver 

to prevent post-partum hemorrhage (2). Oxytocin response varies widely between individuals 

(3). For labor induction and augmentation, maximal oxytocin infusion rates range from 2 

milliunits/minute (the starting rate specified in low-dose protocols) to 40 milliunits/minute (the 

maximal infusion rate recommended by many providers) (3). The duration of oxytocin infusion 

required before delivery also varies by 50 hours or more, contributing to wide variations in the 

total oxytocin dose received by patients (4). Patients who receive high oxytocin doses are at 

increased risk for uterine hyperstimulation and rupture (5) and postpartum hemorrhage 

secondary to uterine atony (6-8). In contrast, patients who receive insufficient oxytocin doses 

may require Cesarean delivery, which puts them at risk for surgical complications (9). To avoid 

these adverse events, clinicians have sought to identify individual factors that predict oxytocin 

dose requirement and thus enable personalized dosing of oxytocin. 

The oxytocin receptor (OXTR) is a member of the G-protein coupled receptor (GPCR) 

family. To bind to oxytocin, OXTR must first traffic to the myometrial smooth muscle cell 

surface. Upon oxytocin binding, OXTR activates Gq, leading to Ca2+ release from intracellular 

stores, which promotes myometrial smooth muscle contraction (10). OXTR signaling through 

Gq is counteracted by coupling to β-arrestin, which mediates desensitization and internalization 

of OXTR from the cell surface (11-14). OXTR desensitization after oxytocin exposure may 
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impair myometrial contractions, leading to adverse events including uterine atony and post-

partum hemorrhage (6-8). 

Several investigators have tested the hypothesis that variants in the OXTR gene affect the 

response to exogenous oxytocin. For example, Reinl et al. and Grotegut et al. identified single 

nucleotide OXTR variants in patients who required high or low doses of oxytocin to induce labor, 

but these studies were not powered to detect significant associations (15, 16). In an ex vivo study, 

one coding and one noncoding OXTR variant altered the oxytocin-induced contractions of uterine 

tissue strips isolated from pregnant individuals (17). Although exome sequencing studies have 

shown that missense variants in the OXTR gene are prevalent in the global human population 

(18), the functional effects of most of these variants have not been determined. However, 

prevalent missense variants in other GPCRs genes lead to aberrant drug responses (19). Here, we 

assessed the effects of genetic variants of unknown significance in OXTR on oxytocin response 

in cells. 

 

2.2 Methods 

 Cell culture 

HEK293 and HEK293T cells were maintained in Dulbecco’s Modified Eagle 

Medium/Ham’s F12 medium without phenol red and supplemented with 10% fetal bovine serum 

and 25 μg/mL gentamicin. Cells were kept in a humidified cell culture incubator at 37°C with 

5% CO2. 
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 cDNA constructs 

The wild type (WT) OXTR and P108A OXTR constructs in pcDNA3.1(+) vector were a 

kind gift from Dr. Jeffrey Murray (University of Iowa). Other missense single nucleotide 

variants were introduced by site-directed mutagenesis (Genewiz, South Plainfield, NJ). The WT 

OXTR sequence was identical to the coding region of the National Center for Biotechnology 

Information reference sequence NM_000916.3. 

The β-arrestin-1-Rluc8 fusion construct in the vector pcDNA3.1(+) encoded β-arrestin-1 

with a C-terminal linker SGGSTSA followed by Rluc8. The β-arrestin-2-Rluc8 fusion construct 

in the vector pcDNA3.1(+) encoded β-arrestin-2 with a C-terminal linker GGGSEF followed by 

Rluc8. The template cDNA clones for β-arrestin-1 (ARRB100002) and β-arrestin-2 

(ARRB200001) were obtained from the cDNA Resource Center (Bloomsberg, PA, 

www.cdna.org). A plasmid containing the Rluc8 cDNA was a kind gift from Dr. Brian Finck 

(Washington University in St. Louis). 

The OXTR-GFP10 fusion construct in the vector pcDNA 3.1(+) encoded OXTR with a 

C-terminal linker SGGKL followed by GFP10. A plasmid containing the GFP10 cDNA was a 

kind gift Dr. Céline Gales (INSERM, France).  

The plasmid encoding OXTR-GFP was a gift from Christian Gruber (Addgene plasmid 

#67848; http://n2t.net/addgene:67848; RRID:Addgene 67848) (20). Note that this plasmid 

includes the missense single nucleotide variant A218T, which was corrected before introducing 

the variants of interest. An N-terminal HA tag was added (linker GPT) to generate the HA-

OXTR-GFP construct. 
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All plasmids were confirmed by bidirectional Sanger sequencing and are available upon 

request. 

Oxytocin (Tocris Bioscience, Minneapolis, MN) stock solutions diluted to 500 μM in 

water were stored at -80 °C until just before use. 

 Ca2+ assays 

HEK293T cells (2*104) were plated in each well of 96-well black-walled, clear-bottom 

polystyrene microplates coated with poly-D-lysine. The following day, cells were transfected 

with a construct encoding OXTR. For transfections, 50 ng of DNA and 0.5 μL of TransIT-293 

reagent (Mirus Bio, Madison, WI) diluted in Opti-MEM reduced-serum media (Thermo Fisher 

Scientific) were added to each well. After 24 hours, media was removed and replaced with 100 

μL Brilliant Calcium indicator solution (Ion Biosciences, San Marcos, TX). Brilliant Calcium 

indicator solution was prepared by diluting Brilliant Calcium Indicator, DrySolv, and TRS 

reagent in assay buffer. After incubation for one hour, a Synergy2 plate reader (BioTek, 

Winooski, VT) was used to add 100 μL of oxytocin of the appropriate concentration and record 

fluorescence intensity (excitation filter = 485/20 nm, emission filter = 528/20 nm) every 0.14 s 

for 20 s/well. Fluorescence increase (increase in intracellular Ca2+) was calculated as the average 

of fluorescence intensity readings from 10 s to 20 s after oxytocin addition minus the minimum 

fluorescence intensity averaged over 5 points from 0 s to 10 s.  

For desensitization assays, cells were pre-treated with the indicated oxytocin 

concentrations for 30 minutes. Then, without washing out the pre-treatment oxytocin, a Synergy 

2 plate reader was used to add a challenge dose of 1 μM oxytocin and record response as above.  
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 Bioluminescence resonance energy transfer (BRET) assays 

HEK293T cells (4 x 104) were plated in each well of 96-well white-walled, clear-bottom 

polystyrene microplates coated with poly-D-lysine. The following day, cells were transfected 

with WT or variant OXTR-GFP10 and β-arrestin-1-Rluc8 or β-arrestin-2-Rluc8 at a ratio of 15:1 

(w/w). For transfections, 50 ng of DNA and 0.5 μL of Lipofectamine 2000 reagent (Thermo 

Fisher Scientific), both diluted in Opti-MEM reduced-serum media, were added to each well. 

After 24 hours, media was removed and replaced with 100 μL of Hank’s Buffered Salt Solution 

(HBSS) supplemented with 20 mM HEPES. A Synergy2 plate reader was used to add 100 μL of 

assay buffer containing 10 μM coelenterazine 400a (Biotium, Fremont, CA) and the indicated 

concentrations of oxytocin to 10 wells at a time. Luminescence at 520 nm and 400 nm was read 

every 26 s for a total of 182 s. BRET ratio was calculated as the average ratios of emission at 520 

nm/400 nm at the 5 time points from 78 to 182 s. WT controls were tested on each plate in 

parallel with variants. 

 Quantitative flow cytometry 

HEK293T cells (1 x 106) were plated in T25 flasks and transfected the next day with HA-

OXTR-GFP, OXTR-GFP, or HA-OXTR. Cells were transfected with 300 ng of plasmid DNA 

and 4 uL of TransIT-LT1 reagent (Mirus Bio). Cells were detached 24 hours later with 

CellStripper (Corning) and collected by centrifugation. To measure receptor internalization, cells 

were incubated with the indicated concentration of oxytocin for 30 minutes before and during 

detachment. Cells were incubated with an empirically-determined saturating concentration (8-16 

μg/mL) of phycoerythrin (PE)-conjugated anti-HA antibody (901518, Biolegend, San Diego, 
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CA) in staining buffer (0.5% BSA and 0.1% sodium azide in Ca2+/Mg2+-free PBS) on ice for 40 

minutes, then washed twice in staining buffer before flow cytometry to quantify cell surface 

OXTR. For quantification of total OXTR, the PE-labelled living cells were fixed with 2% 

paraformaldehyde and permeabilized with 0.5% Tween20 in PBS. Cells were washed with 0.1% 

Tween 20 in PBS, incubated with 16 μg/mL PE anti-HA antibody for 40 minutes at room 

temperature, and washed twice before flow cytometry. 

Flow cytometry was performed on a CytoFLEX flow cytometer (Beckman Coulter, 

Indianapolis, IN). Three technical replicates were performed for each experimental condition, 

and data from 5000 transfected cells were collected from each replicate. Three independent trials 

were performed. SYTOX Blue (Thermo Fisher Scientific) was used to exclude dead cells where 

appropriate. PE Quantibrite beads (BD Biosciences) were used for calibration. Flow cytometry 

gating was performed as follows: 1) forward and side scatter were used to exclude debris, 2) 

forward scatter-width vs. -height was used to exclude doublets, 3) SYTOX blue staining was 

used to identify dead cells, 4) GFP fluorescence was used to gate transfected cells (GFP+ 

population). The GFP+ threshold was determined relative to the GFP signal in GFP-negative 

control (cells transfected with HA-OXTR). 

The number of receptors on transfected cells was calculated from the geometric mean of 

PE fluorescence intensity calibrated to PE standards as previously described (21). Values from 

nonspecific binding of PE-HA antibody to HA-negative cells (cells transfected with OXTR-

GFP) were subtracted from all samples. 
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 Data processing for Ca2+, BRET, desensitization, and internalization 

assays 

For Ca2+ and BRET assays, responses were normalized by subtracting the average basal 

response from all samples, then dividing by the average WT response at the highest oxytocin 

concentration for each trial. For desensitization and internalization experiments, responses were 

normalized by dividing values from all samples by the average response from the corresponding 

non-pretreated sample(s). Normalization was performed separately for each replicate experiment. 

Non-linear regression with least-squares fitting was used to generate dose-response 

curves and calculate Emax, EC50, and IC50 values (GraphPad Prism 8). The three-parameter 

regression method, which was used to fit the BRET data and internalization data, used the 

model: Y = Bottom + (Top-Bottom)/(1+10^(LogEC50 or IC50-X)). The four-parameter 

regression method, which was used to fit the Ca2+ activation and desensitization data, used the 

equation Y=Bottom + (Top-Bottom)/(1+10^((LogEC50 or IC50-X)*HillSlope)). In these 

models, Y=response, X=log(oxytocin concentration), and no constraints were placed on any 

values. Buffer controls were assigned a nominal concentration value of 10-9 M for BRET assays 

or 10-12 M for all other assays. 

All experiments were performed in triplicate, with WT controls tested alongside each 

variant on the same plate to control for day-to-day variation in assay response. Average values 

from three biological replicates were used to construct dose-response curves for each variant and 

the matched WT controls, which were compared by performing nested extra sum-of-squares F 

tests. F statistics were calculated and P-values were determined as previously described (22, 23). 
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P-values shown reflect comparisons of logEC50 values or Top values (see equations above), as 

indicated.  

 Molecular dynamics simulations 

The initial homology model of WT OXTR was provided by the I-TASSER GPCR 

homology model database (24). This model was then prepared for simulation by the CHARMM-

GUI membrane protein input generator (25-28). Mutations (e.g., V281M) and palmitate lipid 

tails on C346 and C347 were introduced by the CHARMM-GUI PDB manipulator (29). All 

proteins were simulated in 0.15 M KCl (111 K+ ions and 92 Cl- ions) in a rectangular box of size 

99.5 x 99.5 x 171.2 Å with a membrane consisting of 121 (upper leaflet) or 120 (lower leaflet) 

POPC molecules and 12 cholesterol molecules (upper and lower leaflet). All systems contained 

~100,000 TIP3P (30) water molecules. Systems were minimized in the default manner supplied 

by CHARMM-GUI. Briefly, using the CHARMM36m force field (31), each system’s energy 

was minimized by using gradient descent, then simulated NVT with progressively weaker and 

fewer restraints on atomic and positions of membrane components. 

Production runs were performed in GROMACS (32). Hydrogen bonds were constrained 

with the LINCS algorithm (33). Cutoffs of 1.2 nm were used for the neighbor list, Coulomb 

interactions, and van der Waals interactions. The Force-switch modifier was used to smoothly 

switch forces from van der Waals interactions to zero between 1.0 and 1.2 nm. The Verlet cutoff 

scheme was used for the neighbor list. The Nose-Hoover thermostat was used to hold the 

temperature at 300 K (34). The semi-isotropic Parrinello-Rahman barostat was used to maintain 

constant pressure of 1 bar as is standard in protein-membrane simulations (35). Conformations 

were stored every 20 ps. 
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The FAST algorithm (36, 37) was used to enhance conformational sampling for each 

OXTR sequence (WT, P180A, V281M, and V45L). Five FAST simulation rounds were 

conducted with 10 simulations per round. Each simulation was 50 ns in length (2.5 μs aggregate 

simulation). To explore away from the starting structure, the FAST ranking function favored 

restarting simulations from states that had the fewest number of preserved native contacts. 

Additionally, a similarity penalty was added to the ranking to promote conformational diversity 

in starting structures, as described previously (38). 

 DiffNet analysis 

DiffNets can perform dimensionality reduction in a way that highlights biochemically 

relevant differences between datasets (39). Two DiffNets were independently trained to learn 

about impairment of β-arrestin and Gq signaling. All DiffNet training and analysis was 

conducted under the assumption that the regions of Gq and β-arrestin binding were most likely to 

contain differences that explained impaired Gq or β-arrestin signaling. Therefore, the DiffNet 

analysis only considered atoms in the binding region (as shown in Supplementary Figure 2.1). 

All simulation data (2.5 μs per variant) was converted to DiffNet input as described previously 

(39). Briefly, XYZ atom coordinates from simulations were mean-shifted to zero and then 

multiplied by the inverse of the square root of a covariance matrix, which was calculated from 

simulations. To learn about β-arrestin impairment, a DiffNet was trained to classify all structures 

from V45L and P108A as β-arrestin impaired (i.e., initial labels of one) and WT and V281M 

simulations as normal (i.e., initial labels of zero). To learn about Gq impairment, a DiffNet was 

trained to classify structures from V281M simulations as Gq impaired and WT, V45L, and 

P108A simulations as normal. In both cases, the labels were iteratively updated in a self-
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supervised manner described previously (39) in which expectation maximization bounds of [0.1-

0.4] were chosen for normal variants and [0.6-0.9] for impaired variants. Both training sessions 

used 10 latent variables, 10 training epochs in which the data were subsampled by a factor of 10 

in each epoch, a batch size of 32, and a learning rate of 0.0001. 

   Markov State Model construction and analysis 

A Markov State Model (MSM) is a statistical framework for analyzing molecular 

dynamics simulations and provides a network representation of a free energy landscape (40-42). 

To quantify differences between variants, several measurements were made that relied on 

MSMs, each built with 2.5 μs of simulation data for each variant. All MSMs were constructed 

with the Enspara python package (43). Briefly, Enspara is a python library for clustering and 

building MSMs from molecular simulation data. In this work, Enspara was used to cluster OXTR 

structures, count transitions between clusters, and derive equilibrium probabilities of structural 

states explored during simulation. A separate MSM was built for each variant, using the same 

methodology for each variant. Namely, simulation frames were converted from XYZ atom 

coordinates to a vector containing a value indicating the amount of solvent-accessible surface 

area (SASA) of each residue sidechain (i.e., the data was SASA featurized). SASA calculations 

were computed by using the Shrake-Rupley algorithm (44) (with a solvent probe radius of 0.28 

nm) as implemented in the python package MDTraj (45). SASA featurization was used for 

subsequent clustering because, unlike other clustering schemes (e.g., RMSD-based), SASA 

emphasizes the conformational changes of surface residues over internal residues, which should 

be most useful for understanding signaling of a transmembrane receptor that has a surface for 

binding ligands. Next, the SASA-featurized data were clustered with a hybrid clustering 
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algorithm. First, a k-centers algorithm (46) was used to cluster the data into 1000 clusters. Next, 

three sweeps of k-medoids update steps were applied to refine the cluster centers to be in the 

densest regions of conformational space. Then, transition probability matrices were produced by 

counting transitions between states (i.e., clusters) using a 2 ns lag time, adding a prior count of 

 and row-normalizing, as described previously (47). Equilibrium populations were 

calculated as the eigenvector of the transition probability matrix with an eigenvalue of one. For 

the distance histograms in Figure 2.6 and 2.7, the distance for each cluster center (i.e., 

representative structure of the cluster) was calculated and the distance was weighted by the 

corresponding equilibrium population calculated with the MSM. Similar calculations performed 

with an MSM built on an RMSD-based clustering scheme produced similar results 

(Supplementary Figure 2.2). 

2.3 Results 

 Genetic variation occurs in several locations within OXTR. 

We searched the worldwide gnomAD v2.1 dataset (18), which includes 141,456 exomes, 

to identify the most prevalent single nucleotide missense variants in OXTR. We identified 11 

OXTR variants (Table 2.1) with allele counts greater than 50, indicating that they were detected 

in more than 50 heterozygous individuals (18). These variants affected residues in multiple 

domains, including six residues in transmembrane domains (TMs), one in the first extracellular 

loop (ECL1), two in the third intracellular loop (ICL3), and two in the C-terminal tail (Table 

2.1; Figure 2.1A). The gnomAD cohort includes homozygotes for the four most common 
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variants: A218T, A238T, V172A, and L206V. The most prevalent variant, A218T, was found in 

27% of gnomAD participants; the 11th most prevalent variant, P108A, was found in 0.05% of 

participants.  

 OXTR missense variants alter Ca2+ signaling and β-arrestin recruitment. 

We reasoned that the missense variants most likely to affect clinical oxytocin response 

would alter oxytocin-induced Ca2+ signaling, which is required for myometrial smooth muscle 

contraction, or recruitment of β-arrestin, which is thought to mediate OXTR desensitization (13). 

Therefore, to prioritize variants for further study, we transiently transfected plasmids encoding 

wild-type (WT) OXTR or the 11 variants into HEK293T cells and then performed high-

throughput assays to measure effects on these pathways. First, to measure increases in 

intracellular Ca2+ in response to oxytocin, we used a fluorescent Ca2+ indicator dye. Second, to 

measure β-arrestin recruitment in response to oxytocin, we performed bioluminescence 

resonance energy transfer assays in HEK293T cells transfected with green fluorescent protein 

(GFP)-tagged OXTR and luciferase-tagged β-arrestin-1 or β-arrestin-2. V45L, P108A, L206V, 

V281M, and E339K had the largest statistically significant effects on EC50 or Emax in two or 

more assays and were therefore selected for further study (Figure 2.1, Supplementary Tables 

2.1, 2.2, and 2.3. V45L decreased the Emax for β-arrestin-1 recruitment and increased the EC50 

for β-arrestin-2 recruitment (Supplementary Figure 2.3). P108A increased the EC50 for β-

arrestin-1 recruitment and increased both the EC50 and the Emax for β-arrestin-2 recruitment. 

L206V increased the Emax for β-arrestin-1 and β-arrestin-2 recruitment. V281M increased the 

EC50 for Ca2+ signaling and decreased the Emax for Ca2+ signaling and β-arrestin-2 recruitment. 
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Finally, E339K increased the EC50 for Ca2+ signaling and decreased the Emax for Ca2+ signaling, 

β-arrestin-1 recruitment, and β-arrestin-2 recruitment (Figure 2.1).  

 

 OXTR variants alter cell surface localization. 

To quantify the effect of these five genetic variants on OXTR quantity and localization to 

the plasma membrane, we performed quantitative flow cytometry. A specific OXTR antibody is 

not commercially available, so we created a plasmid encoding the OXTR fusion protein HA-

OXTR-GFP. We used GFP fluorescence to differentiate transfected from untransfected cells, and 

a phycoerythrin (PE) -conjugated anti-HA antibody to quantify the HA epitope on the 

extracellular N-terminus of OXTR. To quantify surface OXTRs, living cells were labelled by 

PE; to quantify total OXTRs throughout the cell, an additional PE-labelling step was performed 

after fixing and permeabilizing the PE-labelled living cells. 

No variants had a statistically significant effect on the total number of OXTRs per cell 

after adjusting for multiple comparisons (P>0.01 in one-sample t-tests, Figure 2.2A).  However, 

two variants (P108A and L206V) increased the number of cell surface OXTRs by 23 ± 3% and 

41 ± 4%, respectively (P=0.0003 and P=0.0002, one sample t-tests). Conversely, two variants 

(V281M and E339K) decreased the number of cell surface OXTRs by 49 ± 0.7% and 36 ± 2%, 

respectively (P<0.0001, one-sample t-tests, Figure 2.2B). 

When we graphed cell surface OXTRs as a percentage of total OXTRs (Figure 2.2C), we 

found that 21 ± 2% of total WT OXTRs were localized to the plasma membrane. P108A and 

L206V increased OXTR surface localization to 25 ± 1% and 27 ± 1%, respectively (adjusted 
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P=0.03 for both). Conversely, V281M and E339K decreased OXTR surface localization to 12 ± 

1% and 17 ± 1%, respectively (adjusted P=0.01 for both).  

 

 V45L, P108A, and V281M impair OXTR desensitization and 

internalization. 

OXTR internalization and desensitization, mediated in part by β-arrestin recruitment, are 

thought to be responsible for some adverse effects associated with oxytocin exposure, including 

uterine atony and post-partum hemorrhage (13). Thus, to assess the potential clinical implication 

of variants, we aimed to define their effects on OXTR desensitization and internalization. As 

expected, for all five variants, relative differences in the number of cell surface receptors (Figure 

2.2) corresponded to the differences seen in maximal β-arrestin recruitment assays (Figure 2.1E, 

2.1G). For example, P108A and L206V had elevated Emax values for β-arrestin-2 recruitment and 

elevated membrane localization, whereas V281M and E339K had decreased Emax values for β-

arrestin recruitment decreased membrane localization. In contrast, differences in the EC50 of β-

arrestin recruitment did not correspond to changes in cell surface receptor number. For example, 

V45L increased the EC50 of β-arrestin-2 recruitment but had no effect on membrane 

localization, and P108A increased the EC50 of both β-arrestin-1 and β-arrestin-2 recruitment and 

increased membrane localization. We hypothesized that increased EC50 values would reflect 

functional deficits in OXTR desensitization and internalization.  
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To measure desensitization, we pretreated cells expressing WT OXTR or the five variants 

with varying concentrations of oxytocin for 30 minutes, then used Ca2+ indicator assays to 

measure the cellular response to a saturating concentration (1 μM) of oxytocin (Figure 2.3). To 

measure internalization, we incubated cells with varying concentrations of oxytocin for 30 

minutes, then performed quantitative flow cytometry to measure surface OXTRs (Figure 2.3). 

We found that V281M and L206V had no effect on either receptor desensitization or 

internalization (P>0.05, extra sum-of-squares F test). In contrast, V45L, P108A, and E339K 

caused a rightward shift in the dose-response curve and increased the IC50 for desensitization  

(P=0.0001, P<0.0001, and P<0.0001, sum-of-squares F test, Figure 2.4B, Supplementary 

Table 2.4). V45L and P108A caused a similar rightward shift in internalization assays 

(P=0.0098 and P=0.0003, extra sum-of-squares F test, Figure 2.4C, Supplementary Table 2.4). 

Although E339K did not cause a statistically significant increase in EC50 for internalization 

(P>0.05), it prevented maximal internalization, with 44% of E339K OXTRs versus 24% of WT 

OXTRs remaining on the cell surface (P=0.0001, Figure 2.4C). 

Three of the five variants investigated had differential effects on OXTR activation 

(oxytocin-induced Ca2+ signaling in Figure 2.4A), desensitization (Figure 2.4B), and 

internalization (Figure 2.4C). These variants altered the balance between OXTR desensitization 

and activation at any given dose of oxytocin (Figure 2.4D, Supplementary Figure 2.4). Of the 

three variants that impaired OXTR internalization and desensitization, only one, E339K, also 

altered potency and efficacy for OXTR activation, potentially due to decreased cell surface 

localization (Figure 2.2B). V281M had similar effects as E339K on OXTR cell surface 

localization and OXTR activation but had no effect on OXTR internalization or desensitization 
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(Figure 2.4). In contrast, V45L and P108A impaired OXTR internalization and desensitization 

without altering OXTR activation (Figure 2.4). 

 Variants that reduce desensitization and internalization alter OXTR 

structural conformations. 

In our in vitro assays, two variants (V45L and P108A) reduced β-arrestin recruitment, 

OXTR internalization, and OXTR desensitization compared to WT OXTR. Thus, three lines of 

evidence suggest that V45L and P108A decrease OXTR’s ability to activate β-arrestin. To define 

the structural basis of β-arrestin impairment, we used molecular dynamics simulations to 

computationally model the motions of all atoms in WT and variant OXTRs in solution over time 

(Figure 2.5A, 2.5B. We paired these simulations with the FAST algorithm (see Methods (36, 

37)) to enhance sampling of the conformational ensemble (i.e., the set of structural poses the 

receptor adopts) of each variant. 

To identify the conformational changes most associated with β-arrestin impairment, we 

used DiffNets, deep-learning algorithms that are trained to identify biochemically relevant 

differences between multiple conformational ensembles (see Methods) (39). We first trained a 

DiffNet to identify differences between conformational ensembles of the two β-arrestin-impaired 

OXTRs (V45L and P108A) and two OXTRs (WT and V281M) with normal desensitization and 

internalization. From this training, the DiffNet learned a label for each simulation frame 

(structural configuration) from zero to one that indicated the probability that it was associated 

with this classification. To interpret these labels, we calculated the correlation between inter-

atom distances in the OXTR cytosolic region (71,289 possible distances, Supplementary Figure 
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2.1) and changes in the DiffNet label. We then plotted the 100 distances that were most 

correlated with the DiffNet label (Figure 2.5C). This analysis showed clear enrichment in 

distances that cluster at the interface between transmembrane domain 1 (TM1) and the first 

intracellular loop (ICL1), indicating that changes in this region were associated with β-arrestin 

impairment.  

 Conformational changes in variant OXTRs disrupt putative β-arrestin 

binding site. 

DiffNets identified locations associated with reduced β-arrestin function without any 

prior information about functional sites in OXTR. To determine whether the DifffNet predictions 

corresponded to functional locations, we used the simulation data to build Markov State Models. 

Markov State Models provide a discrete map of structural configurations and an equilibrium 

population value that corresponds to the proportion of time a protein spends in a given 

configuration (40-42). The DiffNet prediction implicated the TM1-ICL1 region in β-arrestin 

impairment, so we used Markov State Models to more closely examine this region. In this 

analysis, V45L and P108A introduced an additional helical turn at the C-terminus of TM1 that 

was not present in WT and V281M OXTR. Specifically, we found that the hydrogen bond 

between Val60 and Leu64 was shorter in V45L and P108A OXTR than in WT and V281M OXTR 

(0.2 nm vs. 0.6 nm) (Figure 2.6A). Thus, β-arrestin-impaired OXTRs were predicted to have a 

shorter ICL1 than OXTRs with normal β-arrestin function. 

This conformational change has important implications for β-arrestin binding. First, 

shortening ICL1 may prevent the interactions between ICL1 and the bottom loop of β-arrestin 
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(Figure 2.6B) previously described by Yin et al (48).  Second, shortening ICL1 reduces the 

distance between ICL1 and helix 8 (H8), causing a collapsed state (Figure 2.6C). When we 

superimposed bound structures of β-arrestin and G protein (from other GPCRs, (48, 49)) onto the 

OXTR homology model, the model predicted that this shortened distance created a steric clash 

between ICL1 and the β-arrestin finger loop, but not between ICL1 and the G protein (Figure 

2.6D). Taken together, our data suggest that the mechanism underlying reduced β-arrestin 

function was similar in V45L and P108A OXTR. 

 

 Structural conformations in V281M OXTR 

Our results in Figure 2.4D indicated that the balance between OXTR activation and 

desensitization in V281M OXTR deviated significantly from WT, with greater relative 

desensitization for any given unit of activation. We observed the opposite deviation in V45L and 

P108A OXTR, both of which had less relative desensitization for any given unit of activation. To 

investigate the structural basis of this difference, we used a similar approach as above and trained 

a second DiffNet to identify differences between conformational ensembles of V281M OXTR 

and V45L, P108A, and WT OXTR. We plotted the 100 distances that were most correlated with 

the DiffNet label in Figure 2.5D. This analysis showed enrichment for distances between 

transmembrane domains 3 and 5 (TM3 and TM5), indicating that structural rearrangements in 

this region were associated with V281M. 

We then used Markov State Models to plot the probability that OXTR adopts a 

conformation with a given distance between TM3 and TM5. V281M OXTR was more likely to 
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adopt conformations with a shorter distance between TM3 and TM5 than were WT, V45L, and 

P108A OXTR (0.8 nm versus 1.2-1.4 nm, Figure 2.7A). When we superimposed the bound β-

arrestin and G protein structures, we saw that this collapsed state caused a steric clash with the G 

protein but not with β-arrestin (Figure 2.7B). This finding suggests that V281M disrupted the 

binding of Gq to OXTR without affecting β-arrestin recruitment. 

 

2.4 Discussion 

Our data indicate that OXTR variants found in the global human population significantly 

altered OXTR function. Specifically, these variants altered oxytocin response by changing 

OXTR localization to the cell membrane, decreasing oxytocin-induced Ca2+ signaling, altering β-

arrestin recruitment and signaling, or a combination of these effects. The variants P108A and 

L206V increased the percentage of OXTR on the cell membrane, whereas V281M and E339K 

caused OXTR to be retained inside the cell. V281M and E339K also decreased Ca2+ signaling. 

Three variants (V45L, P108A, and E339K) impaired OXTR desensitization and OXTR 

internalization upon exposure to oxytocin. Our molecular dynamics simulations predict that both 

V45L and P108A introduce an extra helical turn at the end of TM1, which may explain the 

impaired coupling to β-arrestin seen in vitro. 

Our results from the V281M and E339K variants highlight the importance of efficient 

membrane trafficking for receptor function. These intracellularly retained variants were the only 

two variants studied that decreased oxytocin-induced Ca2+ signaling (Figure 1B, 1C). In 

contrast, P108A and L206V, which increased the number of OXTR on the cell surface, did not 
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increase maximal Ca2+ signaling. This may be because Ca2+ signaling becomes saturated at a 

certain concentration of receptors per cell. Because Gq signaling amplifies through the signaling 

pathway that leads to Ca2+ mobilization, intracellular Ca2+ is not a one-to-one readout of Gq 

activation (50). A more direct measurement of Gq activation may show that maximal Gq 

activation correlates with surface OXTRs, but this may not translate directly to the activation of 

downstream pathways important for myometrial contractions. 

Unlike maximal Ca2+ signaling, maximal recruitment of β-arrestin measured in the 

bioluminescence resonance energy transfer screen closely matched the number of OXTRs on the 

cell membrane. P108A and L206V, which increased cell surface OXTR, caused higher maximal 

recruitment (Emax), whereas V281M and E339K, which decreased cell surface OXTR, caused 

lower maximal recruitment (Figure 2.1E, 2.1G). Changes in Emax in our bioluminescence 

resonance energy transfer assays seemed to reflect a change in the number of receptors available 

to recruit β-arrestin, but did not always correspond to functional changes in receptor 

desensitization or internalization (Figure 2.4). For example, the L206V and V281M variants had 

the largest effects on Emax for β-arrestin recruitment but did not alter receptor desensitization or 

internalization. In contrast, increases in the EC50 for β-arrestin recruitment corresponded to right 

shifts in desensitization and internalization curves. Whereas OXTR desensitization and 

internalization can occur by several mechanisms, our results suggest that changes in β-arrestin 

recruitment EC50 translate to functional differences in desensitization and internalization. 

To complement our in vitro assays, we used an in silico method to model the behavior of 

variant OXTRs. Our in vitro assays showed that V45L and P108A caused rightward shifts in the 

dose-response curves for β-arrestin recruitment, OXTR desensitization, and OXTR 
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internalization but not oxytocin-induced Ca2+ signaling.  We used the deep-learning approach 

DiffNets to identify structural changes that were common to V45L and P108A OXTRs but not 

present in OXTRs with normal internalization and desensitization. Importantly, the DiffNet 

required no input of information about OXTR/GPCR structure/function relationships to identify 

locations in OXTR that appear to be associated with β-arrestin binding. This discovery-based 

approach yielded predictions that correspond with our in vitro data as well as published work on 

the mechanism of β-arrestin binding in other GPCRs (48). The structural differences shown in 

Figure 2.6 suggest one mechanism by which OXTR can bind to and activate G proteins without 

activating β-arrestin. However, further work is necessary to validate these predictions and 

determine the mechanism of β-arrestin binding to OXTR. In the future, these findings may guide 

the design of biased agonists, as recently demonstrated by Suomuoviri et al. for the angiotensin 

II type 1 receptor (51). Novel uterotonics that mimic the effects of V45L and P108A may 

preferentially activate OXTR signaling through Gq with less β-arrestin activation, thus 

decreasing the risk of adverse effects associated with OXTR internalization and desensitization. 

We used a similar approach to identify conformational changes associated with V281M, 

a variant that decreased OXTR activation (oxytocin-induced Ca2+ signaling) but had no effect on 

desensitization or internalization. Our Markov State Models predicted conformational changes in 

V281M OXTR consistent with steric hindrance of G protein binding (Figure 2.7). Importantly, 

these changes would not hinder binding of β-arrestin and thus present a possible mechanism by 

which V281M altered Ca2+ signaling without altering desensitization or internalization. 

However, the changes caused by V281M were also likely due, at least in part, to inefficient cell 

membrane localization of V281M OXTR (Figure 2.2). Therefore, further in vitro studies are 
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necessary to determine whether V281M OXTR displays decreased binding to Gq and thus 

validate the predictions from our molecular dynamics simulations. 

Our findings add to two previous in vitro studies examining human OXTR variants. First, 

Ma et al. showed that R376G, a variant associated with autism spectrum disorder, increased the 

rate of OXTR internalization and recycling to the cell surface after treatment with oxytocin (52).  

It is unclear whether the small changes in β-arrestin recruitment seen in our screening assays 

(Supplementary Tables 2.2 and 2.3) explain the differences in OXTR internalization and 

recycling observed by Ma et al. Second, Kim et al. characterized three missense OXTR variants, 

including P108A, that they identified in patients who experienced premature labor (53). These 

authors reported that P108A decreased oxytocin binding but did not significantly affect Gq 

activation as measured by inositol phosphate production, which was consistent with our results. 

Furthermore, our findings show that P108A impaired OXTR desensitization, meaning that some 

OXTR Gq activation occurred unopposed. This could result in premature initiation of uterine 

contractions and thus explain an association between P108A and premature labor. Future studies 

are needed to determine whether P108A – and V45L, which we found to have similarly impaired 

desensitization and structural changes – predispose patients to preterm labor. 

Understanding how genetic variants alter receptor function is an important step towards 

personalized drug dosing. Our functional annotation of the 11 most prevalent variants of 

unknown significance in OXTR helped us to prioritize the variants most likely to affect OXTR 

function for further study. These variants caused EC50 changes in the two- to four-fold range, 

consistent with effects caused by other naturally-occurring GPCR variants linked to disease risk 
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and drug response (54-57). Additionally, our data indicate that the two most prevalent missense 

variants, A218T and A238T, are unlikely to appreciably affect OXTR function. 

Both activation and desensitization of the Ca2+ signaling pathway play an important role 

in determining clinical response to oxytocin. Currently, most oxytocin dosing protocols for labor 

induction call for providers to increase the oxytocin infusion rate at steady intervals, which 

compensates for a given amount of OXTR desensitization over time (58). Imbalance between 

these processes, also known as signaling bias, may therefore have clinical consequences, as 

shown in other GPCRs (19, 57, 59). In our study, we identified three variants that may cause 

signaling bias: 1) V45L and P108A impaired OXTR desensitization but not activation and 2) 

V281M decreased OXTR activation but not desensitization. However, further studies are 

necessary to determine whether these changes represent signaling bias between β-arrestin and 

Gq. Our data indicate that individuals who carry the V281M allele may be less responsive to 

oxytocin but still susceptible to the potential adverse effects that result from OXTR 

desensitization during labor (i.e., post-partum hemorrhage, uterine atony). These individuals may 

require higher doses of oxytocin to achieve labor induction and thus may have increased risk of 

these adverse events. Furthermore, oxytocin may be less effective in preventing postpartum 

hemorrhage in these individuals. In contrast, patients with V45L or P108A variants may be less 

susceptible to the adverse effects that result from OXTR desensitization but more susceptible to 

uterine hyperstimulation as a result of induction with oxytocin. Finally, patients with the E339K 

variant, which impairs OXTR activation and desensitization to roughly the same extent, may 

require higher oxytocin doses to achieve clinical effects.  
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Our studies indicate that individuals who carry the V45L, P108A, V281M, or E339K 

variants may benefit from personalized oxytocin dosing protocols or alternative methods of labor 

induction. P108A is found in 0.3% of the Finnish population, V281M is found in 0.7% of the 

Swedish population, and E339K is found in 1.5% of the Ashkenazi Jewish population (18, 60). 

Further studies in these populations are necessary to determine the utility of genetic analyses in 

developing precision medicine approaches to oxytocin dosing. 
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Variant Location Allele count  

in gnomAD Affected (%) 

A218T5.56 TM5 41562 27.09 
A238T ICL3 5067 3.87 
V172A4.61 TM4 1613 1.14 
L206V5.44 TM5 551 0.39 
E339K C-terminus 308 0.22 
G221S5.59 ICL3 215 0.15 
G252A ICL3 178 0.14 
V281M6.41 TM6 107 0.08 
V45L1.38 TM1 91 0.09 
R376G C-terminus 89 0.06 
P108A ECL1 74 0.05 
 
Table 2.1. OXTR variants for study. Affected (%): Percent 
of gnomAD participants with sequencing coverage at that locus 
who were homozygous or heterozygous for that variant. ECL: 
extracellular loop. ICL: intracellular loop. TM: transmembrane 
domain. Ballesteros-Weinstein numbering (61) is shown for 
TM residues (superscripts).  
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Log(EC50) 
 

VARIANT LOG(EC50) 
(95% CI) 

WT LOG(EC50) 
(95% CI) 

SIGNIFICANCE 
(P) 

V45L -8.165 (-8.237 to -8.099) -8.266 (-8.349 to -8.165) 0.0525 
P108A -8.195 (-8.355 to -8.195) -8.307 (-8.432 to -8.185) 0.2499 
V172A -8.295 (-8.444 to -8.161) -8.396 (-8.531 to -8.265) 0.2879 
L206V -8.432 (-8.657 to -8.212) -8.352 (-8.492 to -8.208) 0.5264 
A218T -8.435 (-8.503 to -8.368) -8.399 (-8.483 to -8.316) 0.4842 
G221S -8.465 (-8.655 to -8.277) -8.533 (-8.638 to -8.427) 0.5237 
A238T -8.533 (-8.679 to -8.386) -8.543 (-8.681 to -8.403) 0.9157 
G252A -8.734 (-8.932 to -8.516) -8.659 (-8.769 to -8.545) 0.5224 
V281M -8.054 (-8.115 to -7.989) -8.301 (-8.449 to -8.136) 0.0028 
E339K -8.167 (-8.282 to -8.055) -8.445 (-8.572 to -8.314) 0.0020 
R376G -8.699 (-8.900 to -8.480) -8.650 (-8.763 to -8.532) 0.6732 

 
Emax  

Variant Emax 
(95% CI) 

WT Emax 
(95% CI) 

Significance 
(P) 

V45L 93 (89 to 96) 97 (93 to 101) 0.0783 
P108A 98 (91 to 107) 96 (91 to 102) 0.7520 
V172A 91 (86 to 97) 98 (92 to 103) 0.0868 
L206V 93 (85 to 102) 98 (92 to 104) 0.0783 
A218T 91 (89 to 94) 98 (95 to 102) 0.0019 
G221S 103 (95 to 111) 98 (94 to 102) 0.2751 
A238T 100 (94 to 106) 99 (94 to 105) 0.8697 
G252A 101 (93 to 109) 99 (95 to 103) 0.7182 
V281M 74 (72 to 77) 97 (91 to 105) <0.0001 
E339K 76 (72 to 81) 98 (94 to 104) <0.0001 
R376G 98 (91 to 107) 98 (94 to 103) 0.9194 

 
Supplementary Table 2.1: Oxytocin response in Ca2+ assays for wild type (WT) and variant OXTRs. Results 
shown are point estimates and 95% confidence intervals from dose-response curves generated from three replicate 
experiments. Variant point estimates are shown next to point estimate from the WT control on the same plate. 
Statistically significant changes in log(EC50) or Emax are shown in bold [(extra sum of squares F test, P<0.0045 
(⍺=0.05 with Bonferroni correction for 11 comparisons)]. 
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Log(EC50) 
 Variant log(EC50) 

 (95% CI) 
WT log(EC50)  
(95% CI) 

Significance 
(P) 

V45L -6.842 (-7.095 to -6.587) -7.232 (-7.419 to -7.038) 0.0139 
P108A -6.793 (-6.990 to -6.593) -7.363 (-7.474 to -7.249) <0.0001 
V172A -7.083 (-7.334 to -6.829) -7.232 (-7.419 to -7.038) 0.3240 
L206V -7.416 (-7.637 to -7.187) -7.456 (-7.598 to -7.309) 0.7793 
A218T -7.411 (-7.665 to -7.148) -7.363 (-7.474 to -7.249) 0.7072 
G221S -7.123 (-7.462 to -6.764) -7.232 (-7.419 to -7.038) 0.5538 
A238T -7.392 (-7.710 to -7.053) -7.232 (-7.419 to -7.038) 0.3924 
G252A -7.559 (-7.909 to -7.192) -7.456 (-7.598 to -7.309) 0.5925 
V281M -7.579 (undefined) -7.363 (-7.474 to -7.249) 0.6644 
E339K -6.750 (-7.443 to -5.984) -7.363 (-7.474 to -7.249) 0.0478 
R376G -7.566 (-7.729 to -7.400) -7.456 (-7.598 to -7.309) 0.3221 
 
Emax 
 Variant Emax 

(95% CI) 
WT Emax 
(95% CI) 

Significance 
(P) 

V45L 73 (65 to 82) 99 (93 to 107) <0.0001 
P108A 101 (92 to 112) 102 (98 to 107) 0.8726 
V172A 80 (73 to 89) 99 (93 to 107) 0.0007 
L206V 134 (123 to 146) 102 (96 to 108) <0.0001 
A218T 79 (71 to 88) 102 (98 to 107) <0.0001 
G221S 88 (77 to 100) 99 (93 to 107) 0.0751 
A238T 94 (83 to 107) 99 (93 to 107) 0.4363 
G252A 112 (97 to 127) 102 (96 to 108) 0.2147 
V281M 9 (4 to 18) 102 (98 to 107) 0.0174 
E339K 26 (18 to 38) 102 (98 to 107) 0.0006 
R376G 128 (121 to 137) 102 (96 to 108) <0.0001 
 
Supplementary Table 2.2: Oxytocin-induced β-arrestin-1 recruitment for wild type (WT) and variant 
OXTRs. Results shown are point estimates and 95% confidence intervals from dose-response curves generated 
from three replicate experiments. Variant point estimates are shown next to point estimate from the WT control on 
the same plate. Statistically significant changes in log(EC50) or Emax are shown in bold [(extra sum of squares F 
test, P<0.0045 (⍺=0.05 with Bonferroni correction for 11 comparisons)]. 
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Log(EC50) 
 Variant log(EC50) 

 (95% CI) 
WT log(EC50)  
(95% CI) 

Significance 
(P) 

V45L -7.041 (-7.218 to -6.862) -7.504 (-7.625 to -7.379) <0.0001 
P108A -6.893 (-7.048 to -6.735) -7.295 (-7.485 to -7.099) 0.0017 
V172A -7.206 (-7.378 to -7.030) -7.504 (-7.625 to -7.379) 0.0050 
L206V -7.533 (-7.880 to -7.167) -7.655 (-7.850 to -7.457) 0.5756 
A218T -7.349 (-7.538 to -7.153) -7.295 (-7.485 to -7.099) 0.6795 
G221S -7.352 (-7.588 to -7.103) -7.504 (-7.625 to -7.379) 0.2376 
A238T -7.392 (-7.603 to -7.169) -7.504 (-7.625 to -7.379) 0.3463 
G252A -7.601 (-7.829 to -7.364) -7.655 (-7.850 to -7.457) 0.7065 
V281M -7.287 (-7.612 to -6.940) -7.295 (-7.485 to -7.099) 0.9767 
E339K -7.074 (-7.287 to -6.857) -7.295 (-7.485 to -7.099) 0.1975 
R376G -7.570 (-7.740 to -7.395) -7.655 (-7.850 to -7.457) 0.4945 
 
Emax 
 Variant Emax 

(95% CI) 
WT Emax 
(95% CI) 

Significance 
(P) 

V45L 87 (81 to 94) 98 (94 to 103) 0.0056 
P108A 120 (111 to 129) 103 (95 to 111) 0.0039 
V172A 93 (87 to 99) 98 (94 to 103) 0.1178 
L206V 149 (131 to 169) 103 (95 to 110) <0.0001 
A218T 94 (87 to 101) 103 (95 to 111) 0.0942 
G221S 100 (91 to 109) 98 (94 to 103) 0.7994 
A238T 105 (97 to 113) 98 (94 to 103) 0.1488 
G252A 104 (95 to 113) 103 (95 to 110) 0.8088 
V281M 26 (22 to 30) 103 (95 to 111) <0.0001 
E339K 51 (46 to 56) 103 (95 to 111) <0.0001 
R376G 113 (105 to 120) 103 (95 to 110) 0.0478 
 
Supplementary Table 2.3: Oxytocin-induced β-arrestin-2 recruitment for wild type (WT) and variant 
OXTRs. Results shown are point estimates and 95% confidence intervals (CI) from dose-response curves generated 
from three replicate experiments. Variant point estimates are shown next to WT point estimate from the WT control 
on the same plate. Statistically significant changes in Log(EC50) or Emax extra sum-of-squares F test) are shown in 
bold (⍺=0.05 with Bonferroni correction for 11 comparisons). 
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Desensitization 

 
Variant log(IC50) 
(95% CI) 

WT log(IC50) 
(95% CI) 

Significance 
(P) 

V45L -7.781 (-7.969 to -7.541) -8.314 (-8.474 to -8.146) 0.0001 
P108A -7.840 (-8.054 to -7.530) -8.414 (-8.490 to -8.336) <0.0001 
L206V -8.414 (-8.609 to -8.200) -8.427 (-8.541 to -8.310) 0.9040 
V281M -8.532 (-8.734 to -8.328) -8.338 (-8.683 to -8.002) 0.3124 
E339K -7.828 (-7.976 to -7.654) -8.355 (-8.518 to -8.180) <0.0001 
 
Internalization 

 
Variant log(IC50)  
(95% CI) 

WT log(IC50) 
(95% CI) 

Significance 
(P) 

V45L -8.016 (-8.285 to -7.746) -8.436 (-8.606 to -8.269) 0.0098 
P108A -7.965 (-8.199 to -7.732) -8.559 (-8.756 to -8.356) 0.0003 
L206V -8.556 (-8.670 to -8.441) -8.657 (-8.909 to -8.384) 0.4626 
V281M -8.571 (-9.381 to -7.769) -8.704 (-9.169 to -8.229) 0.7595 
E339K -8.350 (-8.687 to -8.026) -8.585 (-8.796 to -8.369) 0.2135 
 
Supplementary Table 2.4: Log(IC50)s for desensitization and internalization curves for wild type (WT) and 
variant OXTR. Results shown are point estimates and 95% confidence intervals (CI) from dose-response curves 
generated from three replicate experiments. Variant point estimates are shown next to WT point estimate from the 
WT control from the same experiment. 
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Figure 2.1. Screen identifies OXTR variants that alter oxytocin response in Ca2+ assays and β-arrestin 
recruitment assays.  
(A) Variant residues within OXTR. ICL: intracellular loop. ECL: extracellular loop.  (A–G) Plots show EC50 (B, D, 
F) and Emax (C, E, G) for dose-response curves for each variant, relative to WT value (100%). Variants shown in red 
were chosen for further study on the basis of large effect size and statistical significance (see Tables S1, S2, and S3). 
Error bars show standard error of the mean from N=3 independent experiments with 3-5 technical replicates per 
experiment. Figure adapted from Anthony Bartley/Chrystie Tyler. 
 
 
 

 
 
Figure 2.2. Genetic variants alter quantity of OXTR on the cell membrane. 
(A) Total number of OXTRs, (B) the number of OXTRs on the cell surface, and (C) the percentage of OXTRs on 
the cell surface in HEK293T cells transfected with plasmids encoding wild type (WT) and variant HA-OXTR-GFP. 
For (A) and (B), values for variants are shown as % difference from the WT OXTR value. Error bars show standard 
error from N=3-6 independent experiments with 15000 cells across 3 technical replicates per experiment. * indicates 
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variant value differs from 0 with P<0.01 in one-sample t-test (B), or differs from WT with P<0.05 in one-way 
repeated measures ANOVA with post-hoc Dunnet multiple comparisons test (omnibus P=0.0024 (C). 
 
 
 

 

Figure 2.3. Method and data processing for desensitization and internalization assays.  
For desensitization assays, cells were incubated with indicated oxytocin doses for 30 minutes, then challenged with 
1 μM oxytocin. Calcium increase in response to 1 μM challenge is shown. For internalization assays, cells were 
incubated with indicated oxytocin doses for 30 minutes, then underwent quantitative flow cytometry to measure 
surface OXTR. Figure created by Anthony Bartley. 
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Figure 2.4.  OXTR variants alter receptor activation, desensitization, and internalization.  
(A) Activation: increase in intracellular Ca2+ concentration in HEK293T cells transfected with wild type (WT) or 
variant OXTR and treated with oxytocin. Results are normalized to WT value at highest oxytocin concentration. (B) 
Desensitization: increase in intracellular Ca2+ concentration  in cells treated with  1 μM oxytocin after pretreatment 
(PT) with the indicated oxytocin concentration. Results are normalized to response without PT. (C) Internalization 
of OXTR from the cell surface after PT with indicated oxytocin concentration. (D) Bias plot showing relative 
activation (y values from regression in A) and relative desensitization (regression of 1-y from B). See also Figure 
S4. P-values for difference in log(EC50) or log(IC50) between WT and variant are shown (extra sum-of-squares F 
test, see also Tables S1 and S4). Error bars show standard error of the mean from N=3 independent experiments. 
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Figure 2.5. DiffNets identify distances associated with V45L, P108A, and V281M OXTR. 
(A-B) Homology model for OXTR showing the location of V45L, P108A, and V281M. Structures for β-arrestin-1 
(red, PDB: 6pwc(48)) and G⍺s (blue, PDB: 3sn6(49)) are superimposed on the OXTR structure. (C) Dotted lines 
show the 100 interatom distance changes most associated with DiffNet label (V45L and P108A vs. WT and 
V281M). (D) Distance changes most associated with DiffNet label (V281M vs. WT, V45L, P108A). TM: 
transmembrane domain. ICL1: intracellular loop 1. H8: helix 8. 
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Figure 2.6. Potential mechanism for altered β-arrestin function in V45L and P108A OXTR. 
(A) Distribution of the probability-weighted density for the hydrogen bond distance between the most C-terminal 
TM1 helix i, i+4 residue pair (Val60 and Leu64). β-arrestin-impaired variants (V45L and P108A) have a high 
probability of having a tight helix, whereas OXTRs with normal desensitization and internalization (WT and 
V281M) are more likely to lack this hydrogen bond. (B) Representative structures from each peak in (A). The β-
arrestin-1 “bottom loop” (red), which is involved in binding to ICL1, is closer to ICL1 when ICL1 is extended. (C) 
Distribution of the probability-weighted density for ICL1-H8 distances that each OXTR variant occupies. V45L and 
P108A have strong, left-shifted peaks indicating a collapse between ICL1 and H8. (D) Representative structures of 
ICL1-H8 at collapsed distances (brown) and open distances (yellow). In the collapsed position, there is a steric clash 
between ICL1 and β-arrestin. TM: transmembrane domain. ICL1: intracellular loop 1. H8: helix 8. 
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Figure 2.7. Conformational changes in V281M OXTR may reduce G protein binding. 
(A) Histogram showing a probability-weighted distribution of TM3-TM5 distances that each OXTR variant 
occupies. V281M OXTR is highly likely to adopt a collapsed state that would sterically hinder G-protein binding. 
(B) Representative structures of TM3 and TM5 at collapsed distances (brown) and open distances (yellow). The 
collapsed position sterically clashes with the G protein (blue) but not β-arrestin (red). TM: transmembrane domain. 
 
 
 

 
 
Supplementary Figure 2.1. Atoms included in DiffNets analysis. 
Atoms included in DiffNets analysis (cyan). OXTR homology model (grey) showing variants V45L (magenta), 
P108A (purple), and V281M (orange). Superimposed structures show β-arrestin-1 (red) and G protein (blue). 
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Supplementary Figure 2.2. Comparison of equilibrium properties calculated from simulations using different 
clustering methods. 
The 3 distance distributions from Fig. 4 a,c,e are replotted here from left to right using SASA-based clustering (a) 
and RMSD-based clustering (b). (a) and (b) are highly consistent suggesting that the choice of clustering used prior 
to MSM construction does not strongly affect the computed equilibrium properties of the system. 
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Supplementary Figure 2.3. Oxytocin-induced β-arrestin recruitment to wild type (WT) and variant OXTRs. 
Dose response curves for β-arrestin-1 (A) and β-arrestin-2 (B) recruitment are shown for WT and variant OXTR.  
Error bars show standard error from N=3 independent experiments. 
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Supplementary Figure 2.4. Bias plots for wild type (WT) and variant OXTRs.  
Each point represents activation and desensitization (A) or internalization (B) for one oxytocin dose (10-12-10-6 M). 
Error bars are SEM from N=3 independent experiments. 
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3.1 Introduction 

The nonapeptide hormone oxytocin modulates social behavior, mediates the lactation reflex, 

and induces and strengthens uterine contractions. Synthetic oxytocin is administered to induce or 

augment labor and prevent postpartum hemorrhage in a large portion of patients who give birth 



79 

 

(1, 2). However, response to oxytocin varies widely between individuals (3). Inadequate 

response to oxytocin poses significant clinical challenges, including labor arrest, requirement for 

Cesarean section, and postpartum hemorrhage, which can increase risk for complications and 

lead to maternal mortality (4-6). Thus, it may be clinically advantageous to develop strategies to 

improve oxytocin response in laboring patients. 

One strategy could be to identify pharmacological chaperones (pharmacoperones) that 

increase cell surface localization and function of the oxytocin receptor (OXTR), which is a G 

protein coupled receptor (GPCR). Studies on other GPCRs, show that antagonists can increase 

cell surface levels of wild type (WT) or variant receptors. For instance, long-term treatment with 

β adrenergic receptor antagonists (β blockers) increases receptors on the cell surface, leading to 

excessive β adrenergic stimulation when β blockers are withdrawn (7). Antagonist 

pharmacoperones appear to act by promoting anterograde transport of receptors to the cell 

surface: they permeate the cell membrane and bind to immature receptors either during or after 

translation, thus stabilizing the native state of the protein (8, 9). 

Pharmacoperones have also been investigated for therapeutic use in patients with genetic 

variants in the arginine vasopressin receptor 2 (AVPR2), a GPCR with high similarity to OXTR 

(10, 11). Pathogenic variants impair AVPR2 folding and trafficking to the cell surface, resulting 

in nephrogenic diabetes insipidus (NDI) (12). Previous investigators have shown that 

antagonists, agonists, and allosteric ligands are effective in rescuing AVPR2 trafficking and 

function: one such antagonist, SR49059, showed promise in a small clinical trial of patients with 
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NDI (13, 14). Given the similarity between AVPR2 and OXTR, compounds that act as OXTR 

pharmacoperones are likely to exist. However, none have been described. 

Here, to identify pharmacoperones that can increase oxytocin response, we turned to the 

OXTR variant V281M, which is located in the sixth transmembrane domain and is most 

commonly found in the Swedish population (15). We previously reported that, similar to 

pathogenic variants in AVPR2, V281M impairs OXTR trafficking to the cell surface and 

significantly decreases cellular response to oxytocin (16). For the current study, we began by 

determining the effects of candidate pharmacoperones on V281M OXTR trafficking and 

function in transfected HEK293T cells. Second, we confirmed that selected compounds had 

similar effects on WT OXTR in HEK293T cells. Third, we examined the effect of 

pharmacoperones on OXTR trafficking and oxytocin response in an immortalized human 

myometrial cell line that endogenously expresses WT OXTR. Finally, we evaluated the ability of 

pharmacoperones to augment oxytocin response in primary human myometrial cells from 

pregnant patients. 

 

3.2 Methods 

3.2.1 Compounds and plasmids 

Oxytocin stock solutions (Tocris) were diluted to 500 μM in water and stored at -80 °C 

until just before use. Stock solutions for all candidate pharmacoperones (Table 1, Tocris) were 
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diluted to 5 mM in DMSO and stored at -80 °C until just before use. Cycloheximide (Millipore 

Sigma) was diluted to 10 mg/mL in DMSO and stored at -20 °C until just before use. Brefeldin 

A stock solution (5 mg/mL) was obtained from Biolegend. An equivalent volume of DMSO was 

used as a vehicle control for all experiments. Plasmids encoding WT and V281M OXTR, 

OXTR-GFP, and HA-OXTR-GFP were generated as previously described (16). 

3.2.2 Cell lines 

All cell lines were maintained in Dulbecco’s Modified Eagle Medium/Ham’s F12 media 

without phenol red supplemented with 10% fetal bovine serum (FBS) and 25 μg/mL gentamicin. 

Cells were kept in a humidified cell culture incubator at 37 °C with 5% CO2. Stably transfected 

HEK293 cell lines expressing WT and V281M OXTR-GFP were selected and maintained with 

500 μg/mL G418 (Millipore Sigma). The hTERT-HM cell line was a kind gift from Dr. Jennifer 

Condon at Wayne State University (17). 

3.2.3 Primary human myometrial cell cultures 

Human myometrial tissue samples from the lower uterine segment were obtained from 

non-laboring patients at >37 weeks’ gestation during elective Caesarean section under spinal 

anesthesia. Participants signed written consent forms approved by the Washington University in 

St. Louis Internal Review Board (IRB approval no. 201108143). Tissues were cut into small 

pieces and incubated with 1 mg/mL collagenase IA and collagenase XI (Millipore Sigma) for 45-

60 m at 37°C with rotation. The collagenase-treated mixture was then passed through a 70 μM 

sterile cell strainer and collagenase was neutralized with 10% fetal bovine serum. Cells were 
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centrifuged, resuspended, and plated in Dulbecco’s Modified Eagle Medium/Ham’s F12 media 

without phenol red, supplemented with 5% Smooth Muscle Cell Growth Medium 2 (PromoCell, 

Heidelberg, Germany). Cells were used at passage 0, 1, or 2. 

3.2.4 Quantitative flow cytometry 

HEK293T cells were plated in T25 flasks (106 cells/flask) and transfected the next day 

with 300 ng of plasmid DNA encoding HA-OXTR-GFP and 4 µL of TransIT-LT1 reagent 

(Mirus). Eight hours after transfection, candidate pharmacoperone or vehicle was added to each 

flask to a final concentration of 10 μM. Sixteen hours later, cells were detached with CellStripper 

(Corning) and analyzed by flow cytometry. 

The Genome Engineering and iPSC Center at Washington University in St. Louis used 

CRISPR-Cas9 to introduce an HA tag at the N-terminus of the OXTR gene in hTERT-HM cells. 

After drug incubation, cells were detached with TrypLE Express (Thermo Fisher) before flow 

cytometry. 

Labeling and flow cytometry quantitation of cell surface HA-OXTR-GFP was performed 

as previously described (16, 18). An empirically determined saturating concentration of 

phycoerythrin-conjugated anti-HA antibody (901518, Biolegend) was used for each cell type (16 

ng/μL for transfected HEK293T cells, 10 ng/μL for hTERT-HM cells). 
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3.2.5 Immunofluorescence 

HEK293T cells stably transfected with V281M OXTR-GFP were plated in poly-D-

lysine-coated 8-well culture slides. After drug treatment, cells were washed once with PBS, then 

fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were washed once with 

PBS, incubated in blocking and permeabilization buffer (5% FBS in PBS plus 0.1% Tween-20) 

for one hour at room temperature, then incubated with anti-PDI and anti-golgin-97 antibodies 

(C81H6 and D82PK, respectively, 1:100, Cell Signaling Technologies) overnight at 4 °C. Cells 

were washed three times with PBS plus 0.1% Tween-20, then incubated with goat anti-rabbit 

secondary antibody (1:1000, AlexaFluor 555, Thermo Fisher) for one hour at room temperature. 

Cells were washed and nuclei labelled with NucBlue fixed cell stain (Thermo Fisher) before 

imaging by confocal microscopy (Leica DM4000). Investigators were masked to treatment when 

imaging slides. Colocalization (Pearson’s r) was calculated by using the JaCoP plugin in ImageJ 

software (19). 

3.2.6 IP1 production 

IP-One Gq Homogeneous Time Resolved Fluorescence (HTRF) kit (Cisbio) was used 

according to the manufacturer’s instructions to measure IP1 production. To measure IP1 

production in transfected HEK293T cells, cells were transfected in T25 flasks as above. Eight 

hours later, cells were treated with 10 μM SR49059, 10 μM L371,257, or 0.2% DMSO (vehicle). 

Sixteen hours later, cells were washed extensively and detached with TrypLE Express. Cell 

suspensions were incubated with the indicated doses of oxytocin (60,000 cells in a total volume 
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of 15 μL cell suspension per well) for one hour at 37 °C. After lysis and addition of HTRF donor 

and acceptor, plates were incubated for one hour at room temperature. Fluorescence was read on 

a Perkin Elmer Envision plate reader. The same protocol was used to measure IP1 production in 

hTERT-HM cells and primary human myometrial cells, but 5000-7500 cells were used per well. 

Non-linear regression with least-squares fitting was used to generate dose-response 

curves with the following model:  

Y=Bottom + (Top-Bottom)/(1+10^((LogEC50 or IC50-X)*HillSlope)) (GraphPad Prism)  

In this model, Y=response, X=log(oxytocin concentration), and no constraints were 

placed on any values. Emax values were compared by performing nested extra sum-of-squares F-

tests as previously described (20, 21). 

 

3.3 Results 

3.3.1 Small molecule OXTR antagonists rescue trafficking and functional 

defects of V281M OXTR  

To identify molecules with pharmacoperone activity, we screened nine commercially 

available small molecule ligands that bind the oxytocin and/or vasopressin receptor (Table 3.1). 

We included both agonists and antagonists with varying reported affinities for OXTR. Given 

their high calculated lipophilicity values (logP>2.8), all tested compounds were predicted to 

permeate the cell membrane (22, 23). We transiently transfected HEK293T cells with V281M 
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OXTR tagged with hemagglutinin and green fluorescent protein (HA-OXTR-GFP), treated them 

with 10 μM of each candidate drug for 16 hours, then performed quantitative flow cytometry to 

measure cell surface OXTR (16, 18). Vehicle-treated cells transfected with V281M HA-OXTR-

GFP had 57% fewer OXTRs on the cell surface than vehicle-treated cells transfected with WT 

HA-OXTR-GFP (Figure 3.1A).  The two known OXTR agonists –TCOT39 and WAY26746 – 

decreased cell surface V281M OXTR, likely due to β-arrestin-induced internalization after 

OXTR activation (24, 25). TASP0390325, which has extremely low affinity for OXTR (26), had 

no effect on cell surface V281M OXTR. In contrast, three antagonists – SSR1494155, SR49059, 

and L371,257 – increased cell surface V281M OXTR to 130-143% of WT levels (Figure 3.1, 

P=0.019, 0.012, 0.004, respectively).  

We next examined the effect of these same compounds in cells transfected with WT HA-

OXTR-GFP. Most had similar effects as they did on V281M OXTR (Figure 3.1B). Cells treated 

with two compounds – SR49059 and L371,257 – had 170% more surface WT OXTR than 

vehicle-treated cells (Figure 3.1B). Therefore, we focused on these two compounds in further 

experiments. 

We next used confocal microscopy to determine the effect of SR49059 and L371,257 on 

subcellular localization of V281M OXTR-GFP in stably transfected HEK293 cells. In vehicle-

treated cells, V281M OXTR-GFP accumulated intracellularly (Figure 3.2A, B). Co-staining 

revealed that intracellular V281M OXTR-GFP colocalized with markers for the endoplasmic 

reticulum (protein disulfide isomerase, PDI) and Golgi (golgin-97). Treatment with SR49059 

and L371,257 decreased colocalization of V281M OXTR-GFP with both PDI and golgin-97 
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(P<0.0001). We concluded that SR49059 and L371,257 allowed V281M OXTR-GFP to traffic 

through the ER and Golgi to reach the cell membrane, consistent with flow cytometry results. 

We hypothesized that the enhanced V281M OXTR cell surface localization in SR49059- 

and L371,257-treated cells would lead to increased oxytocin response. To test this idea, we 

transiently transfected HEK293T cells with V281M OXTR, incubated them with oxytocin, and 

quantified inositol monophosphate (IP1), a downstream product of signaling through the Gq-

phospholipase C-inositol triphosphate pathway. At baseline (no oxytocin stimulation), IP1 

concentration was similar in cells transfected with WT OXTR and V281M OXTR 

(Supplementary Figure 3.1A). Treatment with SR49059 slightly decreased basal IP1 

concentrations in V281M OXTR-transfected cells (P=0.020); treatment with L371,257 had a 

similar, but not statistically significant, effect (P=0.057, Supplementary Figure 3.1A). 

Stimulation with oxytocin resulted in a dose-dependent increase in IP1 concentration in all cells 

(Figure 3.2D). Consistent with our previous results (16), maximal oxytocin-induced IP1 

production in vehicle-treated V281M OXTR-expressing cells was 80% of that in WT OXTR-

expressing cells (Figure 3.2D). However, treatment with SR49059 and L371,257 abolished this 

difference (Figure 3.2D); IP1 concentrations in oxytocin-stimulated cells were similar in V281M 

OXTR-expressing cells treated with SR49059 or L371,257 and WT OXTR-expressing cells 

treated with vehicle control (Supplementary Figure 3.1B). Taken together, these data showed 

that SR49059 and L371,257 restored both OXTR cell surface localization and oxytocin response 

in V281M OXTR-expressing cells. 
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3.3.2 SR49059 and L371,257 increase WT OXTR cell surface localization in 

immortalized human myometrial cells 

Given the robust effects of SR49059 and L371,257 in HEK293T cells, we wondered 

whether these compounds could enhance trafficking of WT OXTR endogenously expressed in 

hTERT-immortalized human myometrial (hTERT-HM) cells (17), which endogenously express 

WT OXTR. Because specific antibodies to OXTR are not commercially available, we used 

CRISPR-Cas9 to introduce an HA tag at the N-terminus of OXTR in the hTERT-HM cell line. 

We then performed quantitative flow cytometry to assess the effect of the nine candidate 

pharmacoperones on cell surface HA-OXTR (16 hour treatment, 10 μM). As in HEK293T cells, 

the OXTR partial agonist TCOT39 decreased surface abundance of OXTRs (P=0.009). 

However, the OXTR agonist WAY26746, which had decreased surface OXTRs in transfected 

HEK293T cells, had no effect in hTERT-HM cells. The AVPR1A/2 antagonist YM087, which 

had no effect on OXTR in HEK293T cells, significantly decreased surface OXTR in hTERT-HM 

cells (P=0.018). The top two candidate pharmacoperones, SR49059 and L371,257, had similar 

effects in hTERT-HM cells as in HEK293T cells, increasing cell surface OXTR abundance by 

2.3-fold and 2.9-fold, respectively (Figure 3.3A). Surface OXTR localization increased by more 

than two-fold after four hours of treatment with SR49059 or L371,257, reached a plateau after 

six hours of treatment, and remained high for 48 hours of treatment (Figure 3.3B). 
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To determine the mechanism of action of SR49059 and L371,257, we treated hTERT-

HM cells for 12 hours with cycloheximide, which inhibits protein translation, and brefeldin A, 

which blocks protein transport from the endoplasmic reticulum to the Golgi. Cycloheximide and 

brefeldin A decreased baseline cell surface OXTR abundance by 18% and 62%, respectively 

(Figure 3.3C; P<0.001, one-sample T test). Concurrent treatment with 10 μM SR49059 had no 

effect on cell surface OXTR in cells that were also treated with cycloheximide or brefeldin A. 

L371,257 increased surface OXTR by 20% (P=0.02, one-way ANOVA with Šidák’s multiple 

comparisons) in cells treated with cycloheximide but had no effect on cells treated with brefeldin 

A (Figure 3.3C). We concluded that both SR49059 and L371,257 primarily act by mobilizing 

newly synthesized OXTRs to the cell membrane, and that L371,257 may traffic a small portion 

of previously synthesized receptors to the cell membrane. 

3.3.3 SR49059 and L371,257 increase oxytocin-induced IP1 production in 

immortalized and primary human myometrial cells 

Given the abilities of SR49059 and L371,257 to increase WT OXTR cell surface 

localization in hTERT-HM cells, we asked whether these pharmacoperones would also lead to 

increased oxytocin response in these cells. We measured oxytocin-induced IP1 production in the 

absence and presence of these compounds and found that SR49059 and L371,257 increased 

maximal IP1 production by 37% and 35%, respectively (Figure 3.3D). 

Finally, we asked whether SR49059 and L371,257 would affect oxytocin response in 

primary myometrial cells isolated from uterine tissue collected from pregnant patients at the time 
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of term elective Cesarean section. We incubated these cells with SR49059 or L371,257 and 

quantified IP1 production.  In four of the five primary cultures, cells treated with SR49059 and 

oxytocin accumulated between 1.9 and 7.0 times more IP1 than cells treated with vehicle and 

oxytocin. Likewise, L371,257 increased response to oxytocin by 1.9- to 5.9-fold (Figure 3.4). 

We conclude that, although the magnitude of the effect varied widely, pharmacoperone treatment 

increased cellular response in primary myometrial cells. 

 

3.4 Discussion 

Taken together, our results indicate that two oxytocin/vasopressin antagonists, SR49059 

and L371,257, act as pharmacoperones for both variant and WT OXTR. First, these 

pharmacoperones restored OXTR trafficking and oxytocin response in HEK293T cells 

transfected with V281M OXTR, a loss-of-function variant. Second, pharmacoperones mobilized 

endogenous WT OXTR to the cell surface in a translation-dependent manner. Finally, SR49059 

and L371,257 increased response to oxytocin in both hTERT-HM cells and primary human 

myometrial cells from five individuals. 

Our report adds to several studies demonstrating the use of pharmacoperones for the 

closely related AVPR2 (14). Of the AVPR2 pharmacoperones that have been described (13, 27-

30), we included the agonists SR49059, YM087, and OPC41061 in our studies. SR49059 

robustly increased cell surface OXTR in HEK293T cells transfected with V281M or WT OXTR, 
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as well as in hTERT-HM cells. However, YM087 and OPC41061 had mixed effects. YM087 did 

not alter surface OXTR in HEK293T cells but decreased surface OXTR abundance in hTERT-

HM cells, whereas OPC41061 increased cell surface OXTR in hTERT-HM cells but not in 

transfected HEK293T cells. In contrast, the OXTR antagonist L371,257, which has not 

previously been tested for pharmacoperone activity, had the greatest effect of all the candidate 

compounds on cell surface OXTR in both transfected HEK293T cells and hTERT-HM cells. It is 

unclear whether L371,257 also acts as a pharmacoperone for AVPR2 or other vasopressin 

receptors. Given the similarity between members of the oxytocin/vasopressin receptor family, 

agents that act on OXTR will likely also affect vasopressin receptors; however, the clinical 

significance of such effects is unknown. 

One limitation of our study was that the lack of commercially available OXTR-specific 

antibodies prevented us from examining localization of endogenous, untagged OXTR. However, 

we found that SR49059 and L371,257 increased OXTR trafficking to the cell surface regardless 

of whether OXTR was tagged with an N-terminal HA tag, C-terminal GFP tag, or both. 

Importantly, we assessed the functional effects of SR49059 and L371,257 on oxytocin signaling 

in primary myometrial cells expressing endogenous, untagged OXTR. 

In the long term, development of OXTR pharmacoperones may improve the safety and 

effectiveness of oxytocin use during childbirth. Oxytocin is administered to most patients to 

induce and augment labor and prevent postpartum hemorrhage. However, patients with reduced 

OXTR function may not benefit from oxytocin treatment. Our data show that pharmacoperone 
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treatment can reverse the effects of a loss-of-function OXTR variant, potentially enabling the use 

of oxytocin in patients with V281M or other variants that disrupt OXTR trafficking. 

In addition to their effects on V281M OXTR, SR49059 and L371,257 increased the 

abundance of WT OXTR on the cell surface in both transfected HEK293T and hTERT-HM 

cells. This suggests that pharmacoperone treatment can increase oxytocin responsiveness in all 

patients, regardless of their OXTR genotype. In support of this idea, we show that five primary 

myometrial samples acquired robust oxytocin responses after treatment with SR49059 and 

L371,257. Although we did not have sequencing data for the patients from whom we obtained 

these samples, it is unlikely that they harbored the V281M variant, which is most prevalent in the 

Swedish population (15) and found in 0.2% of non-Finnish Europeans (31). Instead, they most 

likely had WT OXTR. 

Several questions must be addressed before OXTR pharmacoperones can be translated to 

the clinic. Whereas SR49059 and L371,257 increased surface OXTRs by ~2-4 fold, these 

treatments only increased OXTR signaling by 1.35-fold. This could indicate that a subset of 

OXTRs mobilized to the cell surface were nonfunctional, perhaps due to residual binding of 

SR49059 and L371,257, which are competitive antagonists. Treatment with SR49059 and 

L371,257 also decreased IP1 abundance in unstimulated (non-oxytocin-treated) cells, which 

might be the result of decreased basal (unliganded) OXTR signaling or decreased cellular health. 

Future experiments should investigate the effects of the antagonist activities of SR49059 and 

L371,257 on overall oxytocin signaling, particularly in vivo. If pharmacoperones that lack 

antagonist activity are developed and proven safe and effective in labor, they could be used to 
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improve oxytocin sensitivity in patients predicted to have reduced oxytocin responses due to 

genetic or clinical factors. 
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DRUG PRIMARY ACTION 

TCOT39 Selective OXTR partial agonist (32) 

OPC41061 AVPR2 antagonist; unknown OXTR affinity (33) 

WAY26746 Selective OXTR agonist (34) 

TASP0390325 Selective AVPR1A antagonist; low OXTR affinity (26) 

YM087 AVPR1A/2 antagonist; medium OXTR affinity (35, 36) 

OPC21268 AVPR1 antagonist; medium OXTR affinity (36) 

SSR149415 AVPR1B antagonist; medium OXTR affinity (37) 

SR49059 AVPR1A antagonist; medium OXTR affinity (36) 

L371,257 Selective OXTR antagonist (32, 36, 38) 

 
Table 3.1. Candidate pharmacoperones screened for effects on OXTR cell surface expression.  
Numbers in parentheses are references. 
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Figure 3.1. SR49059 and L371,257 increase cell surface abundance of variant and wild-type oxytocin receptor 
in HEK293T cells. 
(A) Effects of compounds on V281M OXTR cell surface abundance in HEK293T cells plotted relative to cell 
surface OXTR abundance in cells transfected with WT OXTR and treated with vehicle. * P<0.05 compared to 
vehicle-treated cells by one-way ANOVA with Dunnett’s multiple comparisons test. (B) Effects of compounds on 
WT OXTR cell surface abundance relative to that in vehicle-treated cells. ** P<0.0055 compared to vehicle by one-
sample T-test (⍺	corrected	for	multiple	comparisons	by	Bonferroni method). Data shown are mean and standard 
error from N=3 independent trials. 
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Figure 3.2. SR49059 and L371,257 rescue trafficking and functional defects of V281M OXTR. 
(A-C). Subcellular localization of OXTR (green) and (A) ER marker PD1 (magenta) or (B) Golgi marker Golgin-97 
(magenta) in HEK293 cells stably transfected with WT OXTR-GFP and V281M OXTR-GFP. Results shown are 
representative from three independent trials. (C) Quantitation of colocalization by Pearson’s r. Each point represents 
an individual image. **** P<0.0001 by one-way ANOVA with Dunnett’s multiple comparisons test. (D) Oxytocin-
induced IP1 production in HEK293T cells transfected with WT or V281M OXTR and treated with vehicle or 
SR49059. Data are shown as mean and standard error from N=5 independent trials. **** P<0.0001 compared to 
V281M + vehicle by sum-of-squares F test. 
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Figure 3.3. SR49059 and L371,257 increase OXTR trafficking and oxytocin response in immortalized human 
myometrial cells. 
(A) Effect of compounds on cell surface localization of OXTR in hTERT-HM cells. Data shown are mean and 
standard error from N=3 independent trials. *P<0.05, **P<0.01 by one-way ANOVA with Dunnett’s multiple 
comparisons test. (B) Change in surface OXTR on hTERT-HM cells after incubation with SR49059 or L371,257 for 
the indicated time points. Error bars show standard error for N=5 (SR49059) and N=3 (L371,257). (C) Change in 
surface OXTR after 12-hour incubation with SR49059, L371,257, cycloheximide, and brefeldin A as indicated. Bars 
with “a” are statistically different from vehicle-treated cells at P<0.001 (one-sample T test). *P<0.05 by one-way 
ANOVA with Šidák’s multiple comparisons test; ns, not significant. (D) Oxytocin-induced IP1 production in 
hTERT-HM cells treated with SR49059 or L371,257. Data are shown as mean and standard error from N=5 
independent trials. **** P<0.0001 compared to vehicle-treated cells by sum-of-squares F test. 
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Figure 3.4. SR49059 and L371,257 increase oxytocin-induced IP1 production in primary human myometrial 
cells. 
(A-E) Oxytocin-induced IP1 production in primary human myometrial samples from five term non-laboring samples 
(TNL 1-5). Error bars show standard error from N=4 technical replicates.  P-values from comparison of curve Emax 

(sum-of-squares F test). (F) Emax from N=5 primary cell samples. P-values from Friedman ANOVA with Dunn’s 
multiple comparisons test. 
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Supplementary Figure 3.1. Effects of V281M mutation and chaperone treatment on basal and maximal IP1 
concentration.  
(A) IP1 concentration in unstimulated cells (no oxytocin treatment). (B) IP1 concentration in cells treated with 10 
μM oxytocin. *P<0.05, **P<0.005, ****P<0.0001 by one-way ANOVA with Šidák’s multiple comparisons test; 
ns, not significant. Data shown are mean and standard error from N=5 independent trials. 
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Chapter 4: Allele-specific expression of 
OXTR transcripts 

 

4.1 Introduction 

With few exceptions, the most prevalent genetic variations in the oxytocin receptor 

(OXTR) gene are single nucleotide polymorphisms (SNPs) that do not alter the amino acid 

sequence of the OXTR protein. Instead, SNPs may act by modulating the quantity and timing of 

OXTR mRNA transcription, translation, and degradation. A study published in 2017 by Grotegut 

et al. identified five prevalent SNPs in noncoding regions of OXTR that nominally associated 

with oxytocin dose requirement for labor induction (1). Although this pilot study was performed 

in a relatively small cohort (482 individuals) and found relatively weak associations between 

SNP genotype and maximal oxytocin infusion rate, many of the same OXTR SNPs have been 

implicated in adverse reproductive outcomes such as preterm birth and long labor duration (2-4). 

Taken together, these studies indicate that noncoding SNPs in OXTR alter myometrial 

physiology, but identifying the mechanisms of action of these SNPs has proven more difficult. 

This is in part because association studies do not usually identify the functional SNPs that affects 

a genetic locus, but rather identify proxy SNPs in linkage disequilibrium that co-segregate with 

the functional SNP. Identifying these functional SNPs and determining their mechanism of 
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action may help us to understand the association between OXTR genetics and oxytocin 

sensitivity in the myometrium. 

Our aim in this study was to assess the association between noncoding SNPs in the 5’ 

region of OXTR and OXTR mRNA expression in the myometrium. To this end, we profiled 

OXTR mRNA expression in a group of 17 myometrial tissue samples collected during Cesarean 

section. 

 

4.2 Methods 

4.2.1 Strategy 

Human myometrial tissue samples are highly heterogeneous due to variability in clinical 

scenario (i.e. pregnancy length, labor stage at time of sample collection, patient demographic 

characteristics, etc.) and sample collection (i.e. time of day, biopsy site), all of which affect gene 

expression. This variability may obscure the effects of OXTR SNPs when quantifying total 

mRNA expression. To circumvent this concern, we used allelic expression imbalance (AEI) 

studies to identify the SNPs that regulate OXTR mRNA expression (5). AEI assays compare 

expression of each allele of an exonic “reporter SNP” in heterozygous individuals (Figure 4.1). 

AEI occurs when one allele of the reporter SNP is preferentially expressed due to the presence of 

a nearby SNP that alters a cis-acting element and therefore regulates OXTR mRNA expression.  

In contrast, individuals who are homozygous for this “functional” SNP will express both alleles 

of the reporter SNP equally. In this study, we used the reporter SNP rs237902, a synonymous 

SNP in the third exon of OXTR with high minor allele frequency in populations of African and 
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European ancestry. To identify candidate functional SNPs, we sequenced a 3-kB region of OXTR 

that spanned the OXTR promoter up to the third exon (Figure 4.2). 

 

4.2.2 Human myometrial tissue samples 

Human myometrial tissue samples from the lower uterine segment were obtained from 

patients during elective Caesarean section under spinal anesthesia. Participants signed written 

consent forms approved by the Washington University in St. Louis Internal Review Board 

(approval no. 201108143) or University of Iowa Internal Review Board (approval no. 

199809066). Myometrial samples were flash frozen and stored at -80°C or stored in RNA 

stabilization solution at -20°C. DNA was extracted from samples by using the DNeasy Blood 

and Tissue Kit according to the manufacturer’s instructions (Qiagen, Germantown, Maryland). 

RNA was extracted using the Aurum Total RNA Fatty and Fibrous Tissue Kit according to the 

manufacturer’s instructions (Biorad, Hercules, California). RNA integrity was assessed by 

Agilent Bioanalyzer (Santa Clara, California). Reverse transcription was performed by using 

iScript cDNA synthesis kit according to the manufacturer’s instructions (Biorad). 

4.2.3 SNP genotyping 

The reporter SNP, rs237902, was genotyped using a TaqMan SNP genotyping assay 

(Thermo Fisher Scientific, Waltham, Massachusetts). All other SNPs in the 5’ region of OXTR 

(Table 4.1) were genotyped by PCR followed by Sanger sequencing. PCR was performed with 
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Phusion High-Fidelity Taq Polymerase (New England Biolabs, Ipswitch, Massachusetts) and 

GC-rich buffer. 

4.2.4 PCR sequencing 

The region around rs237902 was amplified in both cDNA and genomic DNA samples 

with primers 5’-GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TTC ACA TGG 

ATC ACG CTA GCT and 5’-ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT 

GCC TTG GAG ATG AGC TTG AC, where bolded portions are sequence-specific and 

unbolded portions are Illumina adaptors. PCR was performed by using Phusion Taq with GC 

buffer and the following thermal cycling protocol: 98°C for 30s, 10 cycles of 98°C for 10s, 

62.4°C for 10s, and 72°C for 10s, followed by 25 cycles of 98°C for 10s and 72°C for 20s, and a 

final extension at 72°C for 10 minutes. 1 μL of PCR product was used as template for a second 

round of PCR, performed to add unique 9-base barcodes for each sample. The following cycling 

protocol was used: 98°C for 30s, 35 cycles of 98°C for 10s and 72°C for 20s, and a final 

extension at 72°C for 10 minutes. Primers were 5’-CAA GCA GAA GAC GGC ATA CGA 

GAT NNN NNN NNN GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG A and 5’-AAT 

GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG 

ATC T (Illumina Primer 1.0). 

A small volume of PCR products from both rounds of PCR were subjected to agarose gel 

electrophoresis to ensure specificity and success of amplification. Second round PCR products 

were then pooled according to fluorescence intensity on the agarose gel to make an equimolar 

solution. Pooled PCR products were subjected to gel electrophoresis and the relevant band was 
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excised and purified by using Qiagen Gel Extraction Kit according to the manufacturer’s 

instructions. Extracted PCR products sequenced (Illumina Miseq, DNA Sequencing Innovation 

Lab, Washington University Center for Genome Sciences & Systems Biology). Reads with C 

and T alleles of rs237902 were counted in order to calculate allelic ratios. Samples with less than 

1000 total reads in either run were excluded from the final results. This process was completed 

twice. 

4.2.5 Calculation of allelic ratios 

Allelic ratios in amplified genomic DNA that differ significantly from 0 can reflect 

amplification bias. To account for this possibility, we first calculated allelic ratios in genomic 

DNA samples. Allelic ratios from cDNA were normalized to the mean of genomic DNA allelic 

ratios in the same sequencing run. 

Allelic ratios are expressed as log2(counts C allele/counts T allele). An allelic ratio of 0 

therefore represents a 1:1 ratio of C:T counts. 

 

4.3 Results 

4.3.1 Quantification of allele-specific expression in myometrial tissue 

In Figure 4.3A, we show the distribution of allelic ratios (absolute values) in our study 

population. Four samples appear to have particularly striking AEI, with absolute allelic ratio 

>0.5. Of these, one (A125) preferentially expressed the T allele of rs237902; three (A123, A218, 

NL146) preferentially expressed the C allele (Figure 4.3B). We hypothesized that samples with 
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significant AEI were heterozygous for one or more functional SNPs that regulate OXTR mRNA 

expression. We reasoned that these SNPs would be heterozygous in the samples with AEI and 

homozygous in samples without AEI. 

4.3.2 Association between candidate functional SNPs and allelic expression 

imbalance 

We first assessed the association between AEI and rs2268498, a SNP in the OXTR 

promoter which was associated with total OXTR mRNA expression in a 2017 study in human 

brain (6). We found that the four samples with the high allelic ratios were heterozygous for 

rs2268498 (Figure 4.4A). However, other samples with no or modest AEI were also 

heterozygous for rs2268498, and there was no significant difference between allelic ratios in 

rs2268498 homozygotes and heterozygotes (P=0.114, Mann-Whitney test). 

We therefore proceeded to identify additional functional candidate SNPs by sequencing 3 

kB of genomic DNA between the OXTR promoter and the third exon. By doing so, we obtained 

genotypes for 23 additional known SNPs (Table 4.1). We observed no difference in the total 

burden of heterozygous SNPs in samples with and without AEI. Two SNPs, rs2268497 and 

rs968389, were heterozygous in all four samples with high allelic ratios (Figure 4.4B-C). 

However, as was the case for rs2268498, rs2268497 and rs968389 were also heterozygous in 

samples without AEI. There was no significant difference in allelic ratios between heterozygotes 

and homozygotes for either SNP (P=0.122 and P=0.088, respectively, by Mann-Whitney test). 

We concluded that no individual high-frequency SNP explained AEI in our cohort. 
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4.3.3 Novel variant may drive allelic expression imbalance 

We next hypothesized that AEI might be driven by rare or novel variants. In NL146, the 

sample with the highest allelic ratio, we identified a novel G/A variant at 3:8768389 (GRCh38) 

in the second intron of OXTR (Figure 4.5). NL146 was heterozygous for this variant, suggesting 

that this may be a functional variant driving AEI in NL146. The novel variant is adjacent to a 

rare SNP rs7628496 (3:8768390) (Figure 4.5). Rs7628496 was heterozygous in sample A123, 

which also exhibits significant AEI. Neither the novel variant nor rs7628496A was found in any 

of the other samples. 

 

4.4 Discussion 

The striking AEI observed in myometrial samples suggests that these samples are 

heterozygous for SNPs that functionally alter OXTR expression, promoting preferential 

expression of one copy of OXTR. However, we did not find an individual SNP that explained 

AEI in our cohort. We identified three SNPs (rs2268498, rs2268497, and rs968389) that were 

heterozygous in the four samples with the most pronounced AEI, but none of these SNPs had a 

statistically significant effect on allelic ratios. We also identified a novel variant in the second 

intron of OXTR in the myometrial sample with the highest degree of AEI. These four variants are 

targets for further study. 

Whereas several studies have investigated associations between noncoding SNPs in 

OXTR and a variety of behavioral and psychiatric phenotypes (7-10), relatively few have 

examined how these SNPs functionally alter OXTR expression and the resultant physiology (6, 
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11). First, a 2010 study profiled allele-specific expression in human amygdala and lymphocytes, 

and identified three SNPs as potential contributors to AEI (11). However, these SNPs were not 

associated with AEI in our study, potentially due to differential regulation of OXTR expression 

in myometrium, brain, and lymphocytes. Our results are consistent with a 2017 study by Reuter 

et al. showing an association between rs2268498 and OXTR mRNA expression in the brain (6).  

The variants identified in our study may be acting through several mechanisms. First, 

rs2268498, rs2268497, and rs968389 could be in expression in the samples with AEI. 

Rs2268498 and rs2268497 are found in linkage disequilibrium with a lower-frequency SNP that 

functionally regulates OXTR mRNA expression. Second, rs2268498, rs2268497, and rs968389 

could themselves be functionally regulating OXTR the OXTR promoter, whereas rs968389 are in 

the 5’ untranslated region (UTR). The SNPs in the promoter region may alter cis-regulatory 

elements that modulate OXTR transcription, whereas the SNP in the 5’ UTR may either alter a 

cis-regulatory element or alter mRNA stability. These hypotheses can be tested by in vitro assays 

of transcription and mRNA stability. These assays could also be used to determine the function 

of the novel variant identified in this study (3:8768390 G/A). 

Finally, AEI could result from imprinting or random monoallelic expression. Imprinting 

occurs as a result of epigenetic silencing of either the maternal or paternal copy of a gene. In 

contrast, random monoallelic expression occurs stochastically, without regard to parent of origin 

(12). Our studies are more likely to detect imprinting than random monoallelic expression: the 

choice of which allele to express appears to occur independently in each cell, and we profiled 

mRNA from a mixture of cells. Currently, there is no evidence for imprinting at the OXTR locus 
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(13). Future studies may dissect the role of both imprinting and random monoallelic expression 

at the OXTR locus.  
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Table 4.1. SNPs in 5’ region of OXTR. Genotypes for each sample are shown. 0: homozygous for the major allele. 
1: heterozygous. 2: homozygous for the minor allele. 

  

SNP 

A
101 

A
113 

A
123 

A
125 

A
133 

A
153 

A
159 

A
195 

A
218 

A
273 

A
274 

A
285 

A
291 

A
293 

N
L

136 

N
L

139 

N
L

146 
rs2268498 0 1 1 1 0 1 1 0 1 0 1 0 0 0 1 0 1 
rs2268497 0 1 1 1 1 1 1 0 1 0 1 1 0 0 1 0 1 
rs7610471 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
rs1465386 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 
rs3806675 0 1 1 0 0 0 1 0 0 0 0 0 0 0 1 0 1 
rs76884424 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
rs73132859 0 0 0 0 1 0 0 0 1 0 1 1 0 0 0 0 0 
rs2301260 0 1 1 0 1 0 1 0 1 0 0 0 1 0 0 0 0 
rs9853381 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
rs968389 0 1 1 1 1 1 1 0 1 0 1 2 0 0 1 0 1 
rs2301261 0 0 0 0 0 0 0 0 1 0  0 1 0 0 1 0 
rs73132856 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 
rs35413809 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 
rs62243375 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
rs115544438 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
rs4564970 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 1 0 
rs237915 1 1 0 1 0 1 1 1 0 1 0 0 1 1 1 1 1 
rs114738868 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
rs7628496 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
rs237913 1 1 0 1 2 1 1 1 0 1 0 0 1 1 1 1 1 
rs237911 1 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 
rs112772544 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
rs2228485 1 0 0 0 1 0 0 1 1 1 0 0 1 1 0 1 0 
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Figure 4.1 Schematic illustrating allelic expression imbalance studies.  
“A” allele of functional SNP decreases transcription, leading to fewer transcripts that encode the “T” allele of the 
reporter SNP. Red: maternal chromosome, blue: paternal chromosome. Figure adapted from I. Parikh. 
 

 
Figure 4.2 Schematic of 5’ region of OXTR.  
Sequenced region covers 23 prevalent SNPs (red points). 
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Figure 4.3. Allelic expression imbalance in myometrial samples. 
(A) Distribution of allelic ratios (absolute values) for N=17 myometrial samples, showing clear separation between 
samples with (blue box) and without allelic expression imbalance (AEI). (B) Allelic ratio for each sample. Points 
represent two replicate experiments. Bars shown in blue for samples with AEI. 
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Figure 4.4. Association between candidate functional SNPs and allelic expression imbalance. 
Allelic ratios for samples homozygous or heterozygous for rs2268498 (A), rs2268497 (B), and rs968389 (C). Violin 
plots show median (dashed line) and quartiles (dotted lines). Comparisons show P from Mann-Whitney test. 
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Figure 4.5. DNA sequencing chromatograms showing novel variant. 
Results from sequencing OXTR intron (3:8768379 to 3:8768400, GrCh38). Sample NL136 has no SNPs in this 
region and is shown as the reference sequence. Sample NL146 is heterozygous for a novel variant (G/A) at 
3:8768389. Sample A123 is heterozygous for rare SNP rs7628496, which is adjacent to the novel variant. 
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Chapter 5: Discussion and Future 
Directions 

 
 
5.1 Key findings 

Synthetic oxytocin is administered during childbirth to almost every patient who gives 

birth in the United States for labor induction, labor augmentation, and/or prevention of 

postpartum hemorrhage. While oxytocin is generally safe and effective, response to oxytocin 

varies widely between individuals. Insufficient response can lead to uterine atony, post-partum 

hemorrhage, and unplanned Cesarean section, whereas excessive response can lead to uterine 

hyperstimulation, uterine rupture, and fetal distress (1, 2). Investigators have identified some 

clinical factors associated with oxytocin dose requirement, but these explain only a small 

proportion of the variability in oxytocin response (3). Thus, attention has turned to the 

pharmacogenetics of the oxytocin receptor (OXTR). Between 2015 and 2020, several clinical 

studies tested the hypothesis that genetic variants in OXTR alter response to synthetic oxytocin 

(4-8). However, investigators have yet to establish a causative link between any genetic variant 

and oxytocin response. Meanwhile, exome sequencing studies revealed that several genes that 

code for drug targets, including OXTR, contain missense variants of unknown significance that 

might alter drug response (9). I hypothesized that missense variants in the OXTR gene may have 

an underappreciated effect on oxytocin response. 
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Characterizing these variants could be useful for several reasons. First, observing the 

effects of genetic variants in vitro may help us predict how they affect clinical response to 

oxytocin, and thus inform the design of subsequent clinical studies. Long term, these studies 

could lead to personalized dosing strategies based on genetic factors, thereby decreasing 

uncertainty involved in oxytocin dosing and reducing risk of adverse events (3, 10-12).  Second, 

understanding the molecular mechanisms by which genetic variants impair OXTR signaling 

sheds light on the workings of the wild type OXTR. Third, genetic studies may inspire the 

development of novel therapeutics that either mimic or reverse the effects of genetic variants.  

In the first part of this dissertation (Chapter 2), I characterized the effects of missense 

variants in the oxytocin receptor (OXTR) gene on OXTR function. I identified the variants 

present in the human population that are most likely to affect oxytocin response and can be 

investigated further in clinical studies. My findings provide insights into the mechanisms by 

which both wild type and variant OXTR couple to G proteins and β-arrestin. Variant OXTRs 

with impaired β-arrestin signaling may provide useful models for rational design of novel biased 

agonists that promote uterine contractions without inducing desensitization. This approach was 

prototyped by a 2020 study that used molecular dynamics simulations to predict conformational 

changes caused by existing biased agonists (13).  Suomivuori et al. used this information to 

engineer novel agonists that induced similar conformational changes (13). 

In the second part of this dissertation, I investigated the role of OXTR trafficking in 

oxytocin responsiveness. I identified small molecule ligands of OXTR that act as 

pharmacological chaperones, reversing the effects of variants that impair OXTR trafficking and 

oxytocin response. Interestingly, these pharmacological chaperones strengthen the endogenous 
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Figure 5.1. Power analysis: power for detecting 
effect of E339K on ASD risk for given odds ratio. 

oxytocin response in a variety of cell types, demonstrating their potential clinical utility to 

increase oxytocin sensitivity.  

Finally, I assessed the association between noncoding single nucleotide polymorphisms 

(SNPs) in the 5’ region of OXTR and OXTR mRNA expression by profiling allele-specific 

expression in human myometrial tissue.  

5.2 Open questions 

5.2.1 Effect of OXTR variants on autism risk 

Several studies have investigated between variants in the OXTR gene and autism 

spectrum disorder (ASD) (14-18). These studies are motivated by the observation that loss of 

OXTR function alters social interactions in animal behavioral models (19), and altered social 

behavior is a key feature of ASD (20). Because risk for ASD is predominantly genetic, 

researchers hypothesize that loss-of-function genetic variants may run in families with ASD (14). 

Groups such as the Population-Based Autism Genetics and Environment Study (PAGES) in 

Sweden (21) and Integrative Psychiatric 

Research (iPSYCH) consortium in Denmark 

(22) sequence exomes from ASD cases and 

neurotypical controls to elucidate the role of 

genetics in ASD. Data from both iPsych (4.8 K 

cases and 5.2 K controls) and PAGES (0.7 K 

cases, 3.6 K controls) are available through 

the Autism Sequencing Consortium. 
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 Both Swedish and Danish cohorts included individuals with high-frequency genetic 

variants characterized in Chapter 2, including variants that had significant effects in Ca2+ flux 

and β-arrestin recruitment screening assays (Table 5.1). My studies in Chapter 2 identified the 

OXTR variants that had the most significant effects on receptor function. Theoretically, these 

variants are most likely to alter ASD risk. In particular, the E339K variant impairs several 

aspects of OXTR function, including trafficking to the cell surface, signaling through Gq, and 

coupling to β-arrestin. E339K was relatively prevalent in the Swedish and Danish cohorts, with a 

total allele count of 81 (overall allele frequency = 0.0028). This sample size provided >90% 

statistical power to detect the effect of variants with odds ratio of 1.9 or higher (Figure 5.1). 

However, I found that the E339K allele frequency in ASD cases and controls was similar (Table 

5.2) and did not detect a significant association between the global loss-of-function E339K and 

ASD (odds ratio = 1.04, 95% confidence interval 0.67 to 1.62, χ2=0.347, P=0.878). We can 

conclude that individuals in this population who are heterozygous for the loss-of-function variant 

E339K are not at significantly higher risk for ASD. 

 Our functional studies show that E339K is the highest-frequency missense variant that 

significantly decreases OXTR function. However, in this well-powered study, we did not detect 

an association between E339K and ASD. This adds to several other studies that have 

investigated the association between OXTR variants and ASD risk, with mixed results (14-16, 

23). Unlike E339K, variants previously associated with ASD do not appear to cause significant 

loss of OXTR function (15, 16, 24). Therefore, the role of OXTR genetics in determining ASD 

risk is still unclear. 
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 AC case* AN case AC control AN control 

Swedish  3 2490 16 7190 

Danish  29 9622 33 10428 

Total 32 11112 49 17618 

Allele frequency           0.00288              0.00278 

Table 5.2 Prevalence of E339K in ASD cases and controls. *AC case: observations of variant allele in ASD 
cases. AN case: allele number (total number of alleles for which genotype is available) in ASD cases. AC/AN 
control: same for neurotypical controls. 

 

5.2.2 Effect of noncoding SNPs on OXTR expression 

Whereas the functional characterization of missense variants in OXTR is relatively 

straightforward, elucidating the mechanisms of action of noncoding SNPs is often challenging. 

Still, most studies investigating the effects of OXTR genetics on human health and behavior have 

focused on noncoding SNPs  (15, 25-28). Small pilot studies have investigated the hypothesis 

that noncoding SNPs in OXTR associate with oxytocin dose requirement (6), labor duration (29), 

Uncharacterized variants* Characterized variants 

 Allele count†  Allele count 

A218T 3416 E339K 81 

A238T 819 V281M 10 

G252A 12 P108A 5 

Table 5.1 OXTR variants in Swedish and Danish cohorts. *Uncharacterized variants did not have large effects 
on Ca2+ flux or β-arrestin recruitment, and thus were not prioritized for further characterization in Chapter 2.  
†Allele count: observations of variant allele in combined Swedish and Danish cohorts.  
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preterm birth (30), and ex vivo myometrial contractility (31). However, to date, studies have not 

established how these SNPs modulate OXTR expression or myometrial function.  In Chapter 4, 

I investigated the effects of noncoding SNPs on OXTR mRNA expression by measuring allele-

specific expression of OXTR. I hypothesized that samples with allelic expression imbalance 

(AEI) would be heterozygous for one or more functional SNPs that altered OXTR expression, 

promoting increased expression of one copy of the OXTR gene.  I found that several samples 

exhibited statistically significant AEI, suggesting that one or more functional SNPs regulates 

OXTR expression. When I sequenced the 5’ region of OXTR, I found that two SNPs in the OXTR 

promoter and one SNP in the 5’ untranslated region (UTR) were heterozygous in the four 

samples with AEI. Of note, one of these promoter SNPs (rs2268498) has previously been 

associated with total OXTR mRNA expression in human brain (24). Furthermore, I identified a 

novel variant in the second intron of OXTR that is heterozygous in the sample with the most 

pronounced AEI. Although these variants are targets for further study, their effects were not 

statistically significant in this small cohort. Replication studies with larger sample sizes may 

assess the effects of these specific variants on AEI. In addition, future functional studies may 

confirm whether these variants can act on OXTR expression and describe their mechanisms of 

action. My working hypothesis is that the promoter and intronic SNPs modulate transcription, 

while the 5’ UTR SNP alters mRNA expression. This hypothesis could be tested using in vitro 

assays, including luciferase assays and electrophoretic mobility shift assays. 

 



122 

 

5.3 Opportunities for translational research 

5.3.1 Labor outcomes and personalized oxytocin dosing 

Understanding how genetic variants alter OXTR function is an important step towards 

personalized oxytocin dosing. In Chapter 2, I identified the OXTR variants most likely to alter 

oxytocin response in cells. These variants are potential candidates for future genetic studies on 

oxytocin dosing and on adverse events such as post-partum hemorrhage and uterine 

hyperstimulation. Table 5.3 shows selected variants characterized in this study, the populations 

in which they are found with highest prevalence in gnomAD (32), and clinical outcomes of 

interest based on functional data attained in Chapter 2. While A218T was not characterized in 

depth (Chapter 2), it modestly decreased maximal Ca2+ flux (Supplementary Table 2.1). Thus, 

people who are heterozygous or homozygous for A218T may require higher doses of oxytocin 

during labor. Since A218T is prevalent worldwide (32), studies on A218T’s effect on oxytocin 

dose requirements might be feasible with a relatively small study population. The 

desensitization-biased variant V281M is another particularly interesting candidate for further 

study. V281M has been identified in European, Latino/Admixed American, and African 

population groups, but is most common in the Swedish population, where it is found in 7-8 out 

of every 1000 people (32, 33). Because V281M decreased the potency and efficacy of oxytocin 

activation of OXTR but did not affect receptor desensitization, individuals with the V281M 

allele may require higher oxytocin doses and be at higher risk for adverse events that result from 

OXTR desensitization. Future studies should assess the association between V281M and 
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oxytocin dose requirement and/or complications that result from OXTR desensitization, such as 

uterine atony and post-partum hemorrhage. 

 

5.3.2 Development of pharmacological chaperones 

My findings from Chapter 3 show that pharmacological chaperones for OXTR may be 

clinically useful to improve oxytocin sensitivity in patients predicted to have reduced oxytocin 

responses due to genetic or clinical factors. This study showed that oxytocin/vasopressin 

antagonists exhibit chaperone activity that not only reverses trafficking and functional defects in 

variant OXTR, but also increases trafficking efficiency of wild type OXTR. These results 

suggest that pharmacological chaperones could be useful for many of the patients who receive 

oxytocin each year. However, several barriers must be overcome before pharmacological 

chaperones can be translated to the clinic. My experiments were performed in primary cells 

isolated from human myometrial tissue, but future experiments should assess how chaperones 

affect oxytocin-induced contractions in intact myometrial tissues. Furthermore, we do not know 

 Population* Frequency† 
(/1000) Outcome of interest 

A218T Latino/ 
Admixed American 546 ODR‡ 

E339K Ashkenazi Jewish 15 High ODR, uterine atony, PPH 

V281M European (non-Finnish) 2 High ODR, uterine atony, PPH 

V45L European (non-Finnish) 1 Low ODR, uterine hyperstimulation 

P108A European (Finnish) 3 Low ODR, uterine hyperstimulation 

Table 5.3. Missense variants in OXTR – candidates for follow-up studies. *Population group in which variant is 
most prevalent in gnomAD (32). †Frequency of variant (number of heterozygotes and homozygotes) in given 
population. ‡ODR: oxytocin dose requirement. 
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whether pharmacological chaperones have similar effects on human and mouse OXTR. If so, 

experiments in mice (or other animal models) may be relevant to determine the effects of 

pharmacological chaperones on uterine contractions and oxytocin response in vivo. 

The most significant barrier to translation to the clinic may be that the pharmacological 

chaperones assessed in my study were antagonists that compete with oxytocin to bind to OXTR.  

In vivo, the antagonist suppression of OXTR signaling may mask any benefits of enhanced 

OXTR expression and function. Animal studies may help determine whether this concern is 

warranted, but it is likely that development of alternative pharmacological chaperones may be 

necessary. As demonstrated by studies on vasopressin receptor (AVPR2), pharmacological 

chaperones can be almost any small molecule that penetrates the cell and binds to the receptor 

(34).  As is true for OXTR, the first identified pharmacological chaperones for AVPR2 were 

antagonists (35). However, more recent studies have shown that AVPR agonists, including 

biased agonists, can act as pharmacological chaperones (34).  Unfortunately, all known OXTR 

agonists cause internalization and long-term downregulation of OXTR from the cell surface. 

Therefore, molecules that bind to allosteric sites in OXTR might be ideal pharmacological 

chaperones. High-throughput screens, such as those described by Janovick et al. and Smith et al., 

may be useful to identify additional molecules with chaperone activity for OXTR (36, 37). 

 

5.4 Conclusion 

In the United States and worldwide, childbirth can be dangerous due to unacceptably high 

rates of complications during and after delivery. Administration of oxytocin makes childbirth 
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safer: in particular, oxytocin use in the third stage of labor reduces the risk of postpartum 

hemorrhage by around 50% (38). However, like any drug, oxytocin is associated with adverse 

events. Because of oxytocin’s widespread use, avoiding these complications is a public health 

imperative. Improving oxytocin safety begins with advancing our understanding of oxytocin 

pharmacodynamics. 

My approach to this problem was to investigate the mechanisms by which some genetic 

variants alter OXTR function and oxytocin response. My characterization of genetic variants in 

OXTR also provided insights into the signaling and trafficking of wild type OXTR. These 

findings may inform the development of novel therapeutics, including biased agonists and 

pharmacological chaperones for the OXTR. However, several questions remain in the field. The 

future directions proposed in this chapter will enable progress towards the ultimate goal of 

improving the effectiveness and safety of oxytocin use in labor. 
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