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A B S T R A C T   

Oxytocin acts through the oxytocin receptor (OXTR) to modulate uterine contractility. We pre
viously identified OXTR genetic variants and showed that, in HEK293T cells, two of the OXTR 
protein variants localized to the cell surface less than wild-type OXTR. Here, we sought to 
measure OXTR in the more native human myometrial smooth muscle cell (HMSMC) line on both 
the cell-surface and across the whole cell, and used CRISPR editing to add an HA tag to the 
endogenous OXTR gene for anti-HA measurement. Quantitative flow cytometry revealed that 
these cells possessed 55,000 ± 3200 total OXTRs and 4900 ± 390 cell-surface OXTRs per cell. To 
identify any differential wild-type versus variant localization, we transiently transfected HMSMCs 
to exogenously express wild-type or variant OXTR with HA and green fluorescent protein tags. 
Total protein expression of wild-type OXTR and all tested variants were similar. However, the two 
variants with lower surface localization in HEK293T cells also presented lower surface localiza
tion in HMSMCs. Overall, we confirm the differential surface localization of variant OXTR in a 
more native cell type, and further demonstrate that the quantitative flow cytometry technique is 
adaptable to whole-cell measurements.   

1. Motivation 

Clinical response to synthetic forms of oxytocin varies widely across individuals. In some cases, this may be due to the low 
abundance of the oxytocin receptor (OXTR) on the cell surface. However, no OXTR-specific antibodies are available to quantify surface 
and total OXTR. To address this challenge, we developed a flow cytometry method to quantify OXTR in human myometrial smooth 
muscle cells. Furthermore, quantitative flow cytometry is extensively used to measure receptors on the cell surface, but the cell-surface 
compartment only offers limited insight into receptor trafficking regulation, which can be further advanced through whole-cell 
measurements. To advance insight into receptor compartmentalization, here we conduct both cell surface and whole-cell OXTR 
measurements. 
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2. Introduction 

Oxytocin regulates social behavior, reproductive function, and lactation by signaling via its G-protein-coupled oxytocin receptor 
(OXTR). Synthetic oxytocin (Pitocin) is commonly administered to induce and strengthen uterine contractions in labor and to prevent 
postpartum hemorrhage, and it is a potential therapy for multiple neuropsychiatric disorders [1]. However, the oxytocin response 
varies widely across individuals. For example, for labor induction and augmentation, oxytocin doses range from 1 to 40 milliunits per 
minute and are titrated every 15–60 min [2]. Improper dosing can result in adverse outcomes such as fetal distress and uterine rupture 
[3]. Personalizing oxytocin dosage based on individual differences in oxytocin sensitivity could improve the safety and effectiveness of 
treatment. 

Cell response to oxytocin is influenced by OXTR availability. At the onset of term labor, uterine OXTR protein expression increases 
to be around 20 times higher than in mid-gestation states and 100 times higher than in non-pregnant states [4]. In in vitro experiments, 
oxytocin-responsive myometrial tissue exhibits approximately 10-fold higher OXTR protein expression than oxytocin-nonresponsive 
tissue [5]. Two hypothetical explanations for the decreased OXTR availability in oxytocin-nonresponsive individuals are genetic 
variation [6] and hormone dysregulation [7]. To devise personalized oxytocin dosage, we need a strategy to quantify OXTR surface 
localization and total protein expression. However, we currently lack OXTR-specific antibodies, as those available may also bind the 
structurally similar vasopressin receptors [8,9]. Thus, new measurement approaches are needed. 

One way to overcome these challenges is to add an epitope tag such as HA, FLAG, or His to the extracellular, N-terminal region of 
OXTR. CRISPR editing [10] can be used to modify the endogenous OXTR gene, alternatively, stable or transient cell transfection can be 
used for exogenous expression of tagged OXTR [10,11]. Transient cell transfection is the easiest, quickest, and most cost-effective 
approach but typically results in a large population of non-transfected cells. These tag-negative cells can skew OXTR measurements 
in bulk protein analysis. By adding a GFP tag to the intracellular, C-terminal end of the OXTR, we can readily select GFP-positive 
transfected cells for single-cell protein analysis by flow cytometry. While conventional flow cytometry generates relative fluores
cence intensities, which would enable detection of these HA and GFP-tagged OXTR + cells, these data are only semi-quantitative. Thus, 
this method has limited utility in consolidating and comparing results across experiments conducted with different variants, on 
different days, or by different research groups. The absence of precise quantitative measurements for OXTR hampers the establishment 

Fig. 1. Western blotting to measure OXTR expression in HEK293T cells and HMSMCs. (A) Representative HA western blot (upper) and total 
protein staining (lower) of un-transfected (UT) HEK293T cells or HEK293T cells transfected with constructs expressing wild-type (WT) OXTR or the 
indicated variants. (B) Quantification of total OXTR expression, normalized to total protein and then to the WT sample. No significant differences 
were found by Kruskal-Wallis ANOVA. (C) The percentage of OXTR variants that are glycosylated is calculated by dividing the intensity of the upper 
band by the sum of both bands. P = 0.003 by one-way ANOVA. (D) Representative HA western blot (upper) and histone H3 western Blot (lower) of 
UT hTERT-HM cells or hTERT-HM cells transfected with constructs expressing OXTR-GFP, WT OXTR, or V281 M OXTR. (E) Quantification of total 
OXTR expression, normalized to histone H3 and then to the WT sample. No significant differences were observed by the Wilcoxon Signed-Rank test. 
(F) The percentage of OXTR variants that are glycosylated is calculated by dividing the intensity of the upper band by the sum of both bands. **P <
0.01 by paired t-test. Uncropped western blots are shown in Supplementary Fig. 1 (A and B). 
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of a standardized biomarker for guiding effective oxytocin use clinically. 
We previously used quantitative flow cytometry (qFlow) to quantify exogenous OXTR in HEK293T cells [11]. We measured surface 

localization and total expression of wild-type OXTR and five genetic variants of the OXTR. Total protein expression was similar for 
wild-type OXTR and all five variants. However, the OXTR variants P108A and L206V localized to the cell surface significantly more 
than wild-type OXTR (23 ± 3% and 41 ± 4%, respectively, more; p < 0.05). Conversely, the OXTR variants V281 M and E339K 
localized to the cell surface significantly less than wild-type OXTR (49 ± 0.7% and 36 ± 2%, respectively, less; p < 0.05) [11]. Our 
fluorescence imaging results revealed increased Golgi localization of V281 M and E339K, suggesting a defect in OXTR trafficking [10]. 
Moreover, assessment of Ca2+ release and β-arrestin recruitment indicated that HEK293T cells expressing V281M-OXTR had less OXTR 
signaling than HEK293T cells expressing wild-type OXTR [11]. In subsequent work, we identified chaperone drugs that restored the 
surface localization of V281 M OXTR [10]. 

An important challenge of the previous work was that OXTR was expressed in HEK293T cells, which do not express endogenous 
OXTR and thus likely lack important machinery for OXTR trafficking and signaling. Thus, here, we optimized the qFlow method to 
measure OXTR localization on the cell surface and across the whole cell in human myometrial smooth muscle cells (HMSMCs). In 
addition to the insights we achieve in the more native cell, this novel protocol can be applied to quantify OXTR total and cell surface 
abundance in other cell types and to quantify other transmembrane proteins on the cell surface and across the whole cell. 

3. Results 

3.1. Western blotting confirms that OXTR variants differ in surface localization but not in total expression in HEK293T and myometrial 
muscle cells 

In our previous qFlow experiments, the total concentrations of wild-type OXTR and five variants were similar in HEK293T cells 
[11]. To confirm this finding, we performed western blots of lysates from HEK293T cells transiently transfected with constructs in 
which wild-type or variant OXTR proteins were tagged with HA on the N-terminus. All lanes contained two bands when probed with 
anti-HA antibody (Fig. 1A). When we treated the cell lysates with peptide: N-glycosidase F before western blotting, only the lower band 
appeared (data not shown), indicating that the lower band was unglycosylated OXTR, and the upper band was a glycosylated form of 
the receptor. Glycosylation is a post-translational modification that regulates the trafficking of many G protein-coupled receptors to the 
cell surface [12]. We quantified the intensities of both bands and normalized them to total protein. Total expression (sum of the two 
bands) did not significantly differ between wild-type OXTR and the five variants (Fig. 1B). The upper bands were weaker in cells 
expressing V281 M and E339K, suggesting less glycosylation (P = 0.003) (Fig. 1C). 

Additionally, our western blot data indicates that the glycosylation of OXTRs on the cell surface does not mask the HA tag, because 
the abundance of glycosylated OXTRs mirrors the surface-localized OXTR levels measured by qFlow (Fig. 1C). The western blot 
measurements of glycosylated OXTRs further align with our previously published qFlow measurements of HEK293T cells transfected 
with OXTR variants (Fig. 1A): compared to wild-type receptors, V45L had similar surface levels, P108A and L206V had more surface 
receptors, and V281 M and E339K had fewer surface receptors [11]. 

To determine whether OXTR distribution was regulated similarly in the more native HMSMCs as in the prior studied HEK293T 
cells, we transiently transfected immortalized HMSMC cells with constructs to express wild-type or variant OXTR with an N-terminal 
HA tag and a C-terminal GFP tag. We then sorted the cells based on their GFP expression and analyzed the GFP-positive cells by western 
blot with an anti-HA antibody (Fig. 1D). Total expression of wild-type and V281 M OXTR was similar (Fig. 1E), but the proportion of 
receptors that were glycosylated was 62% lower for V281 M than for wild-type OXTR (P = 0.009) (Fig. 1F). This aligns with the idea 
that post-translational processing or trafficking of V281 M OXTR is impaired [11]. 

3.2. qFlow quantifies endogenous OXTR distribution in myometrial muscle cells 

We next wanted to determine how many OXTR molecules are expressed and localized to the cell surface when expressed from the 

Fig. 2. Determination of saturating PE-HA antibody concentrations. Titration curves of PE-HA antibody concentrations for (A) cell surface and 
(B) total expression. 
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endogenous locus in immortalized HMSMCs. Firstly, we used CRISPR to add an HA tag to the N-terminus of the OXTR gene. Secondly, 
we identified the antibody concentration needed to label all of the total and cell-surface HA-OXTR molecules by performing a satu
ration study (Fig. 2A and B), titrating phycoerythrin (PE)-conjugated anti-HA antibody. We chose the PE-conjugated anti-HA antibody 
because PE antibody has a fluorophore/protein ratio of 1.0, whereas other fluorophores (e.g., FITC and APC) are conjugated to an
tibodies at varying ratios [13]. Thirdly, we used Quantibrite PE calibration beads to create a calibration curve for the PE fluorescent 
signal, as previously described [13]. At saturating concentrations of PE-conjugated anti-HA antibody (20 μg/mL for cell surface OXTR 
and 50 μg/mL for whole-cell OXTR), CRISPR-edited HMSMCs contained 4900 cell-surface OXTRs (Fig. 2A), 55 and 000 total OXTRs 
per cell (Fig. 2B). Ultimately, we observed ~9% of endogenous wild-type OXTRs were localized at the cell surface and 91% were 
intracellular. 

3.3. qFlow quantifies exogenous OXTR variants in myometrial muscle cells 

Next, we transiently transfected HMSMCs with constructs expressing wild-type OXTR or each of the five variant OXTRs, all tagged 
with HA on the N-terminus and GFP on the C-terminus (Fig. 3A). Additionally, we generated cells expressing HA-OXTR or OXTR-GFP 
(Fig. 3B and C) to serve as fluorescence-minus-one (FMO) controls for multi-color flow cytometry analysis, as described in the STAR 
Methods. 

To quantify OXTR protein expression on the cell surface, we prepared a single-cell suspension [13] and incubated the cells with 
saturating PE-conjugated anti-HA antibody and eFluor 780–conjugated fixable viability dye (FVD). To quantify total OXTR protein 
expression, we fixed and permeabilized the PE-labeled cells and incubated them again with PE-HA antibody to label the intracellular 
HA-OXTR (Fig. 3D). The numbers of HA-OXTR molecules per cell were calculated using the PE calibration curve (Fig. 3E). 
OXTR–GFP–transfected cells served as a PE-FMO control, in which the PE signal came from cell autofluorescence and non-specific PE 
antibody binding to the cells (Fig. 3C and G). We subtracted this PE-FMO signal from the PE-HA signals to obtain a background-free PE 
signal. HA-OXTR-transfected cells served as a GFP-FMO control to determine the GFP+/GFP− signal cutoff (Fig. 3B and F). Similarly, 
the FVD-FMO control was used to determine the FVD+/FVD− cutoff (Fig. 3H). During flow cytometric data acquisition, 
HA-OXTR-expressing cells were selected according to the following properties for surface OXTR (Fig. 3I) and whole-cell OXTR 

Fig. 3. Flow cytometric analysis of OXTR total expression and surface localization in HMSMCs. (A–C) Schematic illustrating the (A) wild-type 
and variant HA-OXTR-GFP constructs and the (B, C) HA-OXTR and OXTR-GFP constructs. (D) Procedure for labeling intracellular and surface- 
localized OXTR with PE-conjugated anti-HA antibody and eFluor 780-conjugated fixable viability dye (FVD). (E) Calibration curve converting 
PE fluorescence intensity to PE molecule counts. (F, G) GFP-fluorescence-minus-one (FMO) and PE-FMO signal cutoffs in HA-OXTR and OXTR-GFP 
transfected cells, respectively. (H) FVD-FMO signal cutoff for determining cell viability. (I–J) Selection criteria for flow cytometric data acquisition 
of HA-OXTR-expressing cells based on scatter properties (non-debris and singlets), GFP+ transfection, and FVD− viability status. 

Fig. 4. Total expression and surface localization of OXTR variants in transiently transfected HMSMCs. (A, B) Relative total (A) and surface- 
localized (B) wild-type and variant OXTR in MSMCs. (C, D) The absolute number of total (C) and surface-localized (D) wild-type and variant OXTR 
molecules per HMSMC. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Two-sample t-test. 
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quantification (Fig. 3J): (1) non-debris cells (SSC vs. FSC); (2) singlets (FSC–H vs. FSC-A): (3) transfected (GFP+); and (4) viable during 
the surface-labeling step (FVD−). 

We compared the total expression and surface localization of wild-type OXTR and the five variants in transiently transfected 
HMSMCs. All of the OXTR variants had a similar total expression as wild-type OXTR (Fig. 4A and C). However, compared to wild-type 
OXTR, we measured 65.9 ± 13.8% more P108A OXTR (p < 0.05) and 94.5 ± 17.1% more L206V OXTR (p < 0.05) on the cell surface. 
Conversely, 49.8 ± 4.8% less V281 M OXTR (p < 0.05) and 28.4 ± 4.9% less E339K OXTR (p < 0.05) were on the cell surface. The 
amount of V45L OXTR on the cell surface was similar to that of wild-type OXTR (Fig. 4B and D). The directionality of the differences in 
surface and total OXTR expression between wild type and variants were similar to what we observed in HEK293T cells [11], despite 
variations in the magnitudes of effects and the surface-to-total OXTR ratios. 

Finally, although transfected HMSMCs expressed three-fold more OXTR molecules than HMSMCs endogenously expressing OXTR, 
the percentage of OXTR on the cell surface was similar (9.9% and 8.9%, respectively) (Table 1). The surface localization of approx
imately 10% total OXTR also closely matches the glycosylation rate measured by western blot, further validating our qFlow findings 
(Fig. 1C). In contrast to the transfected HMSMCs, 20.9% of OXTRs were on the surface of transfected HEK293T cells. We conclude that 
the transfected HMSMCs more closely recapitulate endogenous OXTR expression and trafficking in HMSMCs than do transfected 
HEK293T cells. 

4. Discussion 

We optimized qFlow to measure the surface localization and total protein expression of OXTR in human myometrial smooth muscle 
cells (HMSMCs). Our qFlow data indicate that the five OXTR variants studied are expressed at similar amounts as wild-type OXTR in 
HMSMCs, but different proportions localize to the cell surface. These data align with our previous observations in HEK293T cells [11]. 
Additionally, the novel whole-cell qFlow approach provides biologically accurate insights into the spatial regulation of OXTR, such as 
OXTR surface localization, in transfected myometrial cells. Our findings indicate that the WT OXTR surface localization rate is ~10% 
of the total OXTR protein in both transfected myometrial cells and CRISPR-edited (endogenous) myometrial cells, suggesting the 
endogenous OXTR surface localization rate is preserved in the transfected myometrial cells. In HEK293T cells, transfected WT OXTRs 
exhibited higher surface localization than in the myometrial cells at ~20% surface localization. This higher OXTR surface localization 
in HEK293T cells may be attributed to either the absence of native OXTR internalization machinery or the overexpression of the 
plasmid construct in these cells. Although the transfected HEK293T cells are useful for assessing expression and cell surface locali
zation of OXTR variants, the transfected HMSMCs are more biologically relevant for studies of OXTR trafficking in the myometrium. 

Our qFlow data on OXTR surface localization and total expression in HMSMCs could lead to personalized oxytocin dosing strategies 
to improve uterine contraction. We previously tested the oxytocin dose response for inducing OXTR activation (i.e., IP1 production) in 
transfected HA-OXTR HEK293T cells, CRISPR-edited HA-OXTR HMSMCs, and primary HMSMCs from patients [10]. We observed that 
the HA-tagged HEK293T cells and the HA-tagged HMSMCs reached the maximal IP1 accumulation level at similar oxytocin doses, 
despite the HA-tagged HEK293T cells displaying ten times more surface OXTRs and five times more total OXTRs than the HA-tagged 
HMSMCs [10], suggesting that OXTR overexpression does not result in saturation of the oxytocin signaling pathway. Additionally, we 
observed that the HA-tagged HMSMCs had higher maximal responses to oxytocin after being pre-treated with pharmacological 
chaperones, which increased the surface OXTR level before the oxytocin treatment [10]. The same chaperone effects were observed in 
the primary HMSMCs from patients [10], suggesting the HA-tagged HMSMCs could be a reliable model for predicting oxytocin re
sponses in primary cells. For the ~0.4% pregnant population carrying these OXTR variants (Table 2), our approach can facilitate 
personalized oxytocin dosing to enhance the effectiveness of labor induction or prevent postpartum hemorrhage. Extending beyond 
genetic variants, our approach holds significant potential to experimentally address the mechanisms behind other risk factors for 
reduced oxytocin sensitivity, including obesity, type II diabetes, or prolonged exposure to oxytocin during labor induction [14,15]. 
Lastly, the qFlow approach can also be used to evaluate the effects of candidate therapeutics that increase OXTR cell surface avail
ability [10]. Such therapeutics could be used to optimize labor induction or augmentation. 

Potential interventions and future personalized dosing of oxytocin may be guided by data-driven computational models that 
recapitulate OXTR trafficking and signaling. Our receptor measurements are important parameters for such models, which rely heavily 
on quantitative data to predict cell and system function. For example, previous data-driven computational models provided mecha
nistic insights into how the abundance of receptor tyrosine kinases (e.g., VEGFRs) impacts resistance to anti-angiogenic drugs [16–18]. 
Similarly, the OXTR measurements can be used in computational models to help personalize oxytocin dosages or devise therapy for 
individuals with OXTR genetic variants. 

Compared with the current gold standard assays for cell-surface protein measurements, such as western blotting and traditional 
flow cytometry, qFlow is a more quantitative tool for analyzing cell-surface and intracellular proteins. We previously used this 
approach to study cell-surface-bound receptors, such as receptor tyrosine kinases and G-protein–coupled receptors [13]. The 

Table 1 
Quantification of surface and total OXTR expression.  

Wild Type OXTR CRISPR-edited HMSMC (endogenous) Transfected HMSMC Transfected HEK293T9 

Cell Surface (# OXTRs/cell) 4900 ± 390 14,300 ± 574 160,000 ± 22,200 
Total OXTR (# OXTRs/cell) 55,000 ± 3200 145,000 ± 14,460 767,000 ± 55,000 
Percent OXTR on the cell surface 8.9% 9.9% 20.9%  
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quantitative single-cell receptor tyrosine kinase data revealed heterogeneity in tumor and tumor-associated vascular cells [19–21], 
vessel-like tubules [22], and normal vascular cells [23–26]. The high-resolution single-cell protein data have been used to advance 
computational modeling [27–32]. Given its versatility and reproducibility, our method can be easily adapted to quantify OXTR 
abundance in numerous cell types given the role of OXTR in health and disease [33], such as neurons (relevant to autism [34] and 
neurodegenerative disease research [35]), myoepithelial cells (relevant to lactation [36] and breast tumors [37]), and specialized 
colon cells (relevant to gut microbiome studies [37]). Furthermore, our protocol can be adapted to measure different OXTR variants, 
other cell-surface-bound receptors, and diverse cell types to gain insights into receptor trafficking mechanisms involved in various 
physiological and pathological processes. 

5. Future opportunities 

The qFlow-based approach used in this study has two important challenges. First, the ability to better differentiate intracellular 
compartments would enable additional insight into OXTR compartmentalization This challenge can be addressed by coupling fluo
rescence imaging of OXTR trafficking to qFlow [10]. Second, given the lack of commercially available, OXTR-specific antibodies, we 
applied an innovative approach to genetic modification of the OXTR gene to incorporate an HA tag that can be detected by PE-HA 
antibodies. We used two approaches to introduce the HA tag. Transfection of plasmids encoding HA-OXTR allowed us to compare 
OXTR variants in the same cell type. CRISPR modification to introduce an N-terminal HA tag to the endogenous OXTR gene allowed us 
to measure endogenous OXTR expression. However, in both cases, the effect of the HA tag on OXTR trafficking and function is un
known. The development of OXTR-specific affinity probes would obviate the need for protein tagging. Once such reagents are 
developed, the qFlow method we present here could be used to quantify OXTR in any cell type, including freshly isolated cells from 
human tissues. 

6. STAR methods 

6.1. Key resources table  

Reagent or Resources Source Identifier 

Cell lines 
HEK293T ATCC CRL-3216 
hTERT-HM human myometrial smooth muscle cells Jennifer Condon N/A 
CRISPR-edited hTERT-HM cells with OXTR-HA The Genome Engineering and iPSC Center at Washington University in St. 

Louis 
N/A 

Chemicals, proteins, transfection materials 
Lipofectamine™ 3000 Invitrogen L3000015 
DMEM/F-12, no phenol red Gibco 21041025 
TryPLE™ Express, no phenol red Gibco 12604013 
0.25% Trypsin, phenol red Gibco 25200056 
Opti-MEM Gibco 31985070 
Tween-20 Sigma P9416 
Paraformaldehyde Sigma P6148 
DPBS Gibco 14190–136 
Bovine Serum Albumin Fisher BP9703 
Fetal Bovine Serum Gibco 16000044 
PE-conjugated anti-HA1.1 antibody Biolegend 901518 
PE Phycoerythrin Fluorescence Quantitation Kit BD Biosciences 340495 
Fixable Viability Dye eFluor™ 780 eBioscience™ 65-0865-14 
Cytometer QC Beads Cytek® Biosciences B7-10001 
Hanks Buffered Saline Solution Gibco 14025–076 
RIPA lysis buffer Sigma R0278 
Halt Protease and Phosphatase Inhibitors Thermo Scientific 1861281 
0.1 mm Glass Beads Stellar Scientific GB01 
Bicinchoninic Acid Assay Pierce, Thermo Scientific 23223, 23224 
Bolt LDS Sample Buffer Novex, Thermo Fisher Scientific B0008 
0.45 μm Nitrocellulose Bio-Rad 1620115 

(continued on next page) 

Table 2 
Missense variants in OXTR in this study (gnomAD v4.0 data).  

Variant dbSNP Frequency (%) in Total Population (gnomAD v4.0) Most Affected Population* 

L206V rs150746704 0.11 African/African America 
E339K rs143927655 0.13 Ashkenazi Jewish 
V281 M rs144814761 0.05 European (non-Finnish) 
V45L rs202094106 0.07 European (non-Finnish) 
P108A rs202138705 0.02 European (Finnish)  
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(continued ) 

Reagent or Resources Source Identifier 

Tris/Glycine/SDS Buffer Bio-Rad 1610732 
Tris/Glycine Buffer Bio-Rad 1610734 
Mini-PROTEAN TGX Precast Protein Gels Bio-Rad 4561021 
Revert 700 Total Protein Stain Li-Cor 926–11011 
Rabbit anti-HA antibody Cell Signaling Technology C29F4 
Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology 70745 
SuperSignal West Femto Maximum Sensitivity 

Substrate 
Thermo Fisher Scientific 34096 

Immobilon-P Transfer Membrane, PVDF, 0.45 μm Millipore Sigma IPVH00005 
Bolt™ 4–12% Bis-Tris Plus Invitrogen NW04120BOX 
Bolt™ Transfer Buffer (20x) Invitrogen BT00061 
Bolt™ MES SDS Running Buffer (20x) Invitrogen B0002 
Anti-Histone H3 Abcam ab1791 
Hoescht 33342 Invitrogen H3570 
Software 
Kaluza flow cytometry analysis software Beckman Coulter  
OriginLab Pro OriginLab Corporation  
Image Lab Bio-Rad v 6.1.0 
GraphPad Prism GraphPad Software, LLC v 9.5.1 
Instrument 
Cytek® Aurora Cytek® Biosciences 4L V16–B14-YG10- 

R8 
BD FACSAriaII BD Biosciences  
Countess® II Automated Cell Counter Life Technologies AMQAX1000 
Countess™ Cell Counting Chamber Slides Life Technologies C10283 
Bullet Blender Stellar Scientific  
ChemiDoc MP Imaging System Bio-Rad   

Resource availability 

Lead contact: Princess Imoukhuede, pii@uw.edu. 
Material Availability: All materials and constructs used in this study are maintained by Dr. Imoukhuede’s and Dr. England’s 

laboratories and are available upon request. 
Data availability: The main data supporting the results of this study are available within the paper. The raw and analyzed datasets 

are available for research purposes from the corresponding authors upon reasonable request. 

7. Experimental model and subject details 

Cell lines: HEK293T, hTERT-HM, CRISPR-HM. 
Plasmids: Plasmids encoding HA-OXTR, OXTR-GFP, HA-OXTR-GFP, and the OXTR variants were described previously [11]. 
CRISPR editing and validation: The CRISPR editing was performed using homology-directed repair with the guide RNA sequence 

GCTGCCGCCAGGGTCATGGANGG at the Genome Engineering & iPSC Center at Washington University in St. Louis. The cell line was 
monoclonal hTERT-immortalized human uterine smooth muscle cells (clone 8F10). These CRISPR-edited hTERT myometrial cells 
were engineered to include an HA tag in the sequence of the antisense oligomer. To ensure specificity and to rule out off-target effects, 
we sequenced the entire OXTR gene in the CRISPR-edited hTERT myometrial cells, confirming the absence of any other missense 
SNPs/SNVs. 

7.1. Method details 

7.1.1. Cell transfection 
hTERT-HM cells (provided by Jennifer Condon [38]) and HEK293T cells were maintained in DMEM F-12 media supplemented with 

10% fetal bovine serum and 25 μg/mL gentamicin. 
hTERT-HM cells were treated with 0.25% Trypsin EDTA (Gibco) and counted on a Countess II cell counter (Thermo Fisher). Then, 

250,000 cells were plated in 1.5 mL of medium in one well of a 6-well plate. They were immediately transfected according to the 
manufacturer’s protocol (Invitrogen) with 6 μg of the designated plasmids, 7.5 μL Lipofectamine 3000, and 5 μL P3000 in a total of 250 
μL OptiMEM. 

HEK293T cells were treated with 0.05% Trypsin EDTA (Gibco) and split into 10 cm dishes at ~70% confluence. They were 
immediately transfected according to the manufacturer’s protocol (Mirus) with 540 ng of the designated plasmids and 7.2 μL TransIT 
LT1 in 600 μL of OptiMEM. 

The transfection introduced one of the six OXTR types to the hTERT-HM or HEK293T cells: wild type, L206V, E339K, V281 M, 
V45L, and P108A. The dbSNP ID, frequency in the total population, and the most affected population of the genetic variants are shown 
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in Table 2. 

7.1.2. Cell dissociation and preparation 
Cells were detached 24 h after transfection by incubating with TrypLE Express Enzyme (no phenol red, Gibco) for 8 min at 37 ◦C. 

Cells were then collected by centrifugation at 400×g for 5 min at 4 ◦C. Cells were resuspended in staining buffer (0.5% BSA and 0.1% 
sodium azide in Ca2+/Mg2+-free DPBS, pH 7.4) at ~106 cells/mL, and 80 μL of cell suspension was transferred to one well of a round- 
bottom 96-well plate in triplicate or quadruplicate. 

7.1.3. Cell-surface and whole-cell HA-OXTR staining 
The optimal concentrations of PE-conjugated HA antibodies for cell-surface and whole-cell HA labeling were determined by a 

saturation study [23,25]. For cell-surface HA labeling, a saturating concentration of PE-conjugated HA antibodies (20 μg/mL PE-HA, 
Biolegend) was added to each sample well. For cell viability staining, 1:5000 Fixable Viability Dye (FVD) eFluor 780 (eBioscience) was 
added to each sample well. FVD eFluor 780 was diluted to 1:500 in DPBS before adding to the sample wells. Therefore, each sample 
well contained 80 μL single-cell suspension, 10 μL PE-HA antibody, and 10 μL FVD eFluor 780. Cells were incubated in the dark at 4 ◦C 
for 40 min and then washed three times with cold staining buffer. After each wash, cells were centrifuged at 400×g for 5 min at 4 ◦C. 
Cells were resuspended in 100 μL staining buffer and ready for flow cytometry analysis. 

For whole-cell HA labeling, cells that had been labeled for cell-surface HA was resuspended in 100 μL of 2% paraformaldehyde 
(prewarmed to slightly above room temperature), mixed thoroughly by pipetting, and incubated in the dark for 20 min at room 
temperature. The fixed cells were then washed once with room-temperature DPBS and centrifuged at 400×g for 5 min at 23 ◦C. The 
washed fixed cell samples were resuspended in 100 μL permeabilization buffer (0.5% Tween 20 in DPBS), mixed thoroughly by 
pipetting and incubated in the dark for 20 min at room temperature. The fixed and permeabilized cells were then washed once with 
0.1% Tween 20 in staining buffer (room temperature) by centrifugation at 400×g for 5 min at 23 ◦C. 

The saturating concentration of PE-conjugated HA antibodies that had been experimentally determined for whole-cell staining (50 
μg/mL PE-HA, Biolegend) was prepared in 0.1% Tween 20 staining buffer (e.g., 10 μL antibody + 30 μL buffer). The washed, fixed, and 
permeabilized cell samples were resuspended in the PE-containing staining buffer mixed well by pipetting, and incubated in the dark 
for 40 min at room temperature. Cells were then washed three times with room-temperature 0.1% Tween 20 staining buffer. After each 
wash, they were centrifuged at 400×g for 5 min at 23 ◦C. The washed cells were resuspended in 50 μL staining buffer (~50% cell loss 
was observed after several washes during fixation, permeabilization, and whole-cell staining) and ready for flow cytometry analysis. 

7.1.4. Flow cytometry signal calibration, acquisition, and cell selection 
Before analyzing cells in the flow cytometer, PE signals of BD Quantibrite PE beads were recorded at the same instrument settings 

(i.e., PE voltage) as the assay. BD Quantibrite PE beads are used to convert PE signal intensity into the number of PE molecules bound 
per cell. Quantibrite PE beads comprise a combination of polystyrene beads conjugated with different densities of PE molecules: low 
(474 PE molecules/bead), medium-low (5,359 PE molecules/bead), medium-high (23,843 PE molecules/bead), and high (62,336 PE 
molecules/bead). 

Flow cytometric data analysis was performed in Kaluza analytical software (Beckman Coulter). To select the cells of interest, which 
were viable single cells transfected with HA-OXTR-GFP, the following steps were performed: (1) an FSC-Area vs. SSC-Area plot was 
used to select non-debris cells; (2) an FSC-Height vs. FSC-Area plot (or preferably FSC-Height vs. FSC-Width if available) was used to 
select single cells; (3) a PE vs. GFP plot was used to select transfected (all GFP+) cells; and (4) an FSC-Area vs. FVD eFluor 780 plot was 
used to select viable (FVD−) cells. PE signals of viable GFP+ single cells were plotted against cell frequency in a histogram and exported 
as geometric mean PE values. Geometric mean values of PE intensities of individual samples and individual cells were exported to 
Excel. 

The geometric mean PE values of the respective calibration bead subsets were exported and used to calculate m (slope) and b 
(intercept) in linear regression (Equation (1)). 

Log10(PEGeomean / bead) = m × Log10(⋕PE / bead) + b (1) 

Because PE molecules were conjugated with anti-HA protein at a 1:1 ratio, this equation converted the PE readout of cells directly 
to the number of OXTRs/cell. A calibration curve was established to translate the PE fluorescence to the number of PE molecules. 

PE background fluorescence (PE-FMO) was subtracted from the PE fluorescence of PE-stained samples, using a weighted integral 
approach (Equation (2)). 

PEabsolute = PEstained ×

(

1 −

(∑
PEbackground

)/
(nPE−FMO)

(
∑

PEstained)/(nstained)
(2) 

PEabsolute is the number of receptors per cell obtained after subtracting PEbackground, which was obtained from PE-FMO samples. 
PEstained is the unsubtracted receptor level measured in a PE-stained sample. nstained and nPE-FMO are the cell numbers collected from PE- 
stained and PE-FMO samples, respectively. 

7.1.5. HEK293T western blotting 
Twenty-four hours after transfection, cells were washed once with cold Hank’s Buffered Saline Solution (Gibco) and then scraped 

directly into cold RIPA lysis buffer (Sigma) containing 1X Halt protease and phosphatase inhibitors (Thermo Scientific) and 100 g/mL 
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PMSF. Cells were lysed with 0.1-mm glass beads in a bullet blender (Stellar Scientific) for 2 min at speed 7. To remove insoluble 
material, the lysates were centrifuged at 10,000×g for 20 min at 4 ◦C. Lysates were quantified by bicinchoninic acid assay (Pierce) and 
mixed with Bolt™ LDS sample buffer with reducing agent (Novex, Thermo Fisher Scientific) before heating at 70 ◦C for 10 min. 
Samples were loaded (25 μg/well) onto 7.5% or 10% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and run at 125 V in Tris- 
Glycine SDS running buffer (Bio-Rad). Gels were transferred to nitrocellulose membranes (0.45 μm, Bio-Rad) in Tris-Glycine transfer 
buffer (Bio-Rad) at 100 V for 90 min. Total protein was imaged by staining the nitrocellulose for 5 min with Revert™ 700 Total Protein 
Stain (Li-Cor). Blots were blocked with 5% milk in PBST (PBS + 0.075% Tween 20), incubated with rabbit anti-HA antibody (Cell 
Signaling; 1:1000 in 3% milk PBST) for 1 h at room temperature or overnight at 4 ◦C, washed three times 5 min, incubated with 
horseradish peroxidase-linked goat anti-rabbit secondary antibody (Cell Signaling; 1:10,000) for 1 h at room temperature, and then 
washed three times 5 min. The signal was developed with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher 
Scientific) and imaged on a ChemiDoc™ MP Imaging System (Bio-Rad). Blots were analyzed with Image Lab (v 6.1.0) software (Bio- 
Rad). Band optical density for each sample was normalized to the total protein for that lane before normalizing to the WT sample. 
Values were imputed into GraphPad Prism (9.5.1) and compared by one-way ANOVA. 

7.1.6. hTERT-HM GFP+ sorting and western blotting 
hTERT-HM cells were transfected as described above. Twenty-four hours after transfection, cells were lifted with TrypLE, pelleted 

at 1000×g at room temperature for 5 min, and then resuspended in an ice-cold solution of Hoescht 33342 for 10 min on ice. Cells were 
pelleted again at 1000×g at 4 ◦C for 5 min before resuspending in an ice-cold FACS buffer. Samples were sorted on a BD FACSAriaII into 
cold FACS. Samples were pelleted at 1000×g at 4 ◦C for 10 min. The pellet was resuspended in a RIPA lysis buffer (Sigma) containing 
1X Halt protease and phosphatase inhibitors (Thermo Scientific) and 1 mM PMSF at a volume of 1 μL/1000 cells, and lysed by trit
uration. Samples were mixed with Bolt™ LDS sample buffer with reducing agent (Novex, Thermo Fisher Scientific) before heating at 
70 ◦C for 10 min. Thirty microliters of each sample were loaded onto 4–12% Bis-Tris Bolt gel and run at 160 V for 1hr. The gel was 
transferred to PVDF at 100 V for 70 min. Blots were blocked with 5% milk in PBST (PBS + 0.075% Tween 20) overnight at 4 ◦C, 
incubated with rabbit anti-HA antibody (Cell Signaling; 1:1000 in 3% milk PBST) or rabbit anti-Histone H3 (Abcam; 1:3000) for 1 h at 
room temperature, washed three times 5 min, incubated with horseradish peroxidase-linked goat anti-rabbit secondary antibody (Cell 
Signaling; 1:10,000) for 1 h at room temperature, and then washed three times 5 min. The signal was developed with SuperSignal™ 
West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and imaged on a ChemiDoc™ MP Imaging System (Bio-Rad). 
Blots were analyzed with Image Lab (v 6.1.0) software (Bio-Rad). HA band optical density for each sample was normalized to the 
Histone H3 band intensity for that sample before normalizing to the WT sample on the gel. The Histone H3 was used, instead of the 
total protein, as a loading control because the OXTR protein was over-represented in the total protein in the sorted GFP-positive cells, 
thus using the total protein as a loading control in this context would have introduced a bias, as the overexpressed OXTR would skew 
the normalization. Values were imputed into GraphPad Prism (9.5.1) and compared by student’s t-test. 

7.1.7. Quantification and statistical analysis 
Ensemble-averaged numbers of OXTR molecules in the whole cell and on the cell surface are presented as the number of receptors 

per cell (mean ± SEM). Statistical significance of differences was determined by two-sample t-test, Kruskal-Wallis ANOVA, ordinary 
one-way ANOVA, or Wilcoxon Signed-Rank test, as specified in the figure legends. Statistical tests were conducted in Originlab Pro or 
GraphPad Prism (9.5.1). 
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