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Abstract

Mechanical strain associated with the expanding uterus correlates with increased preterm birth 

rates. Mechanical signals result in a cascading network of protein phosphorylation events. These 

signals direct cellular activities and may lead to changes in contractile phenotype and calcium 

signaling. In this study, the complete phospho-proteome of uterine smooth muscle cells subjected 

to mechanical strain for 5 min was compared to un-strained controls. Statistically significant, 

differential phosphorylation events were annotated by Ingenuity Pathway Analysis to elucidate 

mechanically induced phosphorylation networks. Mechanical strain leads to the direct activation of 

ERK1/2, HSPB1, MYL9, in addition to phosphorylation of PAK2, vimentin, DOCK1, PPP1R12A, 

and PTPN11 at previously unannotated sites. These results suggest a novel network reaction to 

mechanical strain and reveal proteins that participate in the activation of contractile mechanisms 

leading to preterm labor.
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1. Introduction

During pregnancy, the uterus increases in size to accommodate the growing fetus, placenta, 

and amniotic fluid. Despite the associated increases in intra-uterine pressure, the normal 

myometrium adapts to prevent increased tension and remain in a quiescent state until term 

(Sivarajasingam et al., 2016; Sokolowski et al., 2010). Abnormal distension has been 

associated with early birth in twin (Gardner et al., 1995; Mercer et al., 1996), as well as 

approximately 10% of singleton (Lockwood and Kuczynski, 2001) preterm deliveries. 

Increasing uterine volume via a balloon catheter initiates prostaglandin secretion, 

myometrial contractions, and labor in women (Delaney et al., 2010; Manabe et al., 1984), 

and this process appears to occur independently of fetal signals (Yoshida and Manabe, 

1988). These data suggest failure of the uterine myometrium to adapt to the continued 

expansion required during pregnancy may increase the risk of preterm birth (Waldorf et al., 

2015).

In various animal models of uterine strain, changes in expression of chemokine, oxytocin 

receptor, connexin-43, and matrix metalloproteinases genes have been reported (Hua et al., 

2012; Lee et al., 2015; Nguyen et al., 2016; Parry and Bathgate, 2000; Shynlova et al., 2013; 

Waldorf et al., 2015; Yulia et al., 2016). Fewer data are available regarding signal 

transduction pathways activated by uterine stress, but ERK1/2 pathway activation is a well-

established strain response in pregnant myometrial cells and tissue (Li et al., 2009). In 

isolated rat myocytes biaxial strain is followed by phosphorylation of the kinases ERK1/2, 

JNK, and p38 (Oldenhof et al., 2002). Over all, protein phosphorylation is critically 

important for cell signaling response pathways and mediates many important functions such 

as protein interactions, localization, and activity (Sharma et al., 2014). In vitro work 

suggests MAPK pathways activate transcription factors such as c-fos, resulting in increased 

expression of contractile associated proteins to drive the onset of labor (Oldenhof et al., 

2002).

We hypothesized specific phosphorylation signaling events related to the strain-induced 

integrin response would be upregulated in a telomerized cell culture model of human uterine 

smooth muscle cells. To test this hypothesis, we performed mechanical strain experiments 

on immortalized human uterine smooth muscle cells followed by phospho-peptide 

enrichment, identification, and quantitation.

2. Materials and Methods

2.1 Cell culture

Previously our lab developed telomerized pregnant human uterine smooth muscle cells 

(PHUSMC-hTRT) as a model of pregnant myometrium; in brief, cells were grown through 

passage 5 in primary culture and combined in equal numbers from three 24–29 year old 

Caucasian donors at full term and telomerized as described in (Heyman et al., 2013). These 

PHUSMC-hTRT were used at passage 27 and plated on collagen coated BioFlex® plates 

(Flexcell® INC, Burlington, NC) and grown in HyClone™ Dulbecco’s Modified Eagle 

Medium (DMEM; Thermo Scientific, Pittsburg, PA) supplemented with 0.11 mg/mL 

Sodium Pyruvate, 10% Fetal Bovine Serum (FBS, Atlanta Biologicals, Flowery Branch, 
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GA), 100 U/mL penicillin 100 μg/mL streptomycin (Pen/Strep; Thermo Scientific, 

Pittsburgh, PA), 636 nM progesterone (P4), and 55 nM estradiol (E4). Media was refreshed 

every 3 days and cells were grown to confluence. At confluence, cells were placed in 

DMEM supplemented with 0.1% Insulin-Transferrin-Selenium-Ethanolamine (ITS-X) 

supplement (Thermo Scientific, Pittsburgh, PA) in the absence of FBS for 7 days to allow for 

growth arrest and differentiation.

2.2 Strain Experiment

Growth-arrested PHUSMC-hTRT on BioFlex® collagen plates were subjected to 18% 

biaxial strain for 5 min on a Flexcell® FX-5000 tension system (Flexcell® INC, Burlington, 

NC). PHUSMC-HTRT cells grown on BioFlex® plates not subjected to mechanical strain 

served as controls. Cells were lysed in 300 μL/well MAPK buffer (60 mM Tris-HCl [pH 

6.8], 2 % SDS, 10% glycerol, 0.1 mM EGTA) (Singer et al., 2003) supplemented with Halt 

protease and phosphatase inhibitor cocktail (Thermo Scientific, Pittsburgh, PA). Strained 

and unstrained samples were grown on 6 well plates and randomly divided into triplicates. 

Lysates were probe sonicated (Qsonica, Newtown, CT) and centrifuged at 4,000 × g for 15 

min. Pellets were re-suspended in MAPK buffer, precipitated in 4x volume of 100% acetone 

and washed three times in 4x volume of 70% acetone. Precipitates were re-suspended in 8M 

urea/50mM Tris-HCI (pH 8), reduced in 5 mM DTT at 37°C for 20 min in the dark, and 

alkylated in 10mM iodoacetamide (BioRad, Hercules, Ca) for 20 min in the dark. Samples 

were re-precipitated with acetone as described above and re-suspended, using sonication, in 

50 mM ammonium bicarbonate. Protein samples were digested with Trypsin/Lys C mix 

(Promega, Madison, WI) at a 75:1 protein:protease mix overnight at 37°C, acidified in 0.1% 

formic acid, and desalted using Sep-Pak C18 cartridges (Waters, Milford, MA).

2.3 Phospho-peptide enrichment and LC-MS2

Samples were enriched on IMAC columns containing nickel-nitrilotriacetic acid (Ni-NTA) 

agarose beads charged with TO2 and labeled with 6-plex tandem mass (TMT) (Thermo 

Scientific, Pittsburgh, PA) according to the manufacturer protocols. Samples were pooled 

and then separated by hydrophilic interaction liquid chromatography fractionation as 

described previously (Albuquerque et al., 2008) for 60 min with a gradient change in solvent 

A (900 mL ACN + 100 mL ddH2O + 500 μL 10% TFA) from 0% solvent B (1 L ddH2O 

+500 μL 10% TFA) to 90% at 45 min. 40 fractions were re-suspended in 100 μL 5% 

acetonitrile 0.1% formic acid for mass spectrometry analysis.

Samples were analyzed using liquid chromatography tandem mass spectrometry (LC-MS2) 

at the Mick Hitchcock, Ph.D. Nevada Proteomics Center (University of Nevada, Reno). 

Peptides were separated and analyzed using a Michrom Paradigm Multi-Dimensional Liquid 

Chromatography instrument (Michrom Bioresources Inc., Auburn, CA) coupled with a 

Thermo LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA). 

Samples were dissolved in 100 μL of 0.1 % formic acid were loaded onto an Acclaim 

Pepmap 100 C18 LC column (100μm × 2 cm, C18 5μm, 100 Å, Thermo Fisher Scientific, 

San Jose, CA), eluted, and then separated by reverse phase New Objective (New Objective 

Inc, Woburn, MA) ReproSil-Pur C18-AQ column (3 μm, 120Å, 0.075 × 105 mm) with a 

gradient elution using solvent A (0.1% formic acid) and solvent B (0.1% formic acid in 
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acetonitrile) at a flow rate of 300 nL/min. The gradient was set from 5 % to 40 % solvent B 

for 90 min, increased to 80% solvent B in 10 s and held at 80% solvent B for 1 min. MS 

spectra were recorded over the mass range of m/z 400–1600 with resolution of 60,000. The 

three most intense ions were isolated for fragmentation in the linear ion trap using collision 

induced dissociation (CID) with minimal signal of 500% and collision energy of 35.0% 

using higher-energy collision dissociation (HCD) with minimal signal of 1000%, Collision 

energy of 55.0%, and an activation time of 30 ms. Dynamic exclusion was implemented 

with 2 repeat counts, repeat duration of 15 s, and exclusion duration of 90 s. The mass 

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

(Dennis et al., 2012) via the PRIDE partner repository with the dataset identifier 

PXD002538 and 10.6019/PXD002538.

2.4 Peptide and Protein Identification

Scaffold (version 4.4.1.1, Proteome Software Inc., Portland, OR) was used to validate 

MS/MS based peptide and protein identifications. Identification and quantification of 

peptides was achieved by combining CID and HCD fragmentation. CID fragmentation 

energy was fine tuned to avoid dissociation of phosphorylation groups. This reduced 

collision energy results in loss of approximately 30% of ions in the lower weight register. To 

maintain a high confidence of peptide identification and a valuable TMT labeled 

quantification signal, the top three peptides selected during the first mass spectrometry 

analysis were subjected to HCD. HCD spectra were used for quantification and integrated 

with the identifications obtained from CID spectra with a confidence threshold of 90%. All 

MS/MS samples were analyzed using SEQUEST (Thermo Fisher Scientific, San Jose, CA, 

USA; version 1.0). SEQUEST was set up to search the ipi.HUMAN_decoy.v3.87 database, 

(Version 3.87, 182928 entries) assuming the digestion enzyme strict Trypsin/Lys-C.

2.5 Bioinformatics

Sample sizes were chosen as n=3 in both cohorts, where each sample replicate was a 

randomly chosen combination of 72 unique cell-lysis aliquots. As we were expecting effect 

sizes between cohorts to be large (Cohen, 1988), we estimated that sample sizes with n=3 

would be sufficient. This is a novel experiment with no preliminary data to use as a pilot 

power study.

Upon generating the data, we did perform standard power studies on the 74 proteins/peptides 

that showed the greatest statistical significance upon hypothesis testing. Of these 74 

proteins, the power of the hypothesis test in 60 (81%) reached a power of 80% or greater 

(80% to 99.99%), with a significance level of alpha=.05. The power of the remaining 14 

proteins ranged from 73.3% to 79.1%.

The final data set was log-transformed to follow a normal distribution, and a simple t-test 

was performed to test for differences in the means across the two cohorts on all peptides that 

contained the same post translational modification (PTM) configuration. A multiple testing 

correction (Benjamini and Hochberg, 1995) was performed to adjust for the false discovery 

rate.
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2.6 Gene Ontology analysis

The functional categories of all differentially regulated phospho-proteins were classified by 

the Panther Gene Ontology (GO) algorithm (http://www.pantherdb.org/).

2.6 Ingenuity pathway analysis (IPA)

Mechano-transduction induced phosphorylation networks were analyzed using Ingenuity 

Pathway Analysis software (IPA) (Qiagen, Redwood City, CA). Annotated phospho-proteins 

were included in the IPA searches based on a cut off of 1.5-fold change and p-value < 0.05. 

Each protein symbol was mapped to its corresponding gene and set within the context of its 

associated partners based on the Ingenuity Pathways Knowledge Base (IPKD).

The significance of the association between the data set and the canonical pathway was 

determined based on two parameters: (1) A ratio of the number of genes from the data set 

that map to the pathway divided by the total number of genes that map to the canonical 

pathway and (2) a P value calculated using Fischer’s exact test determining the probability 

that the association between the genes in the data set and the canonical pathway is due to 

chance alone.

2.8 Western Blot Analysis

Growth arrested PHUSMC-HTRT cells on BioFlex® collagen plates were subjected to 18% 

biaxial strain for 5 min on a Flexcell® FX-5000 tension system (Flexcell® INC, Burlington, 

NC). PHUSMC-HTRT cells grown on BioFlex® plates not subjected to strain served as 

controls. Lysates were bath sonicated for 10 minutes and centrifuged at 13,000 × g for 15 

min.

Samples were electrophoresed on sodium dodecyl sulfate 4% to 20% gradient 

polyacrylamide gels and western blotted according to manufacturer instructions (BioRad, 

Hercules, Ca) with the following primary antibodies: p38 MAPK (D13E1) XP® #8690; 

Phospho-p38 (Thr180/Tyr182) (D3F9) XP® #4511; HSP27 Antibody Sampler Kit #12594 

were from Cell Signaling Technology (Beverly, MA); Primary antibodies were detected with 

IRDye 680LT goat anti-rabbit (LiCor Biosciences, Lincoln, NE) or IRDye 800LT donkey 

anti-mouse (827-08364, Rockland Immunochemicals, Gilbertsville, PA). Band intensities 

were quantified with an Odyssey Infrared Imaging System (LiCor Biosciences). 

Phosphoprotein band intensities were normalized to total protein expression. Normalized 

group values were compared on Prism version 6 (GraphPad) with a one-way ANOVA.

3. Results

3.1 Peptide Identifications

We utilized mass spectrometry to reveal the phospho-proteomic changes initiated by acute 

18% biaxial mechanical strain for 5 min (Fig 1) in PHUSMC-hTRTs compared to non-

strained controls. We identified 1176 phospho-sites on 1098 phospho-peptides at a 1% false 

discovery rate and a 90% protein confidence threshold. These phosphorylation events were 

comprised of 849 serine (72.2%), 264 threonine (22.4%), and 63 tyrosine (5.2%). These 

numbers are similar to those found in mouse tissue and HeLa cells (Huttlin et al., 2010; 
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Zarei et al., 2011). Quantitation and statistical analysis revealed a greater than a 1.5 fold 

change at 204 unique protein phosphorylation sites. Increases in phosphorylation were seen 

at 141 phospho-sites, while decreases in phosphorylation were seen at 63 phospho-sites.

3.2 Gene Ontology

Proteins containing differentially phosphorylated sites were annotated, to basic cellular 

processes, by Panther online software (Thomas et al., 2003) into 12 functional categories. 

The largest category was extracellular signaling transduction (25.2%) which is broken down 

into 7 sub-categories including extracellular matrix protein (6%), transporter (5%), 

transmembrane receptor regulatory/adaptor protein (1%), cell adhesion molecule (5%), 

membrane traffic protein (1%), cell junction protein (2%), and receptor proteins (5%) (Fig 

2). The second and third most abundant categories were nucleic acid binding (15.7%) and 

transcription factors respectively (13.3%).

3.3 Ingenuity Pathway Analysis

Phosphorylation changes were mapped to 220 total pathways, based on a 1.5 fold-change 

with a p-value of < 0.05, of which the top 25 were considered for further analysis (Fig 3). 

IPA network analysis revealed that 10 of these pathways collectively grouped into a 

functional network of 13 proteins (Fig 4). IPA then combined these proteins together to 

reveal an interconnected set of phospho-protein interactions (Fig 5). Within this interaction 

network, we observed the specific phosphorylation of previously annotated sites of 

activation ERK1/2 at T183 and Y185, and heat shock protein beta-1 (HSPB1) at S82. In 

addition, we detected increased phosphorylation of MYL9 at sites T19 and S20. These 

patterns are consistent with the idea that contractile mechanisms are upregulated in response 

to strain activation.

3.4 Western Blot analysis

Confirmation of mass spectrometry analysis by western blot showed increased 

phosphorylation of key proteins p38, ERK1/2 and HSPB1, at previously annotated sites after 

5 min of 18% biaxial mechanical strain (Fig 6).

4. Discussion

Our phospho-proteomic snapshot revealed the activation of both focal adhesion-associated 

and novel strain-responsive signaling pathways in human myometrial cells. We found 

differential phosphorylation of ERK1/2, vinculin, heat shock protein B1 (HSPB1), protein 

kinase C (PKCα) and p21 activated kinase 2 (PAK2) which IPA revealed to be associated 

with the downstream activity of the integrin linked kinase pathway. In agreement with 

previous tissue experiments (Yunping Li et al., 2009), we found increased ERK1/2 

phosphorylation levels at T185 after 5 min of strain in myometrial cells. This site is one of 

two key regulatory sites of ERK 2 phosphorylation (Ahn et al., 1991; Anderson et al., 1990; 

Boulton et al., 1991). Myometrial strain has previously been shown to activate focal 

adhesion and ERK/MAP kinase signaling pathways (Macphee and Lye, 2000; Oldenhof et 

al., 2002; Sooranna et al., 2005; Wu et al., 2008). These data, combined with our results and 

the observation that the ERK inhibitor U-0126 delays preterm labor in rats treated with 
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RU-486 (Li et al., 2004), suggest a major role for ERK activation in the regulation of 

gestational timing.

HSPB1 is a small 27 kD heat shock protein that has been implicated in a wide variety of 

cellular functions including protection from heat stress, actin remodeling, and regulation of 

smooth muscle contraction. Cell contractility in smooth muscle cells has been linked to 

phosphorylation of HSPB1 on S82 (Gerthoffer and Gunst, 2001) which also has been linked 

to ERK activity (Robitaille et al., 2010). HSPB1 phosphorylation is also regulated by p38 

kinase in response to cyclic strain in cultured fibroblasts and contributes to actin remodeling 

(Hoffman et al., 2017). Additionally, many of the functional roles of HSPB1 are regulated 

by PTMs, particularly the phosphorylation of two sites (S15, S82) (Rouse et al., 1994). 

These data suggest HSPB1 may be a key regulator of contractile phenotype and play a 

significant role in the induction of labor.

Phosphorylation of PAK2 and HSPB1 (at site S82) were increased in response to strain and 

suggest a mechanistic link between the mechanical strain response and the development of a 

contractile phenotype. PAK2 has been shown to down regulate cofilin via phosphorylation 

(Kosoff et al., 2015) and PKC inhibition reduces HSPB1 S82 phosphorylation levels in 

vascular smooth muscle (Moreno-Domínguez et al., 2014). Since cofilin phosphorylation 

reduces actin polymerization, while HSPB1 enhances polymerization, the cofilin and 

HSPB1 S82 phosphorylation states are important regulators of smooth muscle actin 

polymerization and may regulate strain induced contractility.

While we found direct evidence of HSPB1 and p38 activation, we did not find 

phosphorylation sites on PKCα and PAK2 that correlate to previously annotated sites. It is 

possible that the phosphorylation sites we identified represent alternative activation sites 

related to a particular temporal or physical pattern of cellular activity. The significance of 

this phosphorylation pattern needs to be further investigated. IPA results suggest a central 

role for vimentin in the response to acute mechanical strain. ERK1/2 and HSPB1 regulate 

cytoskeletal remodeling through interaction with vimentin, an intermediate filament protein 

that is important to cellular tensile strength particularly in the cytoplasm (Guo et al., 2013). 

We saw increased phosphorylation of a number of amino acids on vimentin fibers in 

response to mechanical strain. Phosphorylation of vimentin at S56 is PAK1 dependent in 

airways smooth muscle cells responding to contractile stimulation (Tang and Gerlach, 2017); 

however, vimentin is regulated by a variety of kinases and phosphatases (Eriksson et al., 

2004) and the long-term downstream, temporal, and mechanical consequences of such 

phosphorylation patterns may be related to HSPB1 and PAK2 phosphorylation via 

mechanical activation.

Smooth muscle contraction is regulated by the kinase/phosphatase activities of myosin light 

chain kinase (MLCK) and myosin light chain phosphatase (MYPT1) (Aguilar and Mitchell, 

2010). Phosphorylation of MLCK and activation of the serine/threonine kinases are 

responsible for down regulating phosphorylation of MYPT1 leading to increased calcium 

sensitivity (Amano et al., 1996; Kimura et al., 1996). Focal adhesions are known activators 

of MLCK phosphorylation and of myosin light chain 9 (MYL9) which increases calcium 

sensitivity and force of contraction (Wray, 1993). We detected phosphorylation of MYL9 at 
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sites T19 and S20 demonstrating that contractile mechanisms were engaged subsequent to 

strain activation. In addition, protein kinase C is known to phosphorylate CPI-17 leading to 

the phosphorylation dependent deactivation of MYPT1 and increased calcium sensitivity 

(Somlyo and Somlyo, 2003). The implication of the observed phosphorylation patterns 

suggests increased calcium sensitivity is induced by strain activation. A proposed schematic 

of strain induced calcium sensitization based on our data is shown (Fig 7).

In addition to previously annotated phosphorylation sites, we discovered proteins such as 

PAK2, DOCK1, PPP1R12A, and PTPN11, which were phosphorylated on unannotated sites; 

however, pathway signaling analysis by IPA predicts that they are activated, either by 

temporal separation of the signal or a novel activation from unannotated phospho-sites. The 

annotation of these phosphorylation sites and the temporal separation of such events still 

needs to be investigated.

Cultured cell models provide a valuable tool to obtain insight into the regulation of 

myometrial function (Mosher et al., 2013) and have the advantage of allowing analysis of 

the effect of mechanical strain on signal transduction events specifically in myometrial cells 

in the absence of complicating factors such as maternal age, race, gestational age, fetal sex, 

and variations in the in vivo hormone environment (Burris and Collins, 2010; Challis et al., 

2013; Myatt et al., 2012). However, cultured cells are isolated from the influence of other 

cell types present in the parent tissue and the two-dimensional environment may not 

approximate 3D tissue structures (Smith et al., 2017; Souza et al., 2017; Zhang et al., 2013). 

Cultured, non-laboring human myometrial cells undergo gene expression changes indicative 

of a contractile, laboring phenotype (Ilicic et al., 2017), although it is not clear if these 

changes correspond to protein level and phenotypic changes. While it is not currently 

possible to mimic the mechanical forces that confront the uterus during pregnancy precisely, 

5 min of isolated mechanical strain provides insight into the proteins and pathways that 

contribute to the initiation of cellular responses. As such, this work provides a starting point 

for elucidation of the interaction of molecular pathways activated by mechanical strain, 

future work is needed to confirm these data in tissue or animal models.
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Fig. 1. Myometrial cell mechanical strain experimental design
Growth arrested PHUSMC-hTRT on BioFlex® plates were subjected to 18% biaxial 

mechanical strain for 5 min. Annotated SEQUEST peptide results were analyzed using IPA 

for pathway associations. Specific phospho-site annotations were taken from the 

Phosphosite.org database.
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Fig. 2. 
GO analysis of protein functional categories represented by differentially phosphorylated 

proteins after exposure to 5 minutes of mechanical stretch. Go annotations from the panther 

analysis data base revealed 19 categories of protein functions.
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Fig. 3. Top 25 differentially regulated pathways
as determined using IPA software. Over-represented pathways were sorted by log2-fold-

change (0.6) and the top 25 were selected for additional analysis. Red and green bars 

represent the percentage of pathway proteins either up (red) or down (green) regulated 

quantified on the top axis as compared to the total number of proteins annotated to each 

pathway shown as black numbers after each bar. The negative log of the p-value of each 

pathway enrichment is shown as a yellow line with quantification on the bottom axis.
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Fig. 4. Overlapping Canonical
Pathways generated by IPA. A pathway network was generated, from the top 25 over 

represented pathways determined by IPA, to reveal the most functionally active proteins with 

differential phosphorylation. Nodes represent pathways and edges are labeled with the 

number of common proteins connecting each node.
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Fig. 5. Network analysis of the most functionally active proteins
represented by the edges of Fig. B. All unique proteins counted as part of all the edges were 

collected and networked by IPA. These proteins form the core of differentially expressed 

proteins at 5 min of mechanical strain. Proteins in pink had increased phosphorylation and 

proteins in green had decreased phosphorylation.
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Fig. 6. Western blot validation of HSPB1 pathway activation
This tonic mechanical strain revealed phosphorylation of ERK1/2 and HSPB1. Additionally, 

we saw increased phosphorylation of p38 kinase, an activator of HSPB1 and a protein 

predicted by IPA to be activated. Statistical analysis of all blots was performed by 

normalization of phosphorylation to total protein with (*) representing a p value of <0.001.
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Fig. 7. Proposed mechanical strain-induced phosphorylation in myometrial cells
Experimentally determined phosphorylated proteins at 5 min (green with orange P) with 

pathway proteins (blue) that were not experimentally observed to be phosphorylated after 5 

min of mechanical strain. Associations based on literature searches and phospho-site 

annotation (HSPB1 represented here as HSP27).
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