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Abstract   

 

Endometrial extracellular vesicles (EVs) are emerging as important players in reproductive biology. 

However, how their proteome is regulated throughout the menstrual cycle is not known. Such 

information can provide novel insights into biological processes critical for embryo development, 

implantation and successful pregnancy. Using mass spectrometry-based quantitative proteomics, we 

show that small EVs (sEVs) isolated from uterine lavage of fertile women (UL-sEV), compared to 

infertile women, are laden with proteins implicated in antioxidant activity (SOD1, GSTO1, MPO, 

CAT). Functionally, sEVs derived from endometrial cells enhance antioxidant function (tert-butyl 

hydrogen peroxide scavenging activity) in trophectoderm cells. Moreover, there was striking 

enrichment of invasion-related proteins (LGALS1/3, S100A4/11) in fertile UL-sEVs in the secretory 

(estrogen plus progesterone-driven, EP) versus proliferative (estrogen-driven, E) phase, with several 

players downregulated in infertile UL-sEVs. Consistent with this, sEVs from EP- versus E-primed 

endometrial epithelial cells (Ishikawa) promote invasion of trophectoderm cells into MatrigelTM. 

Compared to UL-sEVs, the soluble secretome in uterine lavages from fertile women was enriched in 

proteins involved in glycolysis and chaperones that ensure telomere maintenance. Interestingly, UL-

sEVs from fertile versus infertile women carry known players/predictors of embryo implantation 

(PRDX2, IDHC), endometrial receptivity (S100A4, FGB, SERPING1, CLU, ANXA2) and 

implantation success (CAT, YWHAE, PPIA), highlighting their potential to inform regarding 

endometrial status/pregnancy outcomes. Thus, this study provides novel insights into proteome 

reprogramming of sEVs and the soluble secretome in uterine fluid, with potential to enhance embryo 

implantation and hence fertility. 
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Introduction 

 

Uterine fluid provides a conducive environment for pre-implantation embryo survival/ growth and 

mediates embryo-maternal crosstalk critical for implantation and pregnancy establishment 1-3. The 

molecular  composition of uterine fluid, encompasses protein-rich histotroph secretions from glandular 

epithelium and proteins selectively transudated from systemic circulation, along with ions, amino acids, 

lipids and other mediators, and this is tightly regulated by maternal hormones estrogen (as estradiol 

17β, E) and progesterone (P), and embryonic signals 4. In women, transition of endometrium from 

proliferative (P-phase) towards secretory (S-phase) phase involves maturation of secretory glands and 

reprogramming of the uterine fluid composition through secretion of factors that regulate embryo 

development and implantation 5. Direct interference with this composition (for example, by ablating 

endometrial glands or their secretory capacity) compromises embryo development/survival 6 and 

blastocyst implantation 7. Uterine fluid also exerts long lasting epigenetic imprints on the pre-

implantation embryo, hence impacting fetal development and health of the baby 5. Comprehensive 

identification of proteins and secretory factors in human uterine fluid has been performed in different 

phases of the menstrual cycle (including secretory 8 and mid-secretory phases 9), differing endometrial 

receptivity stages 9,10 and embryo implantation outcomes 11,12. Such systemic profiling of uterine fluid  

has provided valuable insights into biological processes regulating pregnancy establishment, and now 

holds promise as an endometrial tissue biopsy-surrogate to monitor the window of implantation (WoI), 

identify the underlying etiology of recurrent implantation failure 13, predict implantation success in IVF 

cycles 12, guide timings of embryo transfer and enable design of non-hormonal based contraceptives.  

 

It is now evident that crucial components of uterine fluid, distinct from the soluble secretome (SS), are 

nano-sized membrane-bound structures released by cells, called extracellular vesicles (EVs) 14,15. 

Several studies have catalogued their role in mediating fetal-maternal crosstalk 14,16,17. EVs do this by 

selectively packaging proteins and nucleic acids, which they can transfer between cells (protected from 

extracellular degradation) to elicit a functional response 18. The functional spectrum of EVs in 

reproductive biology is now expanding 16, and includes sperm motility and activation 19, capacitation 
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20, acrosome reaction 21,22, oocyte maturation 23, fertilization 24, and embryo-maternal crosstalk 25. We 

were the first to report that EVs are found in human uterine fluid and are readily isolated using 

differential centrifugation 14,15. Moreover, protein composition of a major class of EVs called small EVs 

(sEVs, also referred to as exosomes) released by endometrial cells are actively regulated by ovarian 

hormones E and P 26. We recently demonstrated that these sEVs significantly increased total cell number 

in mouse embryos, hatching from zona pellucida, and enhanced embryo outgrowth and implantation 

rate 27.  

 

While we have demonstrated that human endometrial epithelial sEV protein composition is regulated 

by the hormones estrogen and progesterone in vitro 26, whether this is reflected in vivo in the EVs 

released into uterine fluid during the menstrual cycle remains unknown. Importantly, whether these 

sEVs differ in their protein content between fertile and infertile women warrants investigation. 

However, identifying proteome composition of sEVs within human uterine fluid on a whole-proteome 

scale has remained a technical challenge, mainly due to the very low volumes of uterine fluid (≤50 µL) 

and hence the low numbers of sEVs that can be isolated from it: we can obtain only ~1-2 µg sEVs from 

uterine fluid from any individual, far too low for traditional western-blot-based analyses. In this study, 

we performed high-resolution quantitative mass spectrometry-based proteomic profiling of the sEVs 

from uterine fluid of individual women with proven fertility during the proliferative and secretory 

phases of the menstrual cycle and compared these with profiles of similar sEVs from infertile women. 

Our data reveal a dynamic regulation of key players of embryo implantation and fertility during the 

menstrual cycle of human uterine fluid sEVs and uncover, for the first time, regulators of key biological 

processes enriched in uterine fluid sEVs between fertile versus infertile women. 
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Results  

 

Isolation of sEVs from uterine lavage 

The patient cohort for preparation of soluble secretome (SS) and sEVs from uterine lavage (UL) is 

shown in Table 1, along with the protein yields of SS and sEVs. Fig. 1a details the sequential 

centrifugation procedure utilized. The terminology used henceforth for the preparations is UL-T for 

total protein, UL-SS and UL-sEVs. Cryo-electron microscopy revealed that UL-sEVs displayed 

spherical morphology and were ~50-80 nm in diameter (Fig. 1b-c), consistent with previous reports 

28,29. There were no differences in size between proliferative phase (P-phase) and secretory phase (S-

phase) or between fertile and infertile women. 

 

UL-sEVs are internalized by human trophectoderm cells 

To assess whether sEVs isolated from the UL can be taken up by human trophectoderm, we labelled 

UL-sEVs using lipophilic tracer DiI and incubated them with trophectoderm cells 17 for 2 h. Confocal 

microscopy revealed that UL-sEVs from both fertile and infertile women are readily taken up by 

trophectoderm cells (Fig. 2). 

 

Proteomic analysis reveals differences between protein content of UL-sEVs, UL-T and UL-SS 

To gain insight into the function of UL-sEVs, we analyzed their protein composition using quantitative 

mass spectrometry. We also concurrently performed proteome profiling of UL-T and UL-SS for 

comparative analysis. A total of 682, 460 and 240 proteins were identified in UL-T, UL-SS and UL-

sEVs, respectively (Fig. 3a, Supplementary Tables S1-S3), which, to our knowledge, is the most 

comprehensive uterine lavage proteome to date (unstimulated menstrual cycle). Gene Ontology (GO) 

analysis revealed that 197/240 UL-sEV proteins have been previously found in sEVs including 

exosomes with 201/240 (84%) proteins reported in the exosome database ExoCarta 30. We noted that 

compared to P-phase, S-phase UL-T displayed greater proteome complexity (Supplementary Fig. S2): 

this is likely due to altered protein synthesis as the endometrium transitions towards a secretory 

phenotype. Principal component analysis (PCA) of identified proteins and their reporter ion intensities 
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(abundance) revealed that UL-T, UL-SS and UL-sEVs are all molecularly distinct between the P- and 

S-phases (Fig. 3b). 

 

UL-sEVs are enriched in proteins that regulate antioxidant activity 

A total of 200 and 206 proteins were identified in P- and S-phase UL-sEVs, respectively 

(Supplementary Table S3). To gain insight into the function of UL-sEVs, we created an 

EnrichmentMap of biological processes and pathways overrepresented in the proteome of P-phase UL-

sEVs (Fig. 3c, Supplementary Table S4) and S-phase UL-sEVs (Fig. 3d, Supplementary Table S5). 

P-phase UL-sEVs were enriched in proteins implicated in immune regulation, lipid metabolism, 

antioxidant activity, antimicrobial function, mucosal immunity, glycolysis and coagulation/fibrinolysis 

(Fig. 3c). In addition to these processes, S-phase UL-sEVs were enriched in proteins implicated in 

mitochondrial regulation and ion homeostasis (Fig. 3d).  

 

Between P-phase and S-phase UL-sEVs, striking enrichment of antioxidant proteins (e.g., MPO, 

PRDX1/2, TXN, PARK7) includes those that are implicated in “cellular antioxidant detoxification”, 

“response to reactive oxygen species (ROS)”, “hydrogen peroxide catabolic process”, “removal of super 

oxide radicals” and “hydrogen peroxide metabolic process” amongst others (Fig. 3c-d). Antioxidants 

ensure a delicate balance of ROS generated under normal physiological conditions, with excessive ROS 

causing embryo defects, implantation failure and pregnancy loss 31,32.  

 

Our data suggests that UL-sEVs potentially display antioxidant activity. This hypothesis was tested. 

Given the unavailability of sufficient UL-sEVs for functional studies, we purified sEVs released by 

human endometrial epithelial cells (Ishikawa cells) that were hormonally primed with estrogen (E-

sEVs) and subsequently with E and progesterone (EP-sEVs) to recapitulate P-phase and S-phase, 

respectively, as previously described 26. These were applied to trophectoderm cells along with the ROS 

activator tert-butyl hydrogen peroxide (TBHP), and ROS activity assessed. Similar to the antioxidant 

L-ascorbic acid (used as a positive control 33, both E- and EP-sEVs significantly reduced TBHP-induced 

ROS activity in trophectoderm cells (Fig. 3e). Moreover, proteomic dissection of UL-sEVs from fertile 
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(200 proteins) and infertile (187 proteins) women (Fig. 3f, Supplementary Table S6) revealed that 

proteins downregulated during infertility (79 proteins) include those that are implicated in antioxidant 

function (e.g., APOE, BLVRB, CAT, GSTO1, HBA2/G1, MPO, S100A9, SOD1) (Fig. 3g, 

Supplementary Table S7). Several of these antioxidants, including SOD1, APOE and GSTO1, were 

also present in human endometrial epithelial cell-derived sEVs 26 (Fig. 3c,d,g). Thus, our findings 

highlight the role of UL-sEVs in potentially protecting the embryo against ROS-mediated damages 

within the uterine microenvironment.  

 

UL-sEVs are enriched in invasion-related proteins 

We next questioned whether P- and S-phase UL-sEVs carry out distinct functions. Compared to P-

phase UL-sEVs, a total of 64 proteins (34 uniquely identified and 30 upregulated, fold change >1.5) 

were found in higher abundance in S-phase sEVs (Fig. 4a, Supplementary Table S3). Strikingly, 32/64 

of these proteins were implicated in cell invasion (Table 2). Pre-eminent among these are LGALS1 34, 

LGALS3 35 and VIM 36 which can directly promote trophoblast invasion 34-36. Thus, our data suggests 

that S-phase UL-sEVs will promote invasive capacity in trophectoderm cells, a phenotype essential for 

successful embryo implantation 37.  To test this hypothesis, we prepared spheroids from trophectoderm 

cells (blastocyst mimics), exposed these to endometrial epithelial sEVs (E and EP-treated) and assessed 

their capacity to invade into MatrigelTM 17. Endometrial epithelial sEVs were readily taken up by 

trophectoderm spheroids within 2 h (Supplementary Fig. S3). Compared to control spheroids or those 

treated with E-sEVs, spheroids treated with EP-sEVs displayed significant levels of invasive outgrowth 

(Fig. 4b). Importantly, several of these invasion-related proteins in S-phase UL-sEVs (namely, 

AHNAK, APOC1, CA2, MPO, S100A1, SERPINA3, SPRR3) were significantly downregulated in UL-

sEVs from infertile women (Fig. 4c). Furthermore, additional invasion-related proteins were down 

regulated in UL-sEVs during infertility (Table 3). Several of these proteins, including SOD1, PRDX6, 

PRDX1, TMP4 and PARK7, were also upregulated in human endometrial epithelial cell-derived EP- 

versus E-sEVs 26 (Fig. 4a). Thus, our data indicates that phase-specific reprogramming of UL-sEVs 

potentially enhances trophectoderm invasion to support embryo implantation. 
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Phase-specific reprogramming of UL total protein and UL-sEVs in fertile women 

To obtain a comprehensive insight into biological pathways and processes enriched within the uterine 

environment, we next assessed phase-specific reprogramming of UL-T (Supplementary Table S8) and 

UL-sEVs (Supplementary Table S9) proteomic landscape in fertile women. Consistent with P- to S-

phase transition of the endometrium 38, S-phase UL-T proteins were enriched in biological processes 

involved in cell cycle regulation and morphogenesis (Fig. 5). Critical pathways enriched in S-phase 

UL-T include chaperone-mediated protein folding (via heat shock proteins) and telomere maintenance 

(via chaperonin containing TCP1 complex components) which are essential for embryo health, 

protection and implantation to the endometrium 39-41. A striking finding during P- to S-phase transition 

in UL-T was marked enrichment of proteins involved in glycolysis and pentose phosphate pathway, 

consistent with the metabolic needs of pre-implantation human blastocyst 42. Importantly, similar to 

UL-sEVs, UL-T was also enriched in proteins implicated in antioxidant activity involving hydrogen 

peroxide catabolic process, and glutathione metabolism and conjugation (Fig. 5), suggesting that UL-

T and UL-sEVs collectively protect the pre-implantation embryo from ROS-mediated damage.   

 

Differential protein expression in UL-proliferative and secretory proteome of fertile and infertile 

women 

To verify differential expression of various proteins in our human endometrial fluid proteome, we 

compared our dataset to previous omic-based studies (Supplementary Tables S1-S3, S6, S10-S11), 

that aimed to identify predictors of embryo implantation in IVF cycle 11,12 and/or are a part of the 

transcriptomic signature of human endometrial receptivity (ERA, endometrial receptivity array) 43 as 

well as a meta-signature of endometrial receptivity 44 (Fig. 6-7). We further compared our findings with 

genes involved in endometrium preparation during the WoI for embryonic implantation 45,46 (Fig. 6-7). 

We verified that 16/186 proteins that are known players of implantation 45,46 and 6/53 proteins predictors 

of WoI 44, were exclusively identified in the S-phase compared to P-phase (Fig. 6ab). Moreover, 4/10 

UF proteins associated with implantative success in IVF were also exclusively identified in the S-phase 

compared to P-phase (Fig. 6c). Importantly, transcripts of 15/143 proteins exclusively identified in S-
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phase UL are used in the human endometrial receptivity array (ERA) 43 to predict WoI or receptive 

endometrium (Fig. 6d). 

 

For proteins identified in S-phase UL associated with fertility (in comparison to infertile), we verified 

their expression associated with embryo implantation and endometrial receptivity (Fig. 7, 

Supplementary Table S12), identifying 10/186 proteins that are known players of implantation 45,46 

and 2/53 proteins predictors of WoI 44 (Fig. 7ab). We further report 10 proteins in the UL infertile S-

phase proteome associated with implantation failure in IVF cycles 11,12 (Fig. 7c). Moreover, 5/143 

proteins exclusively identified in S-phase UL (fertile) have been shown to predict WoI 43 (Fig. 7d), 

while 5/95 proteins in UL infertile S-phase proteome associated with low receptivity (low gene or 

mRNA expression) in the endometrium during WoI 43 (Fig. 7d). 

 

As further validation, we have performed using independent patient cohort and label-free MS-based 

quantitation (Supplementary Table S13), and identified 57/245 fertile secretory UL proteome as 

fertility-associated proteins and 106/264 infertile secretory UL proteome as infertility-associated 

proteins (Supplementary Table S12).  

 

Thus, our findings indicate that sEVs carry proteins known to regulate implantation and predict the 

WoI, thus highlighting their potential as a minimally invasive biomarker.  This study provides a 

comprehensive insight into proteome reprogramming of sEVs and the soluble secretome in uterine fluid 

and drives our understanding of infertility and implantation. 
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Discussion 

 

Dynamic regulation of the proteins in uterine fluid and its sEV components during the menstrual cycle, 

provides the microenvironment for embryo implantation and establishment of successful pregnancy, 

yet remains poorly understood. This study presented a comprehensive analysis of this sEV protein 

landscape using a MS-based proteomic approach to quantify protein expression during distinct phases 

of the natural menstrual cycle and their dysregulation during infertility. Functionally, both antioxidant 

and invasive properties were transmitted to trophectoderm cells following sEV uptake. Additionally, 

the proteins contained within sEVs, were compared with those in the soluble component of uterine fluid. 

This breadth of new information, combined with published data, enabled development of proliferative 

and secretory phase UL proteomes in both fertile and infertile women. 

 

Role of uterine fluid sEVs in antioxidant activity 

A major finding in our study was the enrichment of antioxidant activity in uterine sEVs in fertile 

women, which was impeded during infertility. Although this is in line with several studies suggesting 

that UL contains a variety of antioxidants in the S-phase 9,10,47 which protect pre-implantation embryos 

by reducing oxidative damage 48,49, to our knowledge, this is the first report of endometrial sEVs 

transferring antioxidant activity to trophectoderm cells.  It is becoming evident that antioxidants protect 

embryos from ROS-mediated damages, implantation failure and pregnancy loss 31,32. Recently, Gardner 

and colleagues demonstrated that exogenous supplementation of antioxidants (acetyl-L-carnitine, N-

acetyl-L-cysteine and α-lipoic acid) in IVF media significantly improved development and viability of 

mouse preimplantation embryos 48,49. In a prospective clinical trial, these antioxidants in IVF culture 

media improved human embryo development and transfer outcomes (Trial registration number: 

NCT02999958).  In a developing blastocyst, antioxidants are particularly useful in the trophectoderm 

as  ~50% of glucose is utilized via oxidative phosphorylation to generate ATPs needed to fuel energy 

consuming Na+/K+ ATPase for blastocoel expansion 50. Because oxidative phosphorylation results in 

generation of ROS, embryo- and endometrium-derived antioxidants, for examples those delivered by 

EVs, potentially ensure embryo protection from oxidative stress-induced damage.  
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Role of uterine fluid sEVs in trophectoderm invasion during embryo implantation 

Our data also indicate that reprogramming of sEV composition during the S-phase potentially facilitates 

embryo implantation by supporting trophectoderm cell invasion. A crucial step during embryo 

implantation is its invasion into the endometrium 37 during which trophectoderm cells from the 

blastocyst invade between endometrial epithelial cells, and through the underlying basement membrane. 

Then as differentiated trophoblast, they progress through the endometrial stroma with the purpose of 

reaching maternal blood vessels 51,52.  How acquisition of invasive phenotype is spatially and temporally 

regulated is not known; from the data presented here, it is likely that sEVs locally released by 

endometrial epithelium and taken up by the trophectoderm, to initiate invasion. Indeed, a recent study 

shows that EVs can regulate persistent directional migration of cancer cells, most likely by stabilizing 

leading edge protrusions 53. Since there are many molecular commonalities between cancer invasion 

and metastasis and trophectoderm/trophoblast invasion at implantation 54, it is likely that similar EV 

cargo in UL-sEV, could be functionally delivered to trophectoderm cells to trigger their initial invasion.  

Interestingly, we have shown that cancer cell-derived EVs can promote invasion of stromal fibroblasts 

through Matrigels 55. Whether these signals are maintained during trophoblast differentiation or whether 

new signals are provided from the new microenvironment within the decidualizing stroma, should be 

investigated.  

 

Uterine soluble secretome is enriched in chaperones and glycolytic proteins 

Interestingly, UL-T proteome analysis provided insight into pathways that were not enriched in the UL-

sEV proteome. For example, S-phase UL-T was enriched in chaperones such as HSP60/70 shown to 

regulate mouse pre-implantation embryo development 39,40, and chaperonin-containing TCP1 complex 

components involved in telomerase trafficking and telomere elongation in embryonic stem cells 56. S-

phase UL-T proteins involved in glycolysis are also enriched but could merely reflect changes during 

the S-phase, whereby progesterone-driven increased glycolysis fuels endometrial receptivity 57,58. 

Alternatively, it may assist in meeting the metabolic needs of the human blastocyst within the uterine 
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cavity: this undergoes aerobic glycolysis associated with replication, maintenance of pluripotency, and 

in anticipation of a rapid increase in biomass during early stages of implantation 42. 

 

UL proteome provides unique insight into cycle phase and endometrial receptivity: implications 

for clinical application 

As anticipated, the UL proteome reflected phase-specific endometrium phenotype, highlighting its 

unmet potential to inform on endometrial status. Monitoring uterine fluid expression of receptivity-

associated proteins could thus present a tissue biopsy-surrogate to not only define WoI but also predict 

implantation success 11-13,59,60.  Because the UL proteome between fertile and infertile women also 

differed for known players of embryo implantation and predictors of WoI or implantation success cycle, 

it may assist in characterization of endometrium-related alterations linked to infertility and guide UL 

restoration towards an implantation signature. Interestingly, several of these proteins were detected 

specifically in sEVs, including predictors of embryo implantation (PRDX2, IDHC), endometrial 

receptivity (S100A4, FGB, SERPING1, CLU, ANXA2) and implantation success (CAT, YWHAE, 

PPIA), which can be readily isolated for diagnostic purposes, suggesting the potential that inclusion of 

UL-sEVs or appropriately engineered nanoparticles at the time of embryo transfer, could improve the 

potential for implantation and establishment of pregnancy.  

 

Limitations of this study mainly concern the use of human endometrial epithelial model to demonstrate 

sEVs can perform antioxidant and invasive activity on human trophectoderm cells.  Due to the low sEV 

amount isolated from UL, we did not study the function of UL-derived sEVs, but instead performed 

cell-based assays to demonstrate function of endometrial-derived sEVs. To investigate endometrial-

derived sEV function on human trophectoderm, we employed human trophectoderm cells, grown as 

spheroids (blastocyst mimic) due to strict ethical regulation in use of human embryos. Understanding 

the underlying mechanisms of uterine fluid and endometrial cell-derived functional assays on human 

trophectoderm was not investigated here, presenting an outstanding question in the field. Importantly, 

we provide in-depth MS-based validation of uterine fluid proteome using a separate, independent 
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patient cohort, further highlighting key proteins identified in uterine fluid from this study previously 

implicated in embryo implantation, receptivity, and fertility. 

 

In summary, findings from our data provide new insight into the functions of sEVs in uterine fluid and 

the molecular basis of infertility. Indeed, the molecular leads identified define the protein and EV 

content of the physiological pre-implantation endometrial environment, in which final preparation for 

implantation occurs, how this differs between the proliferative and the receptive secretory phase and 

between fertile and infertile women. Application of this knowledge may enhance the chance of 

successful implantation and establishment of pregnancy. Alternatively, it could be applied to the 

development of a new class of a non-steroidal once-a month contraceptive.   
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Methods 

The materials and methods used in this study are summarized here; more detailed information is 

available in Supplementary Information, Methods. 

 

Uterine lavage sample collection  

Clinical samples were collected with informed written consent in accordance with the guidelines of the 

National Health and Medical Research Council (Australia) using protocols reviewed and approved by 

the Human Research Ethics Committees of Monash Surgical Private Hospital (approval #06066) and 

Southern Health (approval #03066B). Patient cohorts included fertile women with proven parity 

undergoing gynecologic procedures e.g. tubal ligation, Mirena® insertion, and from idiopathic primary 

infertile women undergoing dilatation and curettage (Table 1, Supplementary Fig. S1). Women with 

diagnoses of male factor infertility, endometriosis, tubal or ovarian abnormalities (e.g., blocked 

tubes, amenorrhea and polycystic ovarian syndrome) and those using steroidal contraceptives in the 

prior six months were excluded. Uterine lavage was performed with 5 mL saline (at 37 0C) infused 

gently into the uterine cavity through a soft infant feeding tube and recovery by gentle retraction of the 

syringe 9. Collected lavage was mixed with 5 µL of protease inhibitor cocktail (Merck KGaA, 

Darmstadt, Germany) and any mucus removed. Any samples that contained visible blood were 

discarded. Following centrifugation at 1000 rpm for 10 min the lavage was aspirated and stored as de-

identified aliquots at −80 °C prior to analysis. Cycle phase dating on tissue subsequently harvested, was 

performed by accredited independent pathologists based on Noyes’ criteria 61. 

 

Isolation of small EVs 

We fractionated uterine lavage into small EVs (UL-sEVs) and soluble secretome (UL-SS) components 

using differential centrifugation, as previously described 29. Briefly, uterine lavage was sequentially 

centrifuged at 500 x g, 2,000 x g and 10,000 x g to remove cellular debris and large EVs (also referred 

to as microparticles or shed microvesicles) 18, respectively. The supernatant was ultracentrifuged at 

100,000 x g to obtain UL-sEVs. The UL-sEVs were washed once using 1 mL PBS, re-centrifuged at 

100,000 x g (1 h) at 4°C and resuspended in PBS. The supernatant represents the UL-SS. Samples were 
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subjected to total protein quantification using microBCA Protein Assay (Thermo Fisher Scientific). 

Samples were stored at -80 °C until further use. 

 

Cryo-electron microscopy 

Cryo-electron microscopy (cryo-EM) imaging of UL-sEV preparations was performed as described 26. 

Briefly, UL-sEVs (~1 µg) were transferred to glow-discharged C-flat holey carbon grids (ProSciTech 

Pty Ltd). Excess liquid was removed by blotting, and the grids were plunge-frozen in liquid ethane. 

Grids were mounted in a Gatan cryoholder (Gatan, Inc.) in liquid nitrogen. Images were acquired at 300 

kV using a Tecnai G2 F30 (FEI) in low-dose mode. 

 

Proteomic liquid chromatography–tandem mass spectrometry 

Protein samples were digested with trypsin and peptide mixture was subjected to tandem mass tag 

(TMT) multiplexing using TMTsixplex™ Isobaric Label Reagent. Labelled peptides were analyzed on 

a nanoflow UPLC instrument (Ultimate 3000 RSLCnano, ThermoFisher Scientific) coupled to an Q-

Exactive HF Orbitrap mass spectrometer (ThermoFisher Scientific) as described 62. Label-free MS-

based validation study was performed on a separate cohort using single-pot, solid-phase-enhanced 

sample separation (SP3) and independently analyzed on an Q-Exactive HF-X Orbitrap mass 

spectrometer (Supplementary Table S10). Raw mass spectrometry data is available in 

ProteomeXchange (#PXD020975). 

  

Bioinformatics 

Peptide identification and quantification were performed using MaxQuant (v1.6.6.0) with its built-in 

search engine Andromeda 63 as described 64. Perseus 65 was used to quantify proteins whose expression 

was identified in at least 70% in at least one group; normalized intensities were log2 transformed, with 

statistical analyses performed using Student’s T-test or ANOVA (P < 0.05 considered significant). Gene 

Ontologies (biological processes) were obtained using gProfiler. EnrichmentMap analysis was 

performed using Cytoscape. 
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Trophectoderm and endometrial cell culture 

Human trophectoderm stem cells L2-TSC and T3-TSC were cultured as described 17. TSC spheroids 

were generated using round bottomed ultra-low attachment 96-well plates (Costar).  Ishikawa 

endometrial epithelial cells were maintained in DMEM/F12 supplemented with 1% P/S, and 5% v/v 

FBS 66. 

 

Estrogen and progesterone priming of endometrial epithelial cells 

Hormonal priming of Ishikawa cells was performed as previously described 26. The conditioned media 

were subjected to sEV isolation protocol 29, and further purified using OptiPrep™-density gradient-

based separation as described 29. 

 

Cellular reactive oxygen species detection assay  

ROS detection assay (Abcam) performed according to manufacturer’s protocol, where T3-TSC cells 

were treated with E- or EP-sEVs (50 µg/mL) for 3 h at 37 °C. Control cells were treated with PBS 

vehicle or L-ascorbic acid (AA) (Wako, 10 µM).  Cells were then incubated with DCFDA for 1 h, 

followed by ROS induction using 50 μM TBHP, and fluorescence measured (excitation/emission 

485 nm/535 nm) after 10 min. 

 

MatrigelTM invasion assay 

T3-TSC spheroids treated with 50 µg/mL E- or EP-sEVs or PBS vehicle control were assessed for their 

capacity to invade MatrigelTM over 48 h. Spheroids were imaged using Olympus FSX100. 

 

Uptake of UL-sEVs by trophectoderm cells 

Labelling of UL-sEVs was performed at previously described 29. Pooled UL-sEVs were labelled with 5 

mM DiI lipophilic dye (Invitrogen) in PBS for 15 min at 37 °C. Labelled UL-sEVs were 

ultracentrifuged at 100,000 x g for 1 h and washed with 1 mL PBS. The resulting pellet was resuspended 
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in PBS and overlaid onto L2-TSC cells cultured on a glass coverslip. After 2 h incubation at 37 °C, 

cells were washed twice with serum free media and nucleus stained with Hoechst (10 mg/mL). Cells 

were then subjected to live cell imaging using Nikon A1R. Uptake experiments were repeated twice. 

 

Statistical analysis 

Data were analyzed using GraphPad Prism 8.0.1 and Microsoft Excel. One-way ANOVA (multiple 

comparisons) was performed and statistical significance defined at P < 0.05. 
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Fig. 1. Isolation and characterization of small extracellular vesicles (sEV) and soluble secretome 

(SS) from uterine lavage (UL). a, Work flow for isolation of sEVs and SS components from UL using 

differential centrifugation strategy. The table indicates the number of samples subjected to quantitative 

mass spectrometry-based proteome profiling in both proliferative phase (P-phase) and secretory phase 

(S-phase).  b, Cryo-electron microscopic analysis of UL-sEVs. Scale bar 100 nm, 10 frames per view. 

c, Bar plot representing size distribution (mean ± S.E.M.) of UL-sEVs; number of sEVs measured for 

their size (diameter) for fertile P-phase (76 nm), fertile S-phase (73 nm), infertile P-phase (78 nm) and 

infertile S-phase (61 nm), respectively. 
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Fig. 2. Uterine fluid-derived UL-sEVs are taken up by human trophectoderm cells. Live 

fluorescence and brightfield microscopic analysis of human trophectoderm cells (L2-TSCs) incubated 

with S-phase UL-sEVs (2 h) derived from fertile and infertile women. The UL-sEVs were stained with 

lipophilic tracer DiI (red). Nuclei were stained with Hoechst (blue). Scale bar: 5 µm. 
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Fig. 3. Endometrial sEVs regulate antioxidant activity in trophectoderm cells. a, Venn diagram of 

proteins identified in human UL-T, UL-SS and UL-sEVs. b, Principal component analysis of proteins 

(with their respective intensity) identified in UL-T, UL-SS and UL-sEVs during P-phase and S-phase 

in fertile women. c, Upper panel, EnrichmentMap of pathways enriched in P-phase UL-sEVs from 

fertile women. Lower panel: Antioxidant cluster is highlighted with proteins involved listed beneath it 

(*proteins present in human endometrial epithelial cell-derived E-sEVs, estrogen treated 26). d, Upper 
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panel, EnrichmentMap of pathways enriched in S-phase; lower panel: Antioxidant cluster is highlighted 

with proteins involved listed beneath it (*proteins present in human endometrial epithelial cell-derived 

EP-sEVs, estrogen-progesterone treated 26). e. Cellular ROS detection assay. Trophectoderm cells were 

stimulated with E- or EP-sEVs (50 µg/mL, 3 h), then labelled with DCFDA (25 µM, 1 h) and incubated 

with TBHP (ROS inducer). Cells were then analyzed using fluorescent plate reader with fluorescence 

intensity directly correlating to ROS activity. Control cells were treated with PBS vehicle or L-ascorbic 

acid (AA, 10 µM). Bar plot of mean ± S.E.M (N=6)., *p<0.05, **p<0.005, ***p<0.0005. f, Venn 

diagram of proteins identified in fertile and infertile UL-sEVs with proteins significantly up and 

downregulated (p<0.05, fold change >1.5). Lower panel: PCA of proteins (with their respective 

intensity) identified in fertile and infertile sEVs. g, Antioxidant cluster downregulated in infertile versus 

fertile UL-sEVs with the proteins involved listed beneath (*proteins present in human endometrial 

epithelial cell-derived EP-sEVs 26). 
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Fig. 4. UL-sEVs confer trophectoderm cells with invasive phenotype. a, Venn diagram of proteins 

identified in P- and S-phase UL-sEVs from fertile women. Invasion-related proteins found in higher 

abundance (uniquely identified or fold change >1.5, p<0.05) in S-phase UL-sEVs are listed beneath 

(^proteins previously implicated in trophectoderm cell invasion; *proteins upregulated in human 

endometrial epithelial cell-derived EP- versus E-sEVs 26. b, Trophectoderm spheroid invasion assay. 

Bright-field microscopy images of trophectoderm spheroids, stimulated with E- or EP-sEVs, invading 

into MatrigelTM matrix. Scale bar, 100 µm. Lower panel: Bar plot representing invasive outgrowth 

(mean ± S.E.M.) of trophectoderm spheroids (****p<0.00005). c, Volcano plot of fold change of 

proteins in fertile versus infertile UL-sEVs. Invasion-related proteins found in higher abundance in S-

phase versus P-phase sEVs from fertile women are named.  
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Fig. 5. Phase-specific reprogramming of UL-T and UL-sEVs highlight different biological 

processes in fertile women. EnrichmentMap of biological pathways enriched in UL-T (orange edge) 

or UL-sEVs (green edge) in S-phase versus P-phase in fertile women. The node size corresponds to the 

number of proteins involved in that pathway. Proteins implicated in antioxidant activity pathway are 

listed as a heat map, with blue color indicating enrichment in UL-T or UL-sEVs during the S-phase. 

Proteins implicated in specified pathways are also listed.  
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Fig. 6. Validation of phase-specific proteins in UL associated with embryo implantation and 

endometrial receptivity. a, Venn diagram of UL proliferative and secretory phase proteome with 

known players of implantation 45,46. b, Venn diagram of UL proliferative and secretory phase proteome 

with window of implantation 44. c, Venn diagram of UL proliferative and secretory phase proteome with 

uterine fluid predicting implantation success in IVF cycle 11,12. d, Venn diagram of UL proliferative and 

secretory phase proteome with endometrial receptivity associated proteins derived from the endometrial 

receptivity array (ERA) 43. 
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Fig. 7. Validation of implantation and endometrial receptivity associated proteins in fertility 

associated proteins in UL. a, Venn diagram of fertile UL proteome and known players of implantation 
45,46. b, Venn diagram of fertile UL proteome and window of implantation signature 44. c, Venn diagram 

of fertile UL proteome and UL signature predicting implantation success in IVF cycle 11,12. d, Venn 

diagram of fertile UL proteome and endometrial receptivity associated proteins in the ERA 43. 
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Table 1 – Patient cohort 
 

Sample 
number Age Fertility 

Status 
Pathology 

cycle phase 
UL-T 

(µg/µL) ^ 
UL-SS  

(µg/µL) ^ 
UL-sEVs 
(µg/µL) ^ 

Fe
rti

le
 p

ro
lif

er
at

iv
e 1 40 F P 1.45 1.24 0.03 

2 34 F P 2.36 1.99   0.15* 
3 46 F P 0.57 0.41   0.15* 
4 44 F P 0.69 0.46   0.22* 
5 30 F P 0.70 0.61 0.03 
6 32 F P 0.41 0.40 0.02 

Fe
rti

le
 se

cr
et

or
y 

1 32 F E-M 1.69 1.46 0.02 
2 30 F E 3.20 3.11   0.05* 
3 38 F E 1.46 1.23 0.01 
4 35 F E 1.34 1.19   0.11* 
5 31 F E-M 0.80 0.76   0.06* 
6 33 F M 5.35 5.19 0.31 
7 36 F E 0.74 0.69   0.03* 
8 35 F M 0.38 0.29 0.01 
9 38 F M 0.93 0.90 0.02 

10 36 F M-L  0.63 0.61 0.02 
11 36 F M 1.52 1.49   0.06* 
12 42 F E 0.66 0.62   0.02* 

In
fe

rti
le

 p
ro

lif
er

at
iv

e 1 30 I P 1.54 1.43   0.10* 
2 28 I P 1.10 1.01   0.07* 
3 36 I P 1.28 1.23   0.10* 
4 30 I M-L P 0.73 0.65 0.06 
5 29 I M P 0.55 0.52 0.16 
6 33 I P 0.61 0.56 0.02 

In
fe

rti
le

 se
cr

et
or

y 

1 29 I M-L  1.10 1.16   0.03* 
2 36 I M-L  0.38 0.30 0.00 
3 37 I M-L  1.17 1.06   0.01* 
4 38 I M 0.50 0.49 0.00 
5 39 I M 0.45 0.42 0.00 
6 33 I M 0.41 0.40 0.01 
7 35 I M 0.86 0.79 0.01 
8 28 I M 2.11 1.95   0.01* 
9 37 I M-L  1.55 1.41   0.05* 

10 35 I M 0.85 0.82   0.01* 
11 39 I M 0.96 0.86   0.02* 
12 35 I M 0.48 0.40 0.03 

 

F= fertile, I= infertile, P=proliferative phase; E, M, L – early, mid and late secretory phases 
respectively; *sEV samples subjected to mass spectrometry analysis; ^protein concentration  
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Table 2 – Invasion-related proteins enriched in S-phase versus P-phase UL-sEVs in fertile women 

Gene 
name Protein description Function Ref (PMIDs) 

AHNAK Neuroblast differentiation-
associated protein AHNAK 

Regulates invasion through epithelial-mesenchymal transition (EMT) through 
regulation of AKT/MAPK and Wnt/β-catenin signalling pathways 30258109, 24253341 

ANXA6 Annexin A6 Regulates invasion by modulating cell migration and adhesion through cytoskeletal 
rearrangement, and membrane-bound components 21185831, 28060548 

APOC1 Apolipoprotein C-I Influences cell proliferation and motility via the MAPK pathways to regulate invasion 31213910 

CA2 Carbonic anhydrase 2 Invasion-associated factor that plays a role in making surrounding environment acidic 
to promote cell invasiveness. 28004470 

CNDP2 Cytosolic non-specific 
dipeptidase 

Promotes invasion by increasing PI3K-AKT phosphorylation (previously shown to 
enhance cell metastasis in ovarian cancer). 31537175 

COL1A2 Collagen alpha-2 Major component of ECM and therefore its ability to remodel ECM influences 
invasion. 28482162,  32566007 

CRIP1 Cysteine-rich protein 1 Mediates cell migration and invasion through EMT and Wnt/β-catenin signaling 
pathway. 

29179181, 29959029, 
31312368, 29059670 

CSTB Cystatin-B Promote invadopodia formation which utilize MMPs to degrade ECM and promote 
invasion. 32029550 

ENO1 Alpha-enolase Important interaction with alpha v/beta 3 integrin and urokinase plasminogen 
activator receptor (uPAR) to promote invasion and migration.  28086938 

HSP90AA1 Heat shock protein HSP 90-
alpha 

Act as an extracellular chaperone to activate MMP2 and promote ECM degradation 
for invasion. 15146192 

IDH1 Isocitrate dehydrogenase 
[NADP] cytoplasmic 

Contributes to invasion by promoting proliferation and migration through EMT and 
Wnt/β-catenin signaling. 

26860959, 31983120, 
29115585 

LGALS1 Galectin-1 
Influence trophectoderm cell adhesion, migration and invasion through complex lectin 
type interaction with β1 integrin and increase in MMP2/9, ZEB-1, and N-cadherin 
while decreasing E-cadherin expression. 

22174828, 28826368, 
28992109, 29122660 

LGALS3 Galectin-3 
Involved in trophoblast invasion. Present in high levels in invasive extravillous 
trophoblast, promotes migration through pFAK, MAPK/ERK-1/2, pERK1/2 and 
pAkt, and invasion through β-catenin to increase MMP activity during invasion. 

30765738, 22174828, 
24809457 

MIF Macrophage migration 
inhibitory factor 

Promotes invasion by cytoskeletal reorganization and pseudo foot formation through 
EMT induction. 17142775, 30667094 

MPO Myeloperoxidase 
Present in fetal-maternal interface, reacts with H2O2 to produce HOCl which 
modifies proteins at the site of trophoblast invasion into maternal tissue. It also 
stimulates the maternal immune system. 

28260049, 11304574 

PARK7 Protein/nucleic acid 
deglycase DJ-1 Promotes invasion through the SRC/ERK/uPA cascade. 27186306, 22223849 

PRDX1 Peroxiredoxin-1 Associates with formation of membrane protrusions through modulation of p38 
MAPK activity to promote invasion. 25426613 

PRDX2 Peroxiredoxin-2 Promotes migration and invasion through MMP9 expression. 32337219 

PRDX6 Peroxiredoxin-6 Exhibits phospholipase (PLA2) activity to activate Akt via phosphoinositide 3-kinase 
(PI3K) and p38 kinase to promote cell invasion. 20354123 

S100A11 Protein S100-A11 S100A11 promotes EMT required for invasion by regulating Snail (upregulated) and 
E-cadherin proteins (downregulated). 28513300, 25780452 

S100A4 Protein S100-A4 Promotes migration and invasion by inducing TGF-β-mediated EMT and upregulating 
NDUFS2. 

23308057, 30410586, 
30885944  

SERPINA3 Alpha-1-antichymotrypsin Expression correlates with MMP2/9 expression to enhance cell invasion and 
migration. 29855767 

SOD1 Superoxide dismutase [Cu-
Zn] Promotes invasion and migration by influencing cell cycle and apoptosis. 32391354 

SPRR3 Small proline-rich protein 3 Promotes both proliferation and invasion through AKT activation and p53 reduction. 24396461 
TPM4 Tropomyosin alpha-4 chain Promotes cell motility by altering actin cytoskeleton through F-actin modulation. 31239699 

TTR Transthyretin Regulate trophoblast invasion and migration by increasing MMP2/9 for ECM 
degradation. 28454241 

TXN Thioredoxin Overexpression of TXN increases MMP-9 expression, promoting ECM degradation 
and cell invasion. 28483515 26760912 

VCL Vinculin Modulates cell adhesion and motility through mechanical link of contractile 
actomyosin cytoskeleton to the ECM through integrin receptors. 

25183785, 20181946, 
28783415 

VIM Vimentin 
Involved in blastocyst invasion by promoting cell migration through integration of 
mechanical input from the environment and modulating the dynamics of microtubules 
and actomyosin network. 

17512929, 30505430 

WFDC2 WAP four-disulfide core 
domain protein 2 

Promotes EMT by activating AKT signalling pathway and inducing MMP2 
expression. 31118763 

YWHAE 14-3-3 protein epsilon 
Promotes proliferation, migration and invasion through ERK/MAPK pathway, 
Rac1/Tiam1 signaling, possibly through expression of Snail and Twist, and also via 
MMP2/9. 

26730736, 31001932, 
22899242, 30550728 

YWHAQ 14-3-3 protein theta Promotes invasion by binding phosphorylated RhoGDIα upon EGF stimulation, to 
release Rho GTPases and promote EGF-induced RhoA, Rac1, and Cdc42 activation. 26083935,  24820414 
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Table 3 – Invasion-related proteins down-regulated in S-phase UL-sEVs during infertility 

Gene 
name Protein description Function Ref 

(PMIDs) 

A2ML1 Alpha-2-macroglobulin-like protein 
1 

Found to be important in animals with invasive placenta, but mechanism 
unknown. 32198464 

AHNAK Neuroblast differentiation-
associated protein AHNAK 

Regulate proliferation and invasion through epithelial-mesenchymal transition 
(EMT) by modulation of AKT/MAPK and Wnt/β-catenin signaling pathways. 

30258109, 
24253341 

ANXA1 Annexin A1 Regulates cytoskeletal dynamics, reduction of adhesion molecules and EMT to 
promote invasion. 27834582 

APOC1 Apolipoprotein C-I Regulates cell migration and invasion possibly via the MAPK pathways. 31213910 
APOD Apolipoprotein D Interacts with COX-2 to enhance cell invasiveness and motility. 32306242 

APOE Apolipoprotein E Alters expression of invasion-related proteins including MM7, through cellular 
cholesterol and AP-1 activity. 28751006 

AZGP1 Zinc-alpha-2-glycoprotein 
Regulates invasive potential by mediating TGF-β1-ERK2 signaling, and EMT 
by associating with molecules involved in the focal adhesion pathway, 
including FLNA. 

30820960, 
31632499 

BPIFB1 BPI fold-containing family B 
member 1 

Regulates cell migration and invasion via EMT through vitronectin and 
vimentin, and FAK/Src/ERK signaling pathway. 29123267 

CA2 Carbonic anhydrase 2 Invasion-associated factor that plays a role in making surrounding environment 
acidic to promote cell invasiveness. 28004470 

CAT Catalase Modulate migration and invasion of cells by controlling cathepsin activity. 30655847 

CSTA Cystatin-A Regulates MET by reducing ERK, p-38 and Akt activity, and prevents EMT 
induced by TGF-β1 through the ERK/MAPK pathway. 29581829 

FABP5 Fatty acid-binding protein 5 FABP5 increased cell invasiveness by increasing the expression of MMP-9. 20040021 

MPO Myeloperoxidase 
Present in fetal-maternal interface, reacts with H2O2 to produce HOCl which 
modifies proteins at the site of trophoblast invasion into maternal tissue. It also 
stimulates the maternal immune system. 

28260049, 
11304574 

MUC5B Mucin-5B 
Involved in proliferation, migration, and invasion through alteration of β-
catenin expression, localization, and activity, hence mediating the Wnt/β-
catenin signaling pathway. 

28972071 

PEBP1 Phosphatidylethanolamine-binding 
protein 1 

Regulates migration and invasion via RAF1/MEK/ERK signaling and 
modulation of miRNAs. 29436617 

PLG Plasminogen Invasion - activates MMP9, leading to localized matrix proteolysis as 
trophoblast invasion commences.  21075828 

S100A11 Protein S100-A11 S100A11 promotes EMT required for invasion by regulating Snail 
(upregulated) and E-cadherin proteins (downregulated) 

28513300, 
25780452 

S100A8 Protein S100-A8 Pro-inflammatory factor, associated with increased MMP2/12 promoting 
invasion 23456298 

S100A9 Protein S100-A9 Pro-inflammatory factor, associated with increased MMP2/12 promoting 
invasion 23456298 

SERPINA3 Alpha-1-antichymotrypsin Expression correlates with MMP2/9 expression to enhance cell invasion and 
migration  29855767 

SERPINA5 Plasma serine protease inhibitor 
Associated with inhibiting tumor invasion (inhibits urinary plasminogen 
activator (uPA), a mediator of tumor cell invasion, inhibits tumor cell migration 
by modulating the fibronectin‐integrin β1 signaling pathway) 

24388360, 
17450526 

SERPINB3 Serpin B3 Induces epithelial-mesenchymal transition, cell scattering, migration and 
invasiveness (in vitro) 20527027 

SLPI Antileukoproteinase Promotes tumor invasion (in conjunction with MMP-2/9) in human uterus 
myoma 27238568 

SPRR3 Small proline-rich protein 3 Promotes proliferation and invasion through AKT activation and p53 reduction 24396461 

TFF3 Trefoil factor 3 
Promotes invasion in non-malignant cells through alteration of invasion-related 
genes (no change in proliferation), and stimulates invasion and angiogenesis in 
vitro. 

15680474, 
22341453 

TKT Transketolase Counteracts oxidative stress (redox homeostasis) to drive cancer development 
(cell invasion, migration, EMT process and tumor microsatellite formation) 

26811478, 
27698919 

TPI1 Triosephosphate isomerase Crucial enzyme in the carbohydrate metabolism (glycolysis and 
gluconeogenesis), invasion related in cancer cells 27908734 
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