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Multiple parallels exist between placentation and cancer dissemination at

molecular, cellular, and anatomical levels, presenting placentation as a

unique model to mechanistically understand the onset of cancer metastasis.

In humans, interaction of placenta and the endometrium results eventually in

deep invasion of placental extravillous trophoblasts (EVTs) into the maternal

stroma, a process similar to stromal trespass by disseminating carcinoma cells.

In anticipation of implantation, endometrial fibroblasts (ESFs) undergo a process

called decidualization during the secretory phase of the menstrual cycle.

Decidualization, among other substantial changes associated with ESF

differentiation, also involves a component of fibroblast activation, and

myofibroblast transformation. Here, using traction force microscopy, we

show that increased cellular contractility in decidualized ESFs is reversed

after interaction with EVTs. We also report here the large changes in

energetic state of ESFs upon decidualization, showing increased oxidative

phosphorylation, mitochondrial competency and ATP generation, as well as

enhanced aerobic glycolysis, presenting mechanical contractility and energetic

state as new functional hallmarks for decidualization. These energetic changes

accompanying the marked increase in contractile force generation in

decidualization were reduced in the presence of EVTs. We also show that

increase in decidual contractility and mechanical resistance to invasion is

achieved by SRF-MRTF transcriptional activation, achieved via increased

phosphorylation of fibroblast-specific myosin light chain 9 (MYL9). EVT

induced paracrine secretion of Heparin Binding Epidermal Growth Factor

(HBEGF), a potent MAPK activator, which shifts the balance of SRF

association away from MRTF based transcription, reducing decidual ESF

contractility and mechanical resistance to placental invasion. Our results

identify a new axis of intercellular communication in the placental bed
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modulating stromal force generation and resistance to invasion with

concurrent downregulation of cellular energetics. These findings have

important implications for implantation related disorders, as well as stromal

control of cancer dissemination.
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Introduction

Parallels between placental invasion into the endometrium,

and cancer metastasis has long been recognized (Costanzo et al.,

2018; Coorens et al., 2021; Wagner et al., 2022). These parallels

exist at multiple biological scales: genetic, molecular, cellular, and

anatomical, and manifest in many similarities in the biochemical,

immunological, or physical nature of interaction between cancer

and stroma in one context, and placenta and endometrium in

another (Suhail et al., 2021; Wagner et al., 2021). In humans, the

endometrial fibroblasts (ESFs) undergo a cyclic pattern of

differentiation, wherein ESFs differentiate into decidual ESFs

(dESFs), resulting in increased cellular hypertrophy,

transcriptional changes, increased secretion of hormones, and

contractile force generation, in anticipation of implantation

(Christian et al., 2002; Gellersen et al., 2007). For long, it was

still not settled whether decidualization supports, or resists

trophoblast invasion (Gleeson et al., 2001; Menkhorst et al.,

2012; Pollheimer et al., 2018). In recent works, we have

shown that decidualization significantly reduces trophoblast

invasion, suggesting that the advent of dESFs is an

evolutionary response to limit excessive invasion. We have

also shown that decidualization as a process has evolved by

incorporating a classical fibroblast activation response to

wounding (Wu et al., 2020), which occurs in response to the

degradation of uterine epithelium by trophoblasts, and their

invasion into the maternal stroma.

Fibroblast activation generically results in increased

actomyosin assembly and force generation, followed by

remodeling of the extracellular matrix. Contractile force

generation by fibroblasts, when coupled with fibroblast-

epithelium interaction, is now understood to be important in

instigating dissemination of epithelial tumors (Labernadie et al.,

2017; Ansardamavandi and Tafazzoli-Shadpour, 2021).

However, contractile forces may also be resistive (Wang et al.,

2021). Drawing parallels between cancer-fibroblast interaction,

and trophoblast-ESF interaction (Kshitiz et al., 2019), we asked

how the decidual stromal contractile force generation change

after interaction with trophoblasts. Generation of contractile

force is an energy intensive phenomenon. We found that

decidualization is accompanied by a marked increase in the

energetic state, increasing both oxidative phosphorylation

(OxPhos) and glycolysis. We also found that the EVT induced

reduction in contractile force generation is also accompanied by

correlated reduction in glycolysis, as well as oxidative

phosphorylation.

We have also identified a cell-cell paracrine interaction axis

between EVTs and dESFs, which mediated the reversal in dESF

contractile force generation, and increased invasability.

Specifically, we found that secretion of HB-EGF (heparin

bound-endocrine growth factor) by HTR8 resulted in rewiring

of SRF (serum response factor) association from MRTF

(myocardin related transcription factor) to TCF (ternary

complex factor). Reduced SRF-MRTF transcriptional

regulation reduces phosphorylation of myosin light chain 9

(MYL9) resulting in decreased contractile force generation in

dESFs. HB-EGF is an abundantly secreted growth factor in many

cancers (Sethuraman et al., 2018), but its role in regulating

stromal contractility, and invasability has not been studied.

Our study underlines that fibroblast mechanics and energetic

state are crucial in the stromal containment of epithelial invasion,

and that both invasive cells, here trophoblasts, can evade the

mechanical resistance offered by stromal fibroblasts by paracrine

modulation of their contractile machinery.

Results

Extravillous trophoblasts reduce
mechanical force generation by decidual
endometrial fibroblasts

Extravillous trophoblasts (EVTs), which are notably of recent

evolutionary origin (Carter, 2012, 2021), invade through the

decidual stroma, to reach the maternal spiral arteries. In the

process, EVTs interact with the decidual endometrial fibroblasts

(dESFs) (Figure 1A). We have previously reported that

decidualization is evolutionarily derived from fibroblast

activation (Wu et al., 2020). Indeed, we had found that

differentiation of ESFs involves an interim stage which mimics

activation of fibroblasts in response to wounding, which gets

extended to a larger program of decidualization (Wu et al., 2020).

Early decidualization, therefore, appeared to be mimicking

increase in ESF contractility and generation of mechanical

forces. We therefore asked if interaction of dESFs with EVTs

may influence dESF mechanical force generation. We have

previously reported that EVTs could modulate the

matricellular homeostasis achieved by decidualization, which
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FIGURE 1
Extravillous trophoblasts reduce contractile force generation by decidual endometrial fibroblasts. (A) Schematic showing the maternal fetal
interface during placentation, wherein EVTs escape into the maternal stroma and deeply invade into the endometrium to eventually reach the spiral
arteries. (B) Schematic showing the experimental plan for co-culture of dESFs with fluorescently labeled HTR8; cells were separated by fluorescent
assisted cell sorting after 3 days of co-culture and sequenced. (C) Venn diagram showing gene counts differentially regulated between

(Continued )
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directly reverses the decidual-specific resistance to placental

invasion. Here, we focused on fibroblast force generation, and

associated fibroblast metabolism to ask if interaction with EVTs

may modulate the force generation capability of

decidualized ESFs.

We used RNAseq data obtained from ESFs decidualized for

4 days and co-cultured for 2 days with fluorescently labeled

HTR8, an EVT cell line. After incubation, ESFs and EVTs

were seperated using fluorescence assisted cell sorting (FACS)

(Figure 1B). Co-culture with HTR8 resulted in significant change

in gene expression of dESFs, with many genes that were reversed

in expression after co-culture (Figure 1C). Focusing on

biomechanical pathways associated with fibroblast activation,

we found that overall there was a significant effect of

HTR8 co-culture on dESF gene expression (Figure 1D).

To confirm whether co-culture induced reduction in dESF

gene expression related to biomechanical force was systemic, we

computed activation of canonical pathways of contractile force

generation in decidualization, and after co-culture with HTR8

(Figure 1E). We found that many gene ontologies related to

cellular contractile force generation, including TGFβ signaling,

actin nucleation, Rho mediated action-based motility, Rac

signaling, and Calpain protease mediated cellular mechanics

were upregulated in dESFs vs. hESFs. Their activation were

markedly reduced after co-culture with HTR8 in dESFco−H8

(Figure 1E). Transfac based Transcription Factor activation

scoring also showed that key transcriptional regulators

associated with cellular motility, contractile force generation,

and fibroblast activation were initially upregulated in dESFs, and

showed reversal when dESFs were in co-culture with HTR8.

These included myocardin related TFs, MRTF-A/B, and serum

response factor (SRF), which together can form a transcriptional

factor complex activating expression of many genes mediating

cellular force generation (Gualdrini et al., 2016). Others included

SNAI1, a key factor regulating epithelial to mesenchymal

transformation, as well as MEF2D encoding myocyte

enhancer factor 2D, a key TF regulating genes encoding

myosin based contractile machinery.

To functionally confirm that co-culture with HTR8 had

indeed resulted in reduction in force generation by dESFs, we

used traction force microscopy, which computes contractile

forces generated by adhered cells from displacement of

fluorescent beads embedded in a pliable hydrogel based cell

substratum. dESFs were cultured, either after decidualization,

or conditioned with supplemented medium from HTR8.

We found that contractile force generation in dESFs was

markedly higher than in hESFs, and treatment with

conditioned medium from HTR8 reduced it significantly

(Figures 1G,H). Strain energy density, normalized to cell area

also showed a similar trend of an initial increase, and

then decrease after co-culture (Figure 1I). Reduction in the

contractile force generated by dESFs by conditioned medium

suggested involvement of paracrine signals from HTR8 in

regulating fibroblast mechanics.

Decidualization enhances oxidative
phosphorylation and mitochondrial ATP
generation in ESFs, which is reduced after
co-culture with EVTs

Large contractile force generation is a highly energetically

intensive process, necessitating rewiring of the metabolic flux

in a cell. As decidualization involves an early onset of

fibroblast activation, accompanied by increase in

mechanical force generation (Figures 2A–C), we expected

an increase in energy demand in the cell (Sleep et al.,

2005). To functionally test if glucose uptake and force

generation are linked, we took advantage of the inherent

diversity in strain energy in a population of dESFs, and

correlatively measured NBDG (glucose) uptake and

contractile force generation (Figures 1A,B). We found a

high correlation between NBDG uptake and strain energy

within dESFs (Figure 2C), confirming that increased

contractile force generation poses higher energy demands

on the cell (Figure 2D). How decidualization affects

metabolism and energy requirement in ESFs has not been

well studied, and there is little understanding of the energetic

transitions in dESFs as they interact with EVTs during

placentation. We therefore systematically tested the

energetic state of ESFs in response to decidualization, as

well as subsequent co-culture with HTR8s.

FIGURE 1
undifferentiated ESFs (hESFs), and decidualized ESFs (dESFs), and between dESFs co-cultured with HTR8 (dESFco-H8) and dESFs. (D) Activation
of Contractility related ontologies in dESFs and dESFco−H8. Thickness of bar plot shows enrichment score of the relevant ontology. (E). Activation of
canonical pathways in dESFs compared to hESFs or in dESFco-H8 vs. dESFs; Axes represent the activation or inhibition (z-score) of relevant
ontologies; Ontologies that are upregulated in dESFs (compared to hESFs) but go down with co-culture (dESFco−H8) are labeled orange, and
ontologies upregulated in dESFco−H8 are labeled blue. Size of the bubble reflect -log (p-Val) in that quadrant. Calculated using Ingenuity Pathway (IPA)
analysis. (F). Transcriptional factors (TransFac) upregulated in dESFs and then downregulated after co-culture are labeled orange) or downregulated
with decidualization (dESFs), and then upregulated with co-culture (dESFco−H8) are labeled blue. Calculated using Ingenuity Pathway (IPA) analysis.
(H–I). Traction forcemicroscopy: (H). Representative traction force vectormaps and strain energymaps in hESFwith decidualization (dESF) and after
co-culture treatment (dESFco-H8). Anova with Tukey’s correction was used for quantification of average cellular stress (H), and strain energy (I); n >
10 cells per condition.
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FIGURE 2
Energetic transition in decidual ESF reflect changes in contractility which is reversed by EVT. (A–D) Traction force microscopy and glucose
uptake: (A) Glucose uptake was monitored within a population of decidualized ESFs (dESF) with NBDG along with cellular contractility,
Representative figure of two contracting cells with (A) traction force vector maps and (B) NBDG fluorescence (B); (C) Correlation of strain energy of
contracting cells and glucose uptake; n > 70. (D) Schematic showing increased contractility, glucose uptake, and energetic demand in
decidualized cells (dESF) that is reduced with co-culture (dESFco−H8). (E) Metabolic ontologies that are activated in dESF or dESFco−H8 with their

(Continued )
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Although enhanced glucose uptake suggested increase in

aerobic glycolysis, gene set analysis for metabolic ontologies

showed that decidualization also resulted in enrichment of

several ontologies related to mitochondrial respiration

(Figure 2E). Key metabolic genes and mitochondrial

transcripts that regulate citric acid cycle (TCA) and ATP

generation through mitochondria were also increased with

decidualization (Figures 2F,G). Increase in mitochondrial ATP

generation is an efficient process whereby ATP generation per

glucose molecule is significantly increased from 2–4 mol/glucose

molecule to 32–36 mol of ATP. Increase in ATP however limits

cellular substrate (glucose) uptake (Blodgett et al., 2007). To keep

the high glucose levels for proliferative or other needs, cells have

adaptive mechanisms to increase the pyruvate to lactate flux,

limit OxPhos and/or increase ATP utilization (Melo et al., 1998;

Hardie, 2000; Garcia-Cao et al., 2012).

In order to understand the parallel increase in glucose uptake,

as well as several key mitochondrial energetics transcripts, we

performed a comprehensive energetic measurement in

decidualized ESFs, as well as after subsequent treatment with

HTR8 conditioned medium. Using XF analyzer to

simultaneously measure oxidative phosphorylation (OxPhos)

and glycolysis, we asked whether the increase in energy

substrate uptake with concomitant increase in cellular

contractility also leads to a parallel increase in aerobic

glycolysis (Figure 2H). Surprisingly, we observed an increase

in both Oxphos and aerobic glycolysis with decidualization. Both

the basal mitochondrial respiration rate and extracellular

acidification rate (ECAR), indicative of OxPhos and aerobic

glycolysis respectively, were increased in decidualization,

suggesting the transition of cells towards high energy state

(Figure 2H). Interestingly, treatment with HTR8 conditioned

medium resulted in a decrease of both Oxphos and aerobic

glycosis (Figure 2H).

Furthermore, decidualization not only resulted in increased

basal respiration but also caused a significant increase in coupled

respiration (with ATP synthase inhibitor oligomycin) and

maximum respiratory chain capacity (FCCP) (Figure 2I). The

increase in respiration that was coupled to ATP generation

(coupled respiration) was close to ~67% in decidualized cells

compared to ~40% in hESFs, and ~52% with co-culture

condition (Figures 2I,J). These results indicate not only

increase in mitochondrial respiration, but also increase in

mitochondrial efficiency with decidualization. Extracellular

acidification rate (ECAR) was also increased with

decidualization (Figure 2K). Although increase in both

OxPhos and aerobic glycolysis suggest high energetic state of

cells in decidualized stage, the OCR/ECAR ratio which is

independent of cell number indicated preferential increase in

mitochondrial respiration in decidualized cells (Figure 2L).

Interestingly, although the total ATP levels were increased

with decidualization from ~1.47 nM/cell to ~1.72 nM, a

significant increase in ATP generation was observed through

mitochondria which were sensitive to oligomycin (Figure 2M).

These results show that decidualization involves large

changes in the energetic state of fibroblasts, both in ATP

generation within the mitochondria, as well as large increase

in carbon flux, likely for anabolic processes. Oxphos is increased

typically as cells differentiate and leave the undifferentiated

proliferative state (Zheng et al., 2016). However, the large

increase in ATP generation in dESFs suggest that Oxphos

produced ATP likely primarily fuels large increase in

contractile force generation. HTR8s cause a significant reversal

in both these fundamental changes in the energetic state of

dESFs. Indeed, increase in glucose flux after decidualization

does not result in a significant contribution towards ATP

generation through glycolysis. The increase in cellular energy

demand (ATP) with decidualization is primarily met with an

increase in energy efficient OxPhos pathway. Significantly high

ATP generation in dESFs vs. hESFs, also more proportionately

met by Oxphos, indicate the metabolic flux meeting the needs for

the marked increase in contractile force generation (Figure 2M).

Correlating the strain energy, and ATP generation showed that

increased mechanical strain energy generation in response to

decidualization also results in large increase in ATP generation in

the mitochondria (OxPhos), and treatment with conditioned

FIGURE 2
enrichment score (F,G). Volcano plot of differentialmetabolic genes in combined ontologies of ATP generation, Oxidative phosphorylation, and
glycolysis: Significant number of metabolic genes are upregulated (highlighted genes are < p0.001) with differentiation and several key TCA (citric
acid cycle) genes are downregulated after co-culture with hTR8. (H,I) Energetics data in hESF, decidualized hESFs (dESF) and co-culture condition
(dESFco-H8) using XF analyzer. (H) Basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) shows an increase in
OxPhos and glycolysis with decidualization which is partially reversed with co-culture condition. Basal data is presented with mean and SD. (I)
Increase in oxygen consumption rate (OCR) at basal levels, enhanced coupled (oligomycin sensitive) and uncoupled respiration (FCCP) with
decidualization. (J) Percentage of coupled respiration: oligomycin sensitive respiration is significantly increased in dESFs compared to hESF and
dESFco−H8. (K) Extracellular acidification rate: Increase in ECAR with decidualization reflects increase in glycolysis which is confirmed after inhibition
with iodoacetate. n = 6 in each XF experiment with data reported as mean ± SD and statistical significance calculated using Anova followed by
Dunnett’s test. (L)OCR/ECAR ratio at basal levels reflects increased reliance on oxygen consumption in dESFs. n = 6 in each XF experiment with data
reported as mean ± SD and statistical significance calculated using Anova followed by Dunnett’s test. (M) Increase in total cellular ATP generation
with decidualization. Oligomycin sensitive ATP generation which reflects ATP generation from OxPhos indicates increased utilization of oxidative
phosphorylation for ATP generation in dESFs. n = 6 in ATP experiment and the data is presented as mean ± SD. Statistical significance was calculated
using Anova followed by Šídák’s test. (N) Transition of cellular contractility (strain energy) and ATP levels per cell (total and Oxphos) show high
energetic and contractile phenotype with decidualization.
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FIGURE 3
EVTs reverse MRTF activation in decidual fibroblasts. (A) Predicted IPA based activation scores of top transcription factors which are reduced in
dESFs co-cultured with HTR8 feature MRTF-A, and MRTF-B, as well as SRF. Bubble size reflects p-value overlap of genes. (B) Gene set enrichment
analysis (GSEA) of SRF-MRTF downstream genes in dESF vs. hESF (top), and dESFco−H8 vs. dESF (bottom); Enrichment score, and p-value shown in
inset; leading edge genes for both comparisons shown at the bottom. (C) Schematic showing a balance of contractile and mitogen phenotype
maintained by association of MRTA or TCF co-factors with SRF. (D) Heatmap showing z-scores genes activated by SRF in hESF, dESF and dESFco−H8.
Hierarchical clustering by Euclidian distance revealed 4 main clusters that were either upregulated in hESF, dESF, both hESF and dESF, or in co-
culture condition. Genes that are downstream of Elk1 activation are coded with red color and MRTFA/B are coded with black color. Color intensity
bar shows z score calculated from TPM values. (E) Transcripts per million (TPM) for MKL1 and MKL2 in dESF, and dESFco−H8; n = 3 samples. (F)
Representative immunofluorescence images showing MKL1 (MRTF-A) expression in hESF, dESFs, and dESFco−H8, with quantification of fluorescence
levels in the nuclei shown in (G); significance was calculated using Anova followed by Tukey’s test; n = 20 for each condition. (H) Immunoblot
showing reduced MKL1 abundance in dESFs before, and after silencing of both MKL1 and MKL2 genes (MKL1/2), lower lane shows abundance of
GAPDH; also confirmed with immunofluorescence (I,J). (K,L) Morphological changes in dESFs in response to MKL1 and MKL2 gene silencing in
dESFs, showing single cell area (K), and cellular circularity (L).
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medium from HTR8 restored the low ATP generation energetic

state in the mitochondria, correlatively with reduced strain

energy (Figure 2N).

Overall, increase in both glucose uptake and mitochondrial

respiration capacity/mitochondrial ATP generation indicates an

increase in ATP demand that is met by OxPhos and a possible

diversion of glucose carbon towards biosynthetic needs as

indicated in upregulation of several metabolic ontologies,

transcripts and increase ECM/collagen production with

decidualization (Figure 2N). The concomitant increase in

glycolysis and activation of several biosynthetic gene

ontologies with decidualization indicate a shift in metabolic

pathways towards biosynthetic processes (Vander Heiden

et al., 2009), which was partially reversed by interaction

with EVTs.

EVTs reverse decidualization induced
increase in activation of MRTF
transcriptional regulation

IPA pathway analysis revealed an increased activation of

serum response factor (SRF) and myocardin-related

transcription factors (MRTFs) (Figure 1F). Indeed, both

MRTF-A and MRTF-B, as well as SRF were among the top

transcription factors that were predicted to be activated with

decidualization, and then decreased after EVT co-culture

(Figure 3A). GSEA analysis revealed a significant enrichment

of MRTF downstream genes in dESF vs. hESF, which was also

reduced in dESFco−H8 (Figure 3B). MRTFs in association with SRF

are key TFs regulating muscle machinery adaptation to workload

(Montel et al., 2019), and along with YAP-TAZ, impart

contractile properties to cancer associated fibroblasts (Foster

et al., 2017). Activation of SRF-MRTF, as well as SRF

independent MRTF activation are important mediators of

mechanical forces essential for cancer cell migration through

dense extracellular matrix (Gau and Roy, 2018). MRTFs

competitively associate with serum response factor (SRF)

against TCFs (Erk regulated ternary complex factors), in

response to actin polymerization. Upon actin polymerization,

MRTFs can localize in the nucleus, and bind to SRF to activate

gene transcription of several genes regulating cellular

contractility and force generation (Gualdrini et al., 2016; Gau

and Roy, 2018) (Figure 3C). Indeed, many genes downstream of

MRTFs showed increased expression with decidualization, while

genes downstream of TCF factors were preferentially expressed

after co-culture (Figure 3D). RNAseq showed significant

reduction in the transcripts levels of both MKL1 and MKL2

(Figure 3E), while immunofluorescence showed that MRTF-A

(MKL1) localization was primarily nuclear in dESFs compared to

hESFs, and treatment with conditioned medium from

HTR8 reversed the trend (Figures 3F,G), corroborating the

predicted transcriptional activation of SRF-MRTF signaling in

dESFs and its reduction after EVT interaction. CRISPR

Cas9 mediated gene silencing of both MKL1 and

MKL2 showed reduced MKL1 abundance and nuclear

localization (Figures 3H–J). Gene silencing for MKL1 and

MKL2 also resulted in significant reduction in cell area

(Figure 3K), while cellular circularity which negatively

correlates with the elongated spindle shape formation was

significantly increased (Figure 3L). Overall, gene expression

data indicated increased SRF-MRTF mediated transcriptional

activation in decidual cells, which was reversed after interaction

with EVTs.

MRTFs regulate mechanical resistance in
decidual fibroblasts to trophoblast
invasion

Traction force microscopy showed that silencing both

MRTF-A (encoding MKL1) and MRTF-B (encoding MKL2)

genes resulted in significant reduction in strain energy density

(Figures 4A,B). We sought to identify how MRTFs may regulate

actomyosin contractility at a molecular level. Upon being

phosphorylated, myosin light chain homologues engage with

actin filaments, generating contractile forces in cells. MYL9 is the

chief homologue of myosin light chain encoding genes within

fibroblasts, and has been described to be transcriptionally

regulated by MRTFs. However, immunostaining for MYL9 did

not show much difference between control dESFs, and those

silenced for MKL1 and MKL2 genes (Figures 4A,B).

Immunofluorescence also showed expectedly that MYL9 did

not colocalize with F-actin fibers. However, phosphorylated

MYL9 (pMYL9) was significantly lower in dESFs with

MKL1 and MKL2 silenced (MKL1/2KO) (Figures 4C,D).

Notably, myosin light chain kinase (MYLK) is also

transcriptionally expressed by MRTFs (Johnson et al., 2014

#67), and was significantly reduced in dESFs after co-culture

of conditioning with HTR8 (Figure 4E), suggesting that MRTFs

may increase phosphorylated MYL9 in dESFs. Colocalization

analysis also showed that pMYL9 was associated strongly with

F-actin fibers, and this association reduced significantly in

MKL1/2KO cells (Figure 4F). Overall, these data indicated that

MRTFs may be regulating dESF contractile forces via increased

phosphorylation of MYL9, likely by transcription of MYLK.

Could the increased contractile force generation likely by

downstream targets regulated by MRTFs contribute to increased

decidual resistance to trophoblast invasion? Although,

contractile force generation by cancer associated fibroblasts

has been shown to be critical in inducing dissemination of

epithelial cancer (Ansardamavandi and Tafazzoli-Shadpour,

2021), the actual response of collective fibroblast activation in

a wound, or in response to decidualization, in resisting epithelial

invasion is not well understood. Both epithelial-fibroblast

coupling via N- and E-Cadherin heterotypic adhesion
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FIGURE 4
MRTF silencing in decidual fibroblasts reduces actomyosin contractility and resistance to trophoblast invasion. (A) Immunofluorescence of
dESFswith CRISPR/Cas9 based gene silencing for scrambled control, andMKL1 &MKL2 (MKL1/2KO) showing F-actin andmyosin light chain-9 (MYL9),
quantification of intensity per cell for MYL9 shows no statistical difference (B); scale bar = 25 µm. (C) Immunofluorescence images showing reduced
abundance of phospho-MYL9 in MKL1/2KO dESFs (D); scale bar = 20 µm. (E) Relative expression of myosin light chain kinase (MYLK) hESF, dESF,
as well as dESFs co-cultured or conditioned with HTR8. (F) Pearson’s coefficient of phospho-MYL9 (green) co-localization with F-actin fibers (red) in
Scrambled control, and MKL1/2KO dESFs. (G) Schematic showing the setting of the ANSIA assay to measure stromal invasion of H2B-mCherry
expressing HTR8s in the dESF monolayer on a nanopatterned substrate with the anisotropic nanoridges aligned orthogonal to the patterned HTR8-
dESF interface. (H) Representative time-stamped images of HTR8 (red)-dESF (unlabeled) interface at 0 and 24 h, with dESFs either silenced with
scrambled gRNA, or gRNA targeted towards MKL1. (I) Extent of stromal invasion by H2B-mCherry labeled HTR8 cells into the dESF monolayer for
conditions in e, and significance is calculated using Anova followed by Tukey’s test; n > 10 per condition.
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(Labernadie et al., 2017), as well as the collective directionality of

force presentation against the invading front because of

remodeled matrix may contribute to the process of stromal

resistance (Erdogan and Webb, 2017; Asif et al., 2021).

Harnessing the large differences in comparative placentation

across mammals, we have demonstrated that stromal invasion is

both an outcome of the invading cells, as well as the active

resistance, or assistance, offered by the stromal fibroblasts

(Kshitiz et al., 2019). Indeed, across mammals, the large

differences in placental invasion is primarily an outcome of

differential stromal invasability, a selected and genetically

regulated phenotype (Kshitiz et al., 2019; Suhail et al., 2019).

We have shown that decidualization results in significantly high

resistance to invasion by trophoblasts, also borne from the

observation that ectopic pregnancies in non-decidualized

regions of the uterus are highly invasive (Randall et al., 1987).

We therefore asked whether decreased MRTF activation in

response to EVT co-culture may also regulate decidual

invasability.

Towards this objective, we used a quantitative and high

sensitivity assay to measure stromal invasability which we

have previously described, called Accelerated Nanopatterned

Stromal Invasion Assay (ANSIA) (Novin et al., 2021). As

stromal invasion is a very slow phenotype to observe at

cellular and subcellular resolution, we have used a collagen

matrix mimicking anisotropic pattern to align the actomyosin

assemblies in individual cells in a single direction (Figure 4G).

H2B-mCherry labeled HTR8 and unlabeled dESFs are

patterned using a stencil to create an interface orthogonal

to the direction of the underlying nanoridges (Figure 4G).

Before plating, dESFs were either left untreated, or silenced

with scrambled control, or gRNA targeted against MKL1 gene.

HTR8 invasion was observed for 24 h using fluorescence live

microscopy, and invasive spread measured and normalized to

the initial interface length between HTR8 and dESFs. We

found that MKL1 gene knockout significantly decreased the

resistance offered by dESFs to HTR8 invasion, with

HTR8 forging deep collective fronts into the stroma

(Figures 4H,I). These data showed that co-culture with

HTR8 resulted in decreased SRF-MRTF downstream gene

expression, and that MRTF regulates stromal actomyosin

force generation and resistance to trophoblast invasion.

HB-EGF secreted by HTR8 rewire SRF
association with MRTFs in decidual
fibroblasts

The effect of EVTs on reduction of dESF contractility was

maintained both in co-culture, as well as from conditioned

medium from HTR8, suggesting that paracrine signals from

HTR8 may play a role in regulating dESF contractility.

Because SRF-MRTF signaling was predicted to be highly

active in dESF, and was also reduced significantly by

HTR8 conditioned medium (Figure 3B), we sought to

identify secreted factors that could potentially regulate

MRTF activation.

Protein kinases are essential in regulation of cellular

contractility and motility, and RNA seq data indicated that

MAPK were top kinases activated on PTMsigDB (Figure 5A).

Further, several of the MAPK were also putatively activated as

predicted by IPA analysis (Figure 5B) in decidualized cells

(Krug et al., 2019; Kuleshov et al., 2021). As described earlier,

TCF components, which are Erk activated act as antagonists to

SRF-MRTF signaling, by competitive binding to SRF in the

nucleus (Gau and Roy, 2018). We therefore sought to identify

paracrine sources from HTR8 which could activate MAPK

signaling in dESF, and potentially reduce SRF-MRTF

signaling. Using RNAseq of HTR8 we identified the genes

encoding secreted ligands which may be responsible for

modulating MRTF signaling (Figure 5C). We identified

heparin bound epidermal growth factor (HB-EGF), a key

enzyme implicated in implantation and placentation, and a

potent activator of Erk signaling, which could regulate TCF

localization in the nucleus antagonizing SRF-MRTF

interaction (Figure 5C). As gene enrichment analysis had

revealed a marked activation of MAPK pathway in dESFs

after HTR8 co-culture (Figure 5B), it laid credence to the

hypothesis that intercellular signaling through HB-EGF may

modulate intracellular dESF signaling. We therefore tested if

HB-EGF could indeed alter MRTF signaling in dESFs.

Immunofluorescence revealed that treatment of dESFs with

recombinant human HB-EGF resulted in a marked decrease in

the nuclear localization of MKL1 (MRTF-A), as well as

concomitantly, increased nuclear localization of Elk1,

suggesting that HB-EGF is capable of tipping the balance in

dESF from SRF-MRTF to SRF-TCF signaling (Figures 5D–F).

Additionally, HB-EGF treatment also reduced cell size

(Figure 5G), similar to what was observed in MRTF gene

silencing (Figure 3K).

HB-EGF reduces actomyosin contractility
and stromal resistance acquired in
decidual fibroblasts

HB-EGF produced by EVTs rewired the SRF axis from

SRF-MRTF mediated to likely SRF-TCF mediated gene

expression. Earlier results also suggested reduction of SRF-

MRTF signaling to decrease contractile force generation.

Immunofluorescence in dESFs showed a marked reduction

in phospho-MYL9 intensity after treatment with HB-EGF, as

well as colocalization with F-Actin (Figures 6A–C). The

dramatic reduction in phosphor-MYL9 levels was also

matched phenotypically in a profound reduction in

contractile force generation in dESF after HB-EGF
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treatment. Traction force microscopy confirmed that

treatment of dESFs with HB-EGF decreased cellular

contractility by nearly 3 folds, a remarkable effect on cell

mechanics (Figures 6D,E). Strain energy also showed a rapid

decrease in dESFs after treatment with recombinant HB-EGF

(Figure 6F).

We finally asked if HB-EGF mediated change in MRTF

regulated dESF contractility and resistance to invasion. Using

ANSIA, we tested the effect of dESF resistance after pre-

conditioning with medium from HTR8, wild-type or those

with silenced HB-EGF. We found that when dESFs were pre-

conditioned with medium from HTR8 with HBEGF gene

silencing, their resistance to invasion was significantly

increased (Figures 6G,H). Overall these data suggested an

intercellular signaling communication between EVTs and

dESFs, wherein HB-EGF produced by EVTs rewire the

balance of contractile signaling from SRF-MRTF to SRF-

TCF transcription in dESFs, reducing mechanical resistance

to invasion, thereby facilitating EVT invasion into the

maternal stroma.

Discussion

Collective migration of epithelial cells into the stromal

compartment underlines many physiological processes,

including gastrulation (Dumortier et al., 2012), wound healing

(Li et al., 2013), placentation (Knofler and Pollheimer, 2013), as

well as cancer dissemination (Gaggioli, 2008). For long, the

invading cells, either trophoblasts in placentation, or cancer

cells in metastatic initiation, were considered as the primary

agents in stromal invasion, with the stroma considered as a

passive barrier to breach (Hanahan and Weinberg, 2000, 2011).

Recent decade has increased our appreciation of the role of

cancer associated fibroblasts in abetting tumor dissemination,

but it is not yet clear whether fibroblasts assist, or resist cancer

invasion, as evidence point to either scenario. It is however

recognized that cancer cells themselves can prime stromal

fibroblasts, incorporating them to facilitate stromal invasion

(Ansardamavandi and Tafazzoli-Shadpour, 2021).

Here, we report a mechanism used by the invading

extravillous trophoblasts (EVTs) to reduce the decidual

FIGURE 5
HB-EGF secreted from EVTs shift SRF-MRTF to SRF-TCF transcription. (A–C) HTR8 secreted HB-EGF activate MAPK signaling in dESF. (A) Top
10 kinases that are activated with HTR8 co-culture (dESFco−H8 vs. dESF) based on differential genes that are downstream of the predicted kinases,
evaluated using PTM signatures database; Data presented with FDR correction of pVal. (B) IPA predicted activation score of MAPK species in dESFco-
H8 vs. dESFs. (C) Bubble plot showing TPM values of genes encoding ligands expressed in HTR8. (D) Immunofluorescence images showing
MKL1 (encoded by MRTFA) and ELK1 (component of TCF complex) localization in dESF without, or with treatment with recombinant HB-EGF, with
quantification for MKL1 nuclear levels shown in (E), and Elk1 cytoplasmic and nuclear intensities shown in (F,G).
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FIGURE 6
HB-EGF from EVTs reduce contractile force generation in dESFs reducing decidual resistance to invasion. (A) Immunofluorescence images of
dESFs treated with DMSO control, and HB-EGF (HBEGF) showing F-actin, phospho-MYL9, and combined expression; scale bar = 25 mm. (B–C)
Average intensity per cell for phospho-MYL9, and Pearson’s coefficient showing F-actin and phospho-MYL9 colocalization. (D–F) HB-EGF reduces
dESF contractile force generation. (D) Stress vector spatial maps showing representative examples of dESFs treated without, or with HB-EGF for
24 h. Individual cell contractility shown in (E), and strain energy density shown in (F); n > 20. (G–H) HB-EGF decreases dESF resistance to
HTR8 invasion. (G) Representative images of HTR8-dESF interface at time 0 and 24 h shown for dESFs pre-treated with conditioned medium from
wild-type HTR8, or fromHTR8with gene silencing for HB-EGF. (H)Quantification of the extent of stromal invasion byHTR8 for conditions in j; n > 10.
(I) Schematic showing the balance of SRF transcriptional association with either TCF co-factors acting through CaRG response element, or with
MRTF-A/B co-factors present in nucleus upon release by polymerized actin in the cytosol.
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resistance to invasion, specifically by decreasing the high

contractile forces in decidual endometrial fibroblasts (dESFs)

which phenocopy the mechanics of activated fibroblasts. It is

notable that extravillous trophoblasts (EVTs) are a recently

evolved cell type present in great apes, characterized by

excessively deep placental invasion during pregnancy. It would

be interesting to test if trophoblasts which are of more ancestral

lineage also employ a similar strategy to reduce mechanical

resistance by decidual fibroblasts.

A key finding in this report is the metabolic transition of ESFs

in response to decidualization and their subsequent interaction

with EVTs. Cellular contractility is an intense energetic process

requiring high ATP levels to maintain steady state of ATP

hydrolysis required for actomyosin cycling (Dos Remedios

et al., 2003; Sleep et al., 2005). Harnessing the variance in

cellular contractility within dESF populations, we showed that

cellular glucose uptake and strain energy were highly correlated.

Increase in contractile phenotype in decidualization was also

paralleled by a transition towards energy efficient OxPhos

pathway for ATP generation. However, concomitant increase

in glycolysis, glucose uptake and activation of biosynthetic

pathways suggested that other biosynthetic processes

associated with decidualization were likely sustained through

increased glucose uptake. Increase in OxPhos can also lead to

higher reactive oxygen species generation and oxidized cellular

state, but enhanced mitochondrial competency and glycolytic

flux can keep the reduced cellular state which is necessary to

maintain the cellular collagen production (Heid et al., 2017). We

found that interaction with EVTs both reduced glycolysis, as well

as Oxphos, reducing the energetic state of the dESFs, paralleling

the reduction in contractile force generation. A comprehensive

metabolic assessment of decidualization has not been presented

before, and our data can set the metabolic and mechanical

hallmarks to measure decidualization phenotype.

We identified a key paracrine axis recruit decidual fibroblasts

as EVT’s partners in invasion. A marked activation of SRF-

MRTF transcriptional activity indicated its role in the increased

contractile force generation during decidualization of ESFs.

Somewhat surprisingly, we found that the effect of SRF-MRTF

activation on cellular contractility was achieved not directly via

transcription of the fibroblast specific myosin light chain 9

(MYL9) (Zhang et al., 2013), but by its increased

phosphorylation. This is likely achieved by increased MRTF

induced transcription of the upstream myosin light chain

kinase (MLCK) (Johnson et al., 2014).

Because SRF is known to competitively bind either to MRTF,

or TCF, a transcriptional co-regulator activated by MAPK

signaling (Gau and Roy, 2018), we searched for potential

ligands encoding genes expressed in the trophoblasts itself

which could potentially activate MAPK signaling in the

recipient dESF cells. We found that HTR8 expressed a key

secreted ligand for the epidermal growth factor receptor

signaling, HBEGF (heparin binding epidermal growth factor

like growth factor), which could potentially rebalance the SRF

association with MRTF in the nucleus. Decidual ESFs expressed

genes encoding receptors which HBEGF could bind to, and

pathway analysis suggested a strong activation of MAPK

signaling in dESFs after co-culture with HTR8. Other

evidence, including immunocytochemistry, also pointed

towards a shift in the transcription of genes in dESFs from

the initial SRF-MRTF activated genes to the SRF-TCF

activated CARGome genes, which contain a consensus CARG

sequence in their promoter regions (Sun et al., 2006). Treatment

of dESFs with HB-EGF resulted in significant and substantial

reduction of cellular contractile forces and mechanical strain

energy, highlighting its novel role as a key paracrine

mechanoregulator. We also quantitatively tested the effect of

HB-EGF on regulating decidual resistance to invasion using

ANSIA, a platform we have developed to quantitatively

measure stromal invasability as a phenotype with high

sensitivity (Novin et al., 2021). These data indicate that

HBEGF secreted by EVTs rebalance SRF transcription from

the decidual specific MRTF mediated to MAPK driven TCF

mediated, resulting in significantly reduced contractile force

generation and increasing invasability.

Being a potent activator of the mitogenic MAPK signaling,

HB-EGF has been studied primarily in cancers as an oncogenic

target, for its role in activating cell proliferation and anchorage-

independent growth through autocrine signaling (Ray et al.,

2014; Hsieh et al., 2017). HB-EGF autocrine signaling is

associated with breast cancer intravasation and metastasis in

macrophage independent fashion, and owing to its activity on

MAPK signaling, is a potent mitogen in many cancers, including

lung (Yotsumoto et al., 2017; Wang et al., 2020), pancreatic (Ray

et al., 2014), and breast tumors (Sethuraman et al., 2018). HB-

EGF is frequently referred to as an “immediate early gene” owing

to its rapid transcription in response to cytoprotective or

oncogenic stimuli, including ischemia reperfusion in the heart

(Xia et al., 2003), and in tumorogenesis (Mccarthy et al., 1995).

Although AP-1 related transcription in response to stretch in

smooth muscle cells can induce transcription of HB-EGF (Park

et al., 1999) the role of HB-EGF as a modulator of myofibroblast

transformation are not well studied. We found that HB-EGF can

tilt the balance from a high contractility promoting state in a

myofibroblast like decidual fibroblasts to a less mechanically

resistive cell, primarily by shifting association of SRF to the

MAPK induced TCF signaling. Again, this was achieved by

reduced phosphorylation of MYL9 which engages with actin

bundles to promote actomyosin contractility. The effect of HB-

EGF on dESF mechanics was profound, reducing their

contractility and strain energy density by 3 folds, as well as

reducing their mechanical resistance to trophoblast invasion.

This finding may shed light on previous reports where HB-EGF

was found to be a suppressor of liver fibrosis (Huang et al., 2012).

In light of placental invasion and cancer metastasis being

parallel models, in so far as the stromal fibroblast response is
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concerned in regulating the process of invasion, we show that

invading cells can use paracrine signals to modulate mechanical

forces in the resistive cells, facilitating invasion. As HB-EGF is

produced by the invading cells themselves, it presents a

therapeutic target to control the transformation of fibroblasts

to reduce their mechanical resistance to invasion by cancer, or to

modulate placental invasion in pregnancy related disorders.

Methods

Cell isolation and maintenance

Human endometrial stromal fibroblasts (hESFs) were

isolated from normal patient biopsies obtained by Charles

Lockwood Lab at Yale, and obtained from Gil Mor group

(Krikun et al., 2004; Graham et al., 1993), as well as from

patient biopsies obtained from UCHC Biorepository.

HTR8 and BeWo cells were obtained from ATCC. hESF cells

were maintained in phenol-red free DMEM/F12 50:

50 containing 25 mM glucose, and supplemented with 10%

calf serum (charcoal stripped), 1% antibiotic/antimycotic, and

ITS (insulin, transferrin, and selenium). hESFs were decidualized

with 0.5 mM 8-B-cAMP (Cayman), and 0.5 mM medroxy-

progesterone acetate (MPA) for 4 days in DMEM/

F12 supplemented with 2% charcoal stripped calf serum.

For co-culture, trophoblasts were labeled with DiI (or stably

transduced with plasmid expressing H2B-boundmCherry driven

by CMV promoter), washed multiple times with PBS and mixed

with decidual ESFs (dESFs) at 1:1 ratio for 3 days. During co-

culture cAMP was withdrawn owing to its toxicity to HTR8. For

co-culture controls, dESFs were also maintained in

decidualization medium without cAMP. Conditioned medium

from HTR8 was supplemented with MPA to maintain

consistency across all experimental conditions.

Fluorescence assisted flow sorting

After co-culture, cells were detached from the substrate with

0.25% Trypsin-EDTA, and protease was neutralized with excess

medium when all cells were detached. Serum free medium at 4°C

was used for cell suspension, and sorting was performed using

BD FacsARIA II in UConn Health Flow Core. PE. Cy5 channel

was used to separate HTR8, and dESFs using conservative gating

(thereby only selecting DiIlo and DiIhi cells, leaving most cells in

the middle spectrum to avoid trace potential chance of cell

fusion, or dye uptake from apoptotic cells). FACSDiva 6.0. or

Flowjo was used for anlaysis. After sorting, cells were directly

collected in RNASelect to stabilize RNA, or were collected in 10%

FBS containing medium for further experiments. The same

procedure was applied on control cells, even though there

were only one type of cells in the monoculture dESFs.

RNA sequencing and transcriptomic
analysis

Cells were lysed with buffer RLT, and RNA was isolated using

RNeasy Mini Kit (Qiagen) following manufacturer’s instructions.

RNA integrity was evaluated with Bioanalyzer 2100 (Agilent) and

samples with RIN ~8 were used for library preparation. Library prep

and RNA sequencing were performed by Novogene Inc. NCBI

GRCh38 genome assembly were used to align the Reads using

HISAT2 pipeline with default parameters. Reads were counted using

HTSeq, and DESeq2 was used to estimate the Fold changes and

statistical significance (p-values) for differential expression. Wald

test was used to calculate p-values for differential expression and the

moderated log2 fold change was used for the differential analysis. To

calculate the gene sets (Gene Ontology/KEGG) enriched in the DE

genes upon decidualization or HTR8, Fisher exact test was used to

calculate the over-representative of terms using hypergeometric test

followed by correction for multiple testing (Kolberg et al., 2020).

Activation scores of transcription factors and canonical pathways

analysis were performed using Ingenuity Pathway Analysis (IPA,

Qiagen Inc.). Gene set enrichment analysis (GSEA) (Subramanian

et al., 2005) were performed on the genes that are downstream of

Mrtf (Gualdrini et al., 2016). Hierarchical clustering was performed

using UPGMA method with Euclidian distance on z-scores as

mentioned earlier (Afzal et al., 2022). Briefly, a subset of genes

was selected for clustering that were differentially expressed in either

condition, and are known to be downstream of SRF-MRTF or SRF-

TCF axis (Gualdrini et al., 2016; Esnault et al., 2017).

Traction force microscopy: Traction force gels were fabricated

using protocols previously described (Colin-York et al., 2017).

Briefly, coverslips for gel attachment were cleaned using ethanol

as well as sonication, followed by treatment with air plasma, and

activated with 0.5% glutaraldehyde and 0.5% (3-Aminopropyl)

triethoxysilane. Coverslips to be used in beads coating were

treated with air plasma, and were coated with 0.01% poly-L-

lysine (PLL) before another coating of carboxylate-modified

microspheres (diameters = 0.2 um) (Thermo Fisher). Gel

precursor solution containing 7.5% acrylamide and 0.15% bis-

acrylamide was degassed for 30 min s and thereafter mixed with

0.1% tetramethylethylenediamine and 0.1% ammonium persulfate,

and sandwiched between silane-activated coverslips and bead-

coated coverslips for 20 min s. After polymerization of

polyacrylamide in between the coverslips, bead-coated coverslips

were peeled, and the resulting traction force gels coated with 50 ug/

ml collagen type I using sulfo-SANPAH (Thermo Fisher) overnight

at 4°C.UVwas used to sterilize gels for at least 2 h before cell seeding.

Images containing microbeads location before and after cells

trypsinization were recorded using Zeiss Observer

A1 microscope. Traction forces were calculated using protocols

previously described (Bauer et al., 2021).

Measurement of oxidative phosphorylation and glycolysis:

XF analyzer from Agilent Technologies was used to monitor

cellular energetics (Reid et al., 2013; Afzal et al., 2017; Afzal et al.,
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2022). Cells were cultured in 96 wells XF plate and the assay was

repeated three times to estimate the energetics of cells. Oxygen

consumption rate (OCR) which reflect the rate of change of

dissolved O2 in each well was used to estimate OxPhos and

change in extracellular acidification rate which is measured as a

change in extracellular pH change was used to estimate

glycolysis. Basal rates reflect respiration or pH in the absence

of added compounds or metabolic inhibitors. Oligomycin (4 µM)

was used to inhibit mitochondrial F1Fo-ATP synthase, rotenone

(2 µM) was used to inhibit Complex 1 of ETC, antimycin A

(2 µM) was used to inhibit complex 3 of ETC, FCCP (500 nM)

was used to uncouple mitochondria to estimate maximum

respiratory capacity, and iodoacetate (100 µM) was used to

inhibit glycolysis (glyceraldehyde-3-phosphate dehydrogenase).

Fresh compounds were prepared and dissolved in the XF assay

media immediately before the experiment.

Respiration fractions were calculated as follows (Pesta and

Gnaiger, 2012; Afzal et al., 2017).

1) Coupled respiration: OCR sensitive to oligomycin inhibition

which represents OCR used for mitochondrial

phosphorylation of ADP.

2) Uncoupled respiration: Increase in OCR after FCCP addition

which reflects maximal oxygen consumption capacity of

mitochondria.

3) Total mitochondrial respiration: OCR fraction sensitive to

inhibition by rotenone + antimycin.

4) Glycolytic fraction: ECAR fraction sensitive to iodoacetate.

OCR/ECAR ratios were used to estimate relative

contribution of OxPhos versus glycolysis to cellular energetics

as it is independent of cell number. To normalize the respiratory

rates, we lysed the cells after the XF assay and quantified the cell

number using Picogreen DNA assay (ThermoFisher Scientific)

following manufacturer’s instructions.

Cellular ATP quantification: ATP was measured using the

ATP Determination Kit (A22066, ThermoFisher scientific) using

previously published protocols (Afzal et al., 2017). Reaction

solution was prepared for 100 µL reaction volume per well.

Cells were lysed using passive lysis buffer (Cat. #E1941,

Promega) in cultured well for 15 min, and a reaction solution

was added in each well and signal was immediately monitored

using luminometer. Standard curves were used to estimate the

amount of ATP/well and ATP signal was normalized to cell

number using the Picogreen DNA assay (ThermoFisher

Scientific). Following ATP measurements were performed

using inhibition of metabolic pathways in the cultured cells

just before the ATP assays as mentioned in detail (Afzal et al.,

2017).

Oligo-sensitive ATP %: ATP levels that were sensitive to the

inhibition of ATP synthase using oligomycin (4 µM) for 30 min

on live cultured cells. This ATP fraction reflects the ATP

produced by cells when OxPhos is inhibited. Ox-Phos ATP

percentage is calculated as follows: Oligo-sensitive ATP/basal

ATP × 100 in each of three experiments.

Fluorescence microscopy: Invasion assay, as well as

immunofluorescence imaging was performed on Zeiss

AxioObserver, Z1 microscope with either 10 ×

or ×20 objectives (EC Plan-Neofluar ×10/0.3, and Plan-

Apochromat 20x/0.8 M27) and Hamamatsu ORCA Flash

camera. The light source used was SOLA light engine, and

image acquisition was performed using Zeiss Zen 2.6 software.

Gene silencing

Gene knockout was achieved by using pre-prepared synthetic

sgRNA (IDT). hESF (or HTR8) were transfected with sgRNA and

recombinant Cas9 (IDT) using CRISPRmax reagent

(Invitrogen). Specifically, a cocktail was created by mixing 1)

solution1: 24 µL OPTIMEM and 1 uL CRISPRMAX, and 2)

solution 2: 10 nmol gRNA, 15 nmol Cas9, 1.5 µL

CRISPRMAX Plus reagent and remaining OptiMEM to make

a 30 µL solution. Solution 1 and 2 were mixed and incubated for

15 min before being drop dispensed for a 24 well containing

hESF, dESF, or HTR8 cells at 70%–80% confluency in culture

mediumwith no serum. Cells were used after 48 h of transfection,

and observation completed within 48 h thereafter.

Immunoblot

Cells were lysed in RIPA lysis buffer (Cell Signaling

Technology 9806) containing protease inhibitors (Sigma-

Aldrich P8340). BCA kit (Thermo Fisher Scientific) was used

for protein quantification. 20 ug denatured proteins (95°C for

2 min in SDS) were loaded on 4%–12% NuPAGE Bis-Tris Gel

(Thermo Fisher Scientific NP0322BOX), transferred to

polyvinylidene difluoride (PVDF) membranes and blocked

with 5% BSA for 1 h at room temperature. Antibodies used

were: anti-MKL1 (Cusabio G0615A), MYL9 (Proteintech, Inc.

29504-1-AP), phosphor-MYL9 (Proteintech, Inc. 15354-1-AP).

Primary antibodies were incubated overnight at 4°C, followed by

incubation with GAPDH (Cell Signaling Technology 5174) for

1 h at room temperature. Subsequently, samples were incubated

with HRP-linked anti-rabbit secondary antibody (GE healthcare

NA9340) for 1 h at room temperature. An enhanced

chemiluminescence reagent (Thermo Fisher Scientific 34095)

was used to visualize the bands.

Fabrication of ANSIA platform

ANSIA platform was fabricated by methods previously

described (Novin et al., 2021). Briefly, nanotextured substrate

was fabricated using pre-fabricated molds, or created using
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photoresist spun on silicon wafers, and patterned using electron-

beam lithography. After developing the photoresist, the

exposed silicon was etched with a deep-reactive ion etcher,

allowing for the formation of submicron parallel ridges.

Residual photoresist was removed using ashing, and diced

into silica master for replica molding. Polyurethane was drop-

dispensed onto the silicon master and thereafter pressed

with a polyethylene terephthalate (PET) film, and

subsequently cured with UV (λ= 200–400 nm, 100 mJ/cm2)

for 1 min. After peeling the mold, the revealed patterned

PUA was overcured overnight with UV to terminate residual

acrylate groups. Patterns were also purchased from

Nanobiosurface for some experiments.

The PET-PUA mold was employed as a replica mold to

transfer nanotopographic pattern on glass substrate using

capillary force lithography (CFL). Glass coverslip was cleaned

using NaOH (0.1 M for 1 h), washed with DIH2O, and dried.

Propylene glycol monomethyl ether acetate and phosphoric

acrylate were mixed in a ratio of 10:1 as a primer and spin

coated on the coverslip. The coverslip was baked for 40 min at

68°C. After dispensing PUA precursor dropwise on the primed

coverslip, the mold was placed reversibly, and cured in UV (λ=
250–400 nm, 100 mJ/cm2) for 1 min, peeled, and overcured in

UV overnight.

Fabricated or procured substrates were then seeded with cells

in the described pattern to create well defined juxtaposed

interfaces between fluorescently labeled trophoblasts, and

unlabeled stromal fibroblasts using stencils. A

stereolithographic plastic mold was used to create

polydimethylsiloxane (PDMS) stencil. The stencil was casted

in the mold by mixing monomer and cross-linker in a 1:

10 ratio, degassing, and curing at 80°C for 4 h. Topographic

substrates were coated with 0.1% w/v collagen type I overnight

after corona treatment for 30 s. PDMS stencil was placed, while

keeping the setup in a vacuum chamber to allow air under the

stencil to escape. H2B-mCherry expressing HTR8 were seeded on

the stencil at a density of 107 cells/ml, allowed to attach and form

a monolayer in 8 h. Unattached cells were washed out 3 times

with PBS, the stencil removed to reveal a cleared area. This

cleared area was then seeded with stromal fibroblasts at a typical

density of 5 × 107 cells/ml. Unattached cells were washed after

4–6 h of seeding, and live cell microscopy performed

immediately in a basal medium consisting of 1:1 ratio of

HTR8 and ESF medium without cAMP. Any additional

factors were added to the medium according to experimental

requirement.

Analysis of stromal invasion & determination of invasive

parameters: For each time stamp, images were converted to

binary using OTSU thresholding technique (Otsu, 1979).

Images were dilated employing a 2 × 4 kernel iteratively

~15 times. Remaining black interspersed holes were thereafter

closed using a trapezoidal 9 × 9 kernel applied in 40 iterations.

Dilation and closing resulted in an almost completely whitened

mask, which marked the region occupied by invading

trophoblasts, and another almost completely black region

occupied by stromal fibroblasts, also containing interspersed

white regions occupied by the escaped trophoblasts.

Approximating a polygon to the contour of the largest

connected segment then provided the final invasion region.

The escaped cells outside this region were isolated using

watershed segmentation (Najman and Schmitt, 1994). By

identifying the convex vertices of the polygon, the invasive

forks were marked, and the extent of invasion was determined

by calculating the area occupied by the main region of the

trophoblasts for each time point. For each invasive fork, we

then calculated the horizontal distance it travelled starting from

its initial positon.

Statistical analysis

Statistical analysis was performed using students t-test unless

otherwise mentioned with each result. Data is presented as ± SD,

or ±SEM as mentioned in each results section and only

significant pvalues are reported with each test.

Data availability statement

The data presented in the study is deposited in the NCBI’s

Gene Expression Omnibus repository, and is accessible through

GEO Series accession number: GSE197810 (use token:

kripqmwozfitliv).

Author contributions

JA conducted energetics experiments, performed

bioinformatics analysis, developed the manuscript. WD

performed mechanical experiments, AN performed invasion

experiments, YL assisted in bioinformatics analysis, GW

helped in developing and editing the manuscript, Kshitiz

conceived, and wrote the manuscript.

Funding

Research Enhancement Funding from OVPR, University of

Connecticut.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers in Cell and Developmental Biology frontiersin.org16

Afzal et al. 10.3389/fcell.2022.927631

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.927631


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Afzal, J., Chan, A., Karakas, M. F., Woldemichael, K., Vakrou, S., Guan, Y., et al.
(2017). Cardiosphere-derived cells demonstrate metabolic flexibility that is
influenced by adhesion status. JACC. Basic Transl. Sci. 2, 543–560. doi:10.1016/j.
jacbts.2017.03.016

Afzal, J., Liu, Y., Du, W., Suhail, Y., Zong, P., Feng, J., et al. (2022). Cardiac
ultrastructure inspired matrix induces advanced metabolic and functional
maturation of differentiated human cardiomyocytes. Cell Rep. 40, 111146.
doi:10.1016/j.celrep.2022.111146

Ansardamavandi, A., and Tafazzoli-Shadpour, M. (2021). The functional cross
talk between cancer cells and cancer associated fibroblasts from a cancer mechanics
perspective. Biochim. Biophys. Acta. Mol. Cell Res. 1868, 119103. doi:10.1016/j.
bbamcr.2021.119103

Asif, P. J., Longobardi, C., Hahne, M., and Medema, J. P. (2021). The role of
cancer-associated fibroblasts in cancer invasion and metastasis. Cancers (Basel) 13,
4720. doi:10.3390/cancers13184720

Bauer, A., Prechova, M., Fischer, L., Thievessen, I., Gregor, M., and Fabry, B.
(2021). pyTFM: A tool for traction force and monolayer stress microscopy. PLoS
Comput. Biol. 17, e1008364. doi:10.1371/journal.pcbi.1008364

Blodgett, D. M., De Zutter, J. K., Levine, K. B., Karim, P., and Carruthers, A.
(2007). Structural basis of GLUT1 inhibition by cytoplasmic ATP. J. Gen. Physiol.
130, 157–168. doi:10.1085/jgp.200709818

Carter, A. M. (2012). Evolution of placental function in mammals: The molecular
basis of gas and nutrient transfer, hormone secretion, and immune responses.
Physiol. Rev. 92, 1543–1576. doi:10.1152/physrev.00040.2011

Carter, A. M. (2021). Unique aspects of human placentation. Int. J. Mol. Sci. 22,
8099. doi:10.3390/ijms22158099

Christian, M., Mak, I., White, J. O., and Brosens, J. J. (2002). Mechanisms of
decidualization. Reprod. Biomed. Online 4 (3), 24–30. doi:10.1016/s1472-6483(12)
60112-6

Colin-York, H., Eggeling, C., and Fritzsche, M. (2017). Dissection of mechanical
force in living cells by super-resolved traction force microscopy. Nat. Protoc. 12,
783–796. doi:10.1038/nprot.2017.009

Coorens, T. H. H., Oliver, T. R. W., Sanghvi, R., Sovio, U., Cook, E., Vento-
Tormo, R., et al. (2021). Inherent mosaicism and extensive mutation of human
placentas. Nature 592, 80–85. doi:10.1038/s41586-021-03345-1

Costanzo, V., Bardelli, A., Siena, S., and Abrignani, S. (2018). Exploring the links
between cancer and placenta development. Open Biol. 8, 180081. doi:10.1098/rsob.
180081

Dos Remedios, C. G., Chhabra, D., Kekic, M., Dedova, I. V., Tsubakihara, M.,
Berry, D. A., et al. (2003). Actin binding proteins: Regulation of cytoskeletal
microfilaments. Physiol. Rev. 83, 433–473. doi:10.1152/physrev.00026.2002

Dumortier, J. G., Martin, S., Meyer, D., Rosa, F. M., and David, N. B. (2012).
Collective mesendoderm migration relies on an intrinsic directionality signal
transmitted through cell contacts. Proc. Natl. Acad. Sci. U. S. A. 109,
16945–16950. doi:10.1073/pnas.1205870109

Erdogan, B., and Webb, D. J. (2017). Cancer-associated fibroblasts modulate
growth factor signaling and extracellular matrix remodeling to regulate tumor
metastasis. Biochem. Soc. Trans. 45, 229–236. doi:10.1042/BST20160387

Esnault, C., Gualdrini, F., Horswell, S., Kelly, G., Stewart, A., East, P., et al. (2017).
ERK-induced activation of TCF family of SRF cofactors initiates a chromatin
modification cascade associated with transcription.Mol. Cell 65, 1081–1095. e1085.
doi:10.1016/j.molcel.2017.02.005

Foster, C. T., Gualdrini, F., andTreisman, R. (2017).Mutual dependence of theMRTF-
SRF and YAP-TEAD pathways in cancer-associated fibroblasts is indirect and mediated
by cytoskeletal dynamics. Genes Dev. 31, 2361–2375. doi:10.1101/gad.304501.117

Gaggioli, C. (2008). Collective invasion of carcinoma cells: When the fibroblasts
take the lead. Cell adh. Migr. 2, 45–47. doi:10.4161/cam.2.1.5705

Garcia-Cao, I., Song, M. S., Hobbs, R. M., Laurent, G., Giorgi, C., De Boer, V. C.,
et al. (2012). Systemic elevation of PTEN induces a tumor-suppressive metabolic
state. Cell 149, 49–62. doi:10.1016/j.cell.2012.02.030

Gau, D., and Roy, P. (2018). SRF’ing and SAP’ing - the role of MRTF proteins in
cell migration. J. Cell Sci. 131, jcs218222. doi:10.1242/jcs.218222

Gellersen, B., Brosens, I. A., and Brosens, J. J. (2007). Decidualization of the
human endometrium: Mechanisms, functions, and clinical perspectives. Semin.
Reprod. Med. 25, 445–453. doi:10.1055/s-2007-991042

Gleeson, L. M., Chakraborty, C., Mckinnon, T., and Lala, P. K. (2001). Insulin-like
growth factor-binding protein 1 stimulates human trophoblast migration by
signaling through alpha 5 beta 1 integrin via mitogen-activated protein Kinase
pathway. J. Clin. Endocrinol. Metab. 86, 2484–2493. doi:10.1210/jcem.86.6.7532

Graham, C. H., Hawley, T. S., Hawley, R. G., Macdougall, J. R., Kerbel, R. S., Khoo,
N., et al. (1993). Establishment and characterization of first trimester human
trophoblast cells with extended lifespan. Exp. Cell Res. 206, 204–211. doi:10.
1006/excr.1993.1139

Gualdrini, F., Esnault, C., Horswell, S., Stewart, A., Matthews, N., and Treisman,
R. (2016). SRF Co-factors control the balance between cell proliferation and
contractility. Mol. Cell 64, 1048–1061. doi:10.1016/j.molcel.2016.10.016

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: The next
generation. Cell 144, 646–674. doi:10.1016/j.cell.2011.02.013

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100,
57–70. doi:10.1016/s0092-8674(00)81683-9

Hardie, D. G. (2000). Metabolic control: A new solution to an old problem. Curr.
Biol. 10, R757–R759. doi:10.1016/s0960-9822(00)00744-2

Heid, J., Cencioni, C., Ripa, R., Baumgart, M., Atlante, S., Milano, G., et al. (2017).
Age-dependent increase of oxidative stress regulates microRNA-29 family
preserving cardiac health. Sci. Rep. 7, 16839. doi:10.1038/s41598-017-16829-w

Hsieh, C. H., Chou, Y. T., Kuo, M. H., Tsai, H. P., Chang, J. L., and Wu, C. W.
(2017). A targetable HB-EGF-CITED4 axis controls oncogenesis in lung cancer.
Oncogene 36, 2946–2956. doi:10.1038/onc.2016.465

Huang, G., Besner, G. E., and Brigstock, D. R. (2012). Heparin-binding epidermal
growth factor-like growth factor suppresses experimental liver fibrosis in mice. Lab.
Invest. 92, 703–712. doi:10.1038/labinvest.2012.3

Johnson, L. A., Rodansky, E. S., Haak, A. J., Larsen, S. D., Neubig, R. R., and
Higgins, P. D. (2014). Novel Rho/MRTF/SRF inhibitors block matrix-stiffness and
TGF-beta-induced fibrogenesis in human colonic myofibroblasts. Inflamm. Bowel
Dis. 20, 154–165. doi:10.1097/01.MIB.0000437615.98881.31

Knofler, M., and Pollheimer, J. (2013). Human placental trophoblast invasion and
differentiation: A particular focus on wnt signaling. Front. Genet. 4, 190. doi:10.
3389/fgene.2013.00190

Kolberg, L., Raudvere, U., Kuzmin, I., Vilo, J., and Peterson, H. (2020). gprofiler2
-- an R package for gene list functional enrichment analysis and namespace
conversion toolset g:Profiler. F1000Res 9, 1. doi:10.12688/f1000research.24956.2

Krikun, G., Mor, G., Alvero, A., Guller, S., Schatz, F., Sapi, E., et al. (2004). A novel
immortalized human endometrial stromal cell line with normal progestational
response. Endocrinology 145, 2291–2296. doi:10.1210/en.2003-1606

Krug, K., Mertins, P., Zhang, B., Hornbeck, P., Raju, R., Ahmad, R., et al. (2019). A
curated resource for phosphosite-specific signature analysis. Mol. Cell. Proteomics
18, 576–593. doi:10.1074/mcp.TIR118.000943

KshitizAfzal, J., Maziarz, J. D., Hamidzadeh, A., Liang, C., Erkenbrack, E. M., et al.
(2019). Evolution of placental invasion and cancer metastasis are causally linked.
Nat. Ecol. Evol. 3, 1743–1753. doi:10.1038/s41559-019-1046-4

Kuleshov, M. V., Xie, Z., London, A. B. K., Yang, J., Evangelista, J. E., Lachmann,
A., et al. (2021). KEA3: Improved kinase enrichment analysis via data integration.
Nucleic Acids Res. 49, W304–W316. doi:10.1093/nar/gkab359

Labernadie, A., Kato, T., Brugues, A., Serra-Picamal, X., Derzsi, S., Arwert, E.,
et al. (2017). A mechanically active heterotypic E-cadherin/N-cadherin adhesion
enables fibroblasts to drive cancer cell invasion. Nat. Cell Biol. 19, 224–237. doi:10.
1038/ncb3478

Li, L., He, Y., Zhao, M., and Jiang, J. (2013). Collective cell migration: Implications
for wound healing and cancer invasion. Burns Trauma 1, 21–26. doi:10.4103/2321-
3868.113331

Frontiers in Cell and Developmental Biology frontiersin.org17

Afzal et al. 10.3389/fcell.2022.927631

https://doi.org/10.1016/j.jacbts.2017.03.016
https://doi.org/10.1016/j.jacbts.2017.03.016
https://doi.org/10.1016/j.celrep.2022.111146
https://doi.org/10.1016/j.bbamcr.2021.119103
https://doi.org/10.1016/j.bbamcr.2021.119103
https://doi.org/10.3390/cancers13184720
https://doi.org/10.1371/journal.pcbi.1008364
https://doi.org/10.1085/jgp.200709818
https://doi.org/10.1152/physrev.00040.2011
https://doi.org/10.3390/ijms22158099
https://doi.org/10.1016/s1472-6483(12)60112-6
https://doi.org/10.1016/s1472-6483(12)60112-6
https://doi.org/10.1038/nprot.2017.009
https://doi.org/10.1038/s41586-021-03345-1
https://doi.org/10.1098/rsob.180081
https://doi.org/10.1098/rsob.180081
https://doi.org/10.1152/physrev.00026.2002
https://doi.org/10.1073/pnas.1205870109
https://doi.org/10.1042/BST20160387
https://doi.org/10.1016/j.molcel.2017.02.005
https://doi.org/10.1101/gad.304501.117
https://doi.org/10.4161/cam.2.1.5705
https://doi.org/10.1016/j.cell.2012.02.030
https://doi.org/10.1242/jcs.218222
https://doi.org/10.1055/s-2007-991042
https://doi.org/10.1210/jcem.86.6.7532
https://doi.org/10.1006/excr.1993.1139
https://doi.org/10.1006/excr.1993.1139
https://doi.org/10.1016/j.molcel.2016.10.016
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/s0960-9822(00)00744-2
https://doi.org/10.1038/s41598-017-16829-w
https://doi.org/10.1038/onc.2016.465
https://doi.org/10.1038/labinvest.2012.3
https://doi.org/10.1097/01.MIB.0000437615.98881.31
https://doi.org/10.3389/fgene.2013.00190
https://doi.org/10.3389/fgene.2013.00190
https://doi.org/10.12688/f1000research.24956.2
https://doi.org/10.1210/en.2003-1606
https://doi.org/10.1074/mcp.TIR118.000943
https://doi.org/10.1038/s41559-019-1046-4
https://doi.org/10.1093/nar/gkab359
https://doi.org/10.1038/ncb3478
https://doi.org/10.1038/ncb3478
https://doi.org/10.4103/2321-3868.113331
https://doi.org/10.4103/2321-3868.113331
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.927631


Mccarthy, S. A., Samuels, M. L., Pritchard, C. A., Abraham, J. A., and Mcmahon,
M. (1995). Rapid induction of heparin-binding epidermal growth factor/diphtheria
toxin receptor expression by Raf and Ras oncogenes. Genes Dev. 9, 1953–1964.
doi:10.1101/gad.9.16.1953

Melo, R. F., Stevan, F. R., Campello, A. P., Carnieri, E. G., and De Oliveira, M. B.
(1998). Occurrence of the Crabtree effect in HeLa cells. Cell biochem. Funct. 16,
99–105. doi:10.1002/(SICI)1099-0844(199806)16:2<99::AID-CBF773>3.0.CO;2-2
Menkhorst, E. M., Lane, N., Winship, A. L., Li, P., Yap, J., Meehan, K., et al.

(2012). Decidual-secreted factors alter invasive trophoblast membrane and secreted
proteins implying a role for decidual cell regulation of placentation. PLoS One 7,
e31418. doi:10.1371/journal.pone.0031418

Montel, L., Sotiropoulos, A., and Henon, S. (2019). The nature and intensity of
mechanical stimulation drive different dynamics of MRTF-A nuclear redistribution
after actin remodeling in myoblasts. PLoS One 14, e0214385. doi:10.1371/journal.
pone.0214385

Najman, L., and Schmitt, M. (1994). Watershed of a continuous function. Signal
Process. 38, 99–112. doi:10.1016/0165-1684(94)90059-0

Novin, A., Suhail, Y., Ajeti, V., Goyal, R., Wali, K., Seck, A., et al. (2021). Diversity
in cancer invasion phenotypes indicates specific stroma regulated programs. Hum.
Cell 34, 111–121. doi:10.1007/s13577-020-00427-6

Otsu, N. (1979). A threshold selection method from gray-level histograms. IEEE
Trans. Syst. Man. Cybern. 9, 62–66. doi:10.1109/tsmc.1979.4310076

Park, J. M., Adam, R. M., Peters, C. A., Guthrie, P. D., Sun, Z., Klagsbrun, M., et al.
(1999). AP-1 mediates stretch-induced expression of HB-EGF in bladder smooth
muscle cells. Am. J. Physiol. 277, C294–C301. doi:10.1152/ajpcell.1999.277.2.C294

Pesta, D., and Gnaiger, E. (2012). High-resolution respirometry: OXPHOS
protocols for human cells and permeabilized fibers from small biopsies of
human muscle. Methods Mol. Biol. 810, 25–58. doi:10.1007/978-1-61779-382-0_3

Pollheimer, J., Vondra, S., Baltayeva, J., Beristain, A. G., and Knofler, M. (2018).
Regulation of placental extravillous trophoblasts by the maternal uterine
environment. Front. Immunol. 9, 2597. doi:10.3389/fimmu.2018.02597

Randall, S., Buckley, C. H., and Fox, H. (1987). Placentation in the fallopian tube.
Int. J. Gynecol. Pathol. 6, 132–139. doi:10.1097/00004347-198706000-00005

Ray, K. C., Moss, M. E., Franklin, J. L., Weaver, C. J., Higginbotham, J., Song, Y.,
et al. (2014). Heparin-binding epidermal growth factor-like growth factor
eliminates constraints on activated Kras to promote rapid onset of pancreatic
neoplasia. Oncogene 33, 823–831. doi:10.1038/onc.2013.3

Reid, B., Afzal, J. M., Mccartney, A. M., Abraham, M. R., O’rourke, B., and Elisseeff,
J. H. (2013). Enhanced tissue production through redox control in stem cell-laden
hydrogels. Tissue Eng. Part A 19, 2014–2023. doi:10.1089/ten.TEA.2012.0515

Sethuraman, A., Brown, M., Krutilina, R., Wu, Z. H., Seagroves, T. N., Pfeffer, L.
M., et al. (2018). BHLHE40 confers a pro-survival and pro-metastatic phenotype to
breast cancer cells by modulating HBEGF secretion. Breast Cancer Res. 20, 117.
doi:10.1186/s13058-018-1046-3

Sleep, J., Irving, M., and Burton, K. (2005). The ATP hydrolysis and phosphate
release steps control the time course of force development in rabbit skeletal muscle.
J. Physiol. 563, 671–687. doi:10.1113/jphysiol.2004.078873

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102,
15545–15550. doi:10.1073/pnas.0506580102

Suhail, Y., Afzal, J., and Kshitiz (2021). Evolved resistance to placental invasion
secondarily confers increased survival in melanoma patients. J. Clin. Med. 10, 595.
doi:10.3390/jcm10040595

Suhail, Y., Cain, M. P., Vanaja, K., Kurywchak, P. A., Levchenko, A., Kalluri, R.,
et al. (2019). Systems Biology of cancer metastasis. Cell Syst. 9, 109–127. doi:10.
1016/j.cels.2019.07.003

Sun, Q., Chen, G., Streb, J. W., Long, X., Yang, Y., Stoeckert, C. J., Jr., et al. (2006).
Defining the mammalian CArGome. Genome Res. 16, 197–207. doi:10.1101/gr.
4108706

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009).
Understanding the warburg effect: The metabolic requirements of cell
proliferation. Science 324, 1029–1033. doi:10.1126/science.1160809

Wagner, G. P., KshitizDighe, A., and Levchenko, A. (2021). The coevolution of
placentation and cancer. Annu. Rev. Anim. Biosci. 10, 259–279. doi:10.1146/
annurev-animal-020420-031544

Wagner, G. P., KshitizDighe, A., and Levchenko, A. (2022). The coevolution of
placentation and cancer. Annu. Rev. Anim. Biosci. 10, 259–279. doi:10.1146/
annurev-animal-020420-031544

Wang, L., Lu, Y. F., Wang, C. S., Xie, Y. X., Zhao, Y. Q., Qian, Y. C., et al. (2020).
HB-EGF activates the EGFR/HIF-1α pathway to induce proliferation of arsenic-
transformed cells and tumor growth. Front. Oncol. 10, 1019. doi:10.3389/fonc.2020.
01019

Wang, Z., Yang, Q., Tan, Y., Tang, Y., Ye, J., Yuan, B., et al. (2021). Cancer-
associated fibroblasts suppress cancer development: The other side of the coin.
Front. Cell Dev. Biol. 9, 613534. doi:10.3389/fcell.2021.613534

Wu, L., Stadtmauer, D. J., Maziarz, J. D., and Wagner, G. (2020). Decidual cell
differentiation is evolutionarily derived from fibroblast activation. Newyork City:
BioRxiv (Cold Spring Harbor Laboratory).

Xia, G., Rachfal, A. W., Martin, A. E., and Besner, G. E. (2003). Upregulation of
endogenous heparin-binding EGF-like growth factor (HB-EGF) expression after
intestinal ischemia/reperfusion injury. J. Invest. Surg. 16, 57–63. doi:10.1080/
08941930390194389

Yotsumoto, F., Fukagawa, S., Miyata, K., Nam, S. O., Katsuda, T., Miyahara, D.,
et al. (2017). HB-EGF is a promising therapeutic target for lung cancer with
secondary mutation of EGFR(T790M). Anticancer Res. 37, 3825–3831. doi:10.
21873/anticanres.11761

Zhang, C., Luo, X., Liu, L., Guo, S., Zhao, W., Mu, A., et al. (2013).
Myocardin-related transcription factor A is up-regulated by 17β-estradiol
and promotes migration of MCF-7 breast cancer cells via transactivation of
MYL9 and CYR61. Acta Biochim. Biophys. Sin. 45, 921–927. doi:10.1093/abbs/
gmt104

Zheng, X., Boyer, L., Jin, M., Kim, Y., Fan, W., Bardy, C., et al. (2016). Alleviation
of neuronal energy deficiency bymTOR inhibition as a treatment for mitochondria-
related neurodegeneration. Elife 5, e13378. doi:10.7554/eLife.13378

Frontiers in Cell and Developmental Biology frontiersin.org18

Afzal et al. 10.3389/fcell.2022.927631

https://doi.org/10.1101/gad.9.16.1953
https://doi.org/10.1002/(SICI)1099-0844(199806)16:2<99::AID-CBF773>3.0.CO;2-2
https://doi.org/10.1371/journal.pone.0031418
https://doi.org/10.1371/journal.pone.0214385
https://doi.org/10.1371/journal.pone.0214385
https://doi.org/10.1016/0165-1684(94)90059-0
https://doi.org/10.1007/s13577-020-00427-6
https://doi.org/10.1109/tsmc.1979.4310076
https://doi.org/10.1152/ajpcell.1999.277.2.C294
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.3389/fimmu.2018.02597
https://doi.org/10.1097/00004347-198706000-00005
https://doi.org/10.1038/onc.2013.3
https://doi.org/10.1089/ten.TEA.2012.0515
https://doi.org/10.1186/s13058-018-1046-3
https://doi.org/10.1113/jphysiol.2004.078873
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.3390/jcm10040595
https://doi.org/10.1016/j.cels.2019.07.003
https://doi.org/10.1016/j.cels.2019.07.003
https://doi.org/10.1101/gr.4108706
https://doi.org/10.1101/gr.4108706
https://doi.org/10.1126/science.1160809
https://doi.org/10.1146/annurev-animal-020420-031544
https://doi.org/10.1146/annurev-animal-020420-031544
https://doi.org/10.1146/annurev-animal-020420-031544
https://doi.org/10.1146/annurev-animal-020420-031544
https://doi.org/10.3389/fonc.2020.01019
https://doi.org/10.3389/fonc.2020.01019
https://doi.org/10.3389/fcell.2021.613534
https://doi.org/10.1080/08941930390194389
https://doi.org/10.1080/08941930390194389
https://doi.org/10.21873/anticanres.11761
https://doi.org/10.21873/anticanres.11761
https://doi.org/10.1093/abbs/gmt104
https://doi.org/10.1093/abbs/gmt104
https://doi.org/10.7554/eLife.13378
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.927631

	Paracrine HB-EGF signaling reduce enhanced contractile and energetic state of activated decidual fibroblasts by rebalancing ...
	Introduction
	Results
	Extravillous trophoblasts reduce mechanical force generation by decidual endometrial fibroblasts
	Decidualization enhances oxidative phosphorylation and mitochondrial ATP generation in ESFs, which is reduced after co-cult ...
	EVTs reverse decidualization induced increase in activation of MRTF transcriptional regulation
	MRTFs regulate mechanical resistance in decidual fibroblasts to trophoblast invasion
	HB-EGF secreted by HTR8 rewire SRF association with MRTFs in decidual fibroblasts
	HB-EGF reduces actomyosin contractility and stromal resistance acquired in decidual fibroblasts

	Discussion
	Methods
	Cell isolation and maintenance
	Fluorescence assisted flow sorting
	RNA sequencing and transcriptomic analysis
	Gene silencing
	Immunoblot
	Fabrication of ANSIA platform
	Statistical analysis

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


