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34 Abstract

35 Adenomyosis is a chronic, estrogen-driven disorder characterized by the presence of 

36 endometrial glands and stroma within the myometrium. Despite its significant impact on 

37 reproductive health and quality of life, the pathogenesis of the disease remains unclear. 

38 Both the glandular and stromal compartments of eutopic endometrium from women with 

39 adenomyosis show alterations compared to healthy subjects. However, the molecular 

40 mechanisms driving crosstalk between stromal cells and epithelial glands, along with 

41 paracrine signaling underlying lesion development and progression, are still poorly 

42 understood. Exosomes, small cell-derived carriers and microRNAs, namely non-coding 

43 RNA molecules, are crucial to intercellular communication within the endometrium and 

44 may elucidate interactions between the two compartments that contribute to adenomyotic 

45 lesion formation. To our knowledge, this is the first foundational study to comprehensively 

46 isolate and characterize stroma-derived exosomes from women with adenomyosis. 

47 Exosome isolation by means of differential ultracentrifugation was validated in 22 

48 samples, including 11 healthy subjects and 11 women with adenomyosis, using 

49 nanoparticle tracking analysis, transmission electron microscopy and flow cytometry. 

50 Profiling of microRNA in secreted exosomes revealed 10 microRNAs with significantly 

51 altered expression in adenomyosis subjects during the menstrual phase compared to 

52 controls. Thorough investigations into menstruation-specific molecular mechanisms, as 

53 well as predicted target genes and enriched pathways of exosomal microRNAs, offer 

54 promising insights into the pathogenesis of adenomyosis, shedding light on the potential 

55 mechanisms underlying stromal cell signaling and adenomyotic lesion establishment. 

56 This work does, however, have certain drawbacks, including modest sample size and 

57 limited representation due to a lack of readily available endometrial biopsies in the 
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58 menstrual phase. Having done the groundwork in this study, future research should seek 

59 to validate these findings in larger cohorts and apply functional assays. Indeed, our 

60 findings can serve as a resource to elucidate the role of menstruation-specific stroma-

61 derived microRNA-mediated signaling and its potential impact on adenomyosis 

62 development.

63

64 Keywords: adenomyosis / endometrium / endometrial stromal cells / endometrial cell 

65 crosstalk / paracrine signaling / exosomes / microRNA / small RNA sequencing.

66

67 Introduction 

68 Adenomyosis is a common and chronic estrogen-driven disorder (Chapron et al., 2020; 

69 Vannuccini and Petraglia, 2019). Its prevalence in women of reproductive age ranges from 

70 20% to 35% (Naftalin et al., 2012; Pinzauti et al., 2015), but higher rates have been 

71 observed in patients with endometriosis-associated pain and concurrent infertility (Upson 

72 and Missmer, 2020). Adenomyosis is histologically characterized by irregularly shaped 

73 islands of endometrial glands surrounded by stroma accompanied by smooth muscle 

74 hyperplasia and hypertrophy within the myometrium (Chapron et al., 2017; Antero et al., 

75 2020).  Despite having a major impact on women’s reproductive health and quality of life, 

76 the aetiology and pathogenesis of adenomyosis have not yet been elucidated (García-

77 Solares et al., 2018; Zhai et al., 2020; Cheng et al., 2023). Growing evidence indicates 

78 that some eutopic endometrial cells develop distinct cellular and/or molecular changes 

79 driving the development of adenomyosis. This favours: (i) a pro-survival phenotype 

80 involving increased endometrial cell proliferation and reduced apoptosis (Yang et al., 

81 2007; d'Argent et al., 2023); (ii) a transition to core features such as altered hormone 
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82 levels, specifically a disruption of steroidogenesis, with greater estrogen production and 

83 progesterone resistance (Chen et al., 2010), and epithelial-to-mesenchymal transition of 

84 epithelial glands and endometrial stromal cells (ESCs) (Khan et al., 2015); and (iii) an 

85 invasive phenotype due to collective cell migration (Zhai et al., 2022; Stratopoulou et al. 

86 2023), dysregulated extracellular matrix function, enhanced angiogenesis and impaired 

87 immune function (Bourdon et al., 2021). Indeed, endometrial stroma may play a crucial 

88 role in adenomyotic lesion establishment, supporting epithelial gland migration into the 

89 myometrium, as well as growth and survival via paracrine signaling (Zipponi et al., 2024a). 

90 Extracellular vesicles are key mediators of intercellular communication between 

91 neighbouring cells and even distant tissues and have been detected in almost all human 

92 cells and biofluids, including the endometrium. According to the latest guidelines from 

93 MISEV2024, exosomes are extracellular vesicles from internal compartments of the cell 

94 that are released by multivesicular bodies (Welsh et al., 2024). These bioactive bilayer 

95 membrane nanoparticles constitute a more refined system of cell-cell communication via 

96 transfer of proteins, nucleic acids and metabolites to recipient cells in the endometrial 

97 microenvironment. As such, they are able to influence cell fate, function and plasticity 

98 (Zhang et al., 2019). They contain microRNAs (miRNAs), a type of endogenous non-

99 coding RNA that modulates both physiology and pathology by suppressing target gene 

100 expression post-transcriptionally. miRNAs are promising biomarkers thanks to their simple 

101 structure and stability at the post-translational level and in extracellular biofluids (Nguyen 

102 et al., 2016; Chen et al., 2020). Ongoing research into exosomes and their miRNA content 

103 highlights their potential for revolutionizing diagnostics and investigations into cell damage 

104 mechanisms across various disorders, including adenomyosis (Zhou et al., 2015; 

105 Esfandyari et al., 2021; Cheng et al., 2023). Understanding the exact role of stroma-
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106 derived exosomes and miRNA exosome cargo may shed light on the crosstalk that occurs 

107 between stromal cells and glands in the endometrium, ultimately helping to explain 

108 adenomyotic lesion development. 

109 We hypothesize that exosomes released from ESCs contribute to the pathogenesis of 

110 adenomyosis by carrying and delivering specific miRNAs in an autocrine and paracrine 

111 manner. This could further boost the crosstalk between stromal and epithelial 

112 compartments and promote lesion establishment and progression.

113

114 Materials and methods 

115 Study participants and tissue collection

116 Human tissue for this study was collected, with informed consent, in accordance with the 

117 Declaration of Helsinki guidelines and approved by the ethics committee of Cliniques 

118 Universitaires Saint-Luc (CUSL) and the Université Catholique de Louvain on August 31, 

119 2020, and amended on July 23, 2023 (ref: 2020/14AOU/410). A total of 22 fresh 

120 endometrial biopsies were retrieved from CUSL patients by means of a Novak curette. 

121 The control group included 11 patients with no sign of adenomyosis, endometriosis or any 

122 other endometrial pathology. The adenomyosis group was made up of 11 patients 

123 diagnosed by magnetic resonance imaging (MRI) or transvaginal sonography (TVS). 

124 Seven of these women underwent hysterectomy for symptomatic adenomyosis and four 

125 patients underwent conservative surgery for other gynecological indications. All patients 

126 were premenopausal with regular menstrual cycles and had not been given any hormonal 

127 therapy (contraceptive pill, progestin, gonadotropin-releasing hormone (GnRH) 

128 agonist/antagonist implant or hormonal intrauterine device) for at least two months prior 
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129 to surgery. One small tissue fragment was fixed in paraformaldehyde for histological 

130 evaluation of the menstrual phase, while the rest were used for endometrial cell isolation.

131 Endometrial cell isolation and culture

132 Biopsies retrieved from the operating room were immediately placed in cold sterile 

133 phosphate-buffered saline (PBS) pH 7.4 (Thermo Fisher Scientific, Waltham, MA, USA) 

134 until use. They were processed according to an established protocol (Defrère et al., 2005). 

135 Briefly, the tissue was mechanically minced with surgical scissors and enzymatically 

136 digested in 1 mg/ml collagenase (Sigma, St. Louis, MO, USA) for one hour. The 

137 suspension was strained through a 300-µm sieve to exclude undigested fragments, 

138 followed by a 100-µm filter to separate epithelial glands and ESCs. ESCs passing through 

139 the sieve were centrifuged for 5 minutes at 82 g and resuspended in Dulbecco’s modified 

140 Eagle medium F-12 nutrient mixture (DMEM/F-12) (Thermo Fisher Scientific) enriched 

141 with 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% 

142 antibiotic-antimycotic (Thermo Fisher Scientific). After 20 minutes, the medium was 

143 replaced with a fresh mixture to exclude blood cells and any residual epithelial cells. The 

144 ESCs were cultured at 37°C with 5% CO2 for expansion, with medium replacement every 

145 2 days. 

146 The ESC phenotype was tested before adding exosome-depleted FBS to the culture 

147 medium (10%) by immunocytochemistry on five representative samples. After fixation in 

148 4% paraformaldehyde, 300 µL resuspended cells (5x104 – 5x105 cells/ml) were 

149 aggregated on slides using the Shandon Cytospin 2 (Thermo Fisher Scientific) for 10 

150 minutes at 40 g, then stained with mouse anti-human CD10 antibody (ready to use, 

151 Sanbio, Uden, the Netherlands). The universal negative mouse cocktail (ready to use, 

152 Dako, Carpinteria, CA, USA) was utilized instead of the primary antibody for negative 
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153 controls. Ishikawa cells (epithelial-like cell line, Merck, Rahway, NJ, USA) were also used 

154 for the same purpose. Human endometrium served as positive controls. Culture purity 

155 was 92% (91.8 ± 1.79) (Supplementary Figure S1). 

156 Exosome isolation from ESCs by ultracentrifugation

157 ESCs were cultured in exosome-depleted FBS for 48 hours based on three 

158 considerations: i) ESC medium is routinely changed every 2 days; ii) after culturing ESCs 

159 in EV-depleted FBS for both 48 and 72 hours higher exosome concentrations were 

160 observed at 48 hours; and iii) exosome secretion tends to decrease as cells approach 

161 confluency, so the 48-hour culture period was chosen for optimal exosome collection. FBS 

162 used for culture was subjected to ultracentrifugation at 11981 g for 16 hours at 4°C (Ti70 

163 21U8118 rotor, Optima XPN-80, Beckman Coulter, Brea, CA, USA) to eliminate 

164 exosomes. To confirm particle depletion, flow cytometry analysis was conducted. PE anti-

165 human CD9 antibody and APC anti-human CD81 TAPA-1 (BioLegend, San Diego, CA, 

166 USA), two widely known exosome biomarkers, were used. The supernatant was then 

167 filtered (0.22 µm) and stored at -20°C prior to use (Supplementary Figure S2). ESC 

168 supernatant was collected from each sample at the end of culture. Differential 

169 ultracentrifugation was performed to purify and isolate exosomes according to an 

170 established protocol (Zipponi et al., 2024b). Briefly, culture medium was centrifuged twice 

171 (Sigma 2-16PK, Merck) at 760 g for 10 minutes at room temperature to remove the bulk 

172 of the cell debris. The supernatant was then ultracentrifuged (Optima XPN-80, Beckman 

173 Coulter) at 2710 g for 20 minutes at 4°C (Ti50 E4280 rotor, Beckman Coulter) and 11985 

174 g for 120 minutes at 4°C (Ti80 1377 rotor, Beckman Coulter). After discarding the 

175 supernatant, the pellets were resuspended in 1 ml 0.22-µm-filtered PBS. Finally, the 

176 samples were subjected to ultracentrifugation at 11985 g for 120 minutes at 4°C (Ti80 
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177 1377 rotor, Beckman Coulter) to obtain pellet particles. Half of the particles were 

178 resuspended in 200 µL PBS for exosome characterization by nanoparticle tracking 

179 analysis (NTA), transmission electron microscopy (TEM) and flow cytometry. The rest 

180 were resuspended in 800 µL QIAzol lysis reagent (Qiagen, Hilden, Germany) for RNA 

181 extraction. Total RNA was extracted using the miRNeasy mini kit (Qiagen) according to 

182 the manufacturer’s instructions. Of the remaining RNAse-free water, 2µL were kept for 

183 quantification by Quant-IT RiboGreen RNA assays kit (Thermo Fisher Scientific). The 

184 RNA was stored at −80°C prior to sequencing. Maximum storage time of RNA samples 

185 was 3 months. 

186 Particle characterization 

187 NTA (ZetaView Particle-Metrix, Dusseldorf, Germany) was used to evaluate extracellular 

188 vesicle concentrations and size distribution by visualizing exosomes based on light 

189 scattering and Brownian motion. Particle pellets of 5µL were diluted in 0.22-µm-filtrated 

190 PBS (1:100 to 1:600), which was used as the blank. 

191 To determine exosome morphology, a drop of particle pellets (around 10 µL) was placed 

192 on top of 200-mesh Formvar/carbon copper grids. After three washes in deionized water 

193 (10 µL/time), the exosomes were steeped in a drop of R1000 UA-Zero (Agar Scientific, 

194 Rotherham, UK) for 7 minutes. Once the grid was completely dry (around 15 minutes), 

195 the particles were further scrutinized and photographed by TEM using a Zeiss EM10 

196 electron microscope operating at 80 kV (Zeiss, Oberkochen, Germany). 

197 To investigate exosome biomarkers, particles were stained with CD9 and CD81 

198 antibodies. Extracellular vesicle pellets resuspended in carboxyfluoroscein succinimidyl 

199 ester (CFSE) (BioLegend, San Diego, CA, USA) and PBS were incubated in 1.5 µL CD9 

200 and 1 µL CD81 overnight prior to detection. CFSE-only incubated exosomes were used 
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201 as negative controls. Samples were acquired with the NovoCyte Quanteon flow cytometer 

202 (Agilent, Santa Clara, CA, USA).

203 miRNA library preparation and sequencing

204 Library preparation was done using the QIAseq miRNA Library Kit (Qiagen). Samples of 

205 10 ng of total RNA were converted into miRNA NGS libraries. After adapter ligation, 

206 unique molecular identifiers (UMIs) were introduced during the reverse transcription step, 

207 before cDNA amplification using PCR (19 cycles), with indices added to this step. Samples 

208 were subsequently purified. Library preparation quality was assessed by capillary 

209 electrophoresis (Tape D1000). Based on insert quality and concentration measurements, 

210 the libraries were pooled at equimolar ratios. Library pools were quantified using qPCR 

211 and sequenced on a NextSeq (Illumina Inc., San Diego, CA, USA) sequencing instrument 

212 according to the manufacturer’s instructions (1x75, 2x10). 

213 miRNA-seq data processing and analysis

214 Raw data were de-multiplexed, and FASTQ files were generated for each sample using 

215 bcl2fastq2 software (Illumina Inc.). All primary analysis was conducted with CLC 

216 Genomics Server 23.0.5. using the ‘QIAseq miRNA quantification’ workflow with standard 

217 parameters to map sequencing reads to miRBase version 22 (prioritizing the Homo 

218 sapiens species). 

219 In brief, the reads were processed by: (i) trimming the common sequence 

220 (AACTGTAGGCACCATCAAT, 19 nucleotides), UMI and adapters, and (ii) filtering with 

221 length <15 or >55 nucleotides. They were then deduplicated using their UMI. Reads were 

222 organized into UMI groups when they: (1) started in the same position based on the end 

223 of the read to which the UMI was ligated, (2) came from the same strand, and (3) had 

224 identical UMIs. Groups that contained only one read (singletons) were merged into non-
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225 singleton groups if the singleton’s UMI could be converted to a UMI of a non-singleton 

226 group by introducing an SNP (the largest group was chosen). Distribution of lengths of 

227 trimmed reads showed a peak at 22 nucleotides, suggesting that the captured RNA 

228 population was potentially enriched in miRNAs.

229 The total number of libraries prepared, processed and analyzed as reported in this study 

230 corresponds to women with adenomyosis in the menstrual phase (age range 41-47) and 

231 healthy individuals also in this phase (age range 36-40). Mapping the reference allowed 

232 us to identify 2632 miRNAs used for further exploration. Read counts were transformed 

233 into counts per million (cpm) to account for overall sequencing depth and serve as an 

234 indicator of expression levels. Fold changes were calculated as expression in 

235 adenomyosis over healthy samples. miRNAs of interest between healthy and 

236 adenomyosis samples were identified by investigating fold changes in expression: log2 

237 fold change >2 and <-2.

238 Validation of miRNA expression and enrichment analyses

239 In order to validate expression of these selected miRNAs, 8 endometrial biopsies from 

240 women in the menstrual phase with (n=4) and without (n=4) adenomyosis were used. 

241 Exosomes were isolated from ESCs and RNA was extracted and quantified following the 

242 protocol described above. First-strand cDNA synthesis was performed using the 

243 miRCURY LNA RT kit and GeneAmp 9700PCR system (Applied Biosystems, Foster City, 

244 CA, USA). In line with the manufacturer's protocol, the following cycling program was 

245 developed: 60 minutes at 42°C (reverse transcription step) and 5 minutes at 95°C 

246 (reaction inactivation). Synthesized cDNAs were stored at -20°C for further detection of 

247 miRNA targets. MiRCURY LNA miRNA custom PCR panels (SYBR green-based 

248 detection, Qiagen) were utilized to ensure high specificity for miRNA expression level 
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249 quantification. CDNA templates were diluted (1:80) prior to use according to the 

250 manufacturer’s protocol. The StepOnePlus real-time PCR system (Applied Biosystems) 

251 was set up with the following thermocycling conditions: 2 minutes at 95°C (initial heat 

252 activation), 10 seconds at 95°C (denaturation), and 60 seconds at 56°C (combined 

253 annealing/extension) for 40 cycles. Experiments were performed in duplicate. ROX 

254 reference dye was used at a ratio of 20x concentration for each fluorescence 

255 normalization reaction. SNORD38B, UniSP3 and 7 endogenous miRNAs were utilized as 

256 references (miR-28-3p, miR-151a-3p, miR-421, miR-574-5p, miR-93-5p, miR-15b-5p and 

257 miR-99b-3p) and uniSp6 was used as an internal amplification control (Supplementary 

258 Table S1). 

259 miRNA target retrieval

260 The miRNet platform (miRBase and miRTarBase v8.0) 

261 (https://www.mirnet.ca/miRNet/home.xhtml, University of Alberta, Edmonton, AB, 

262 Canada) allowed us to retrieve information about predicted target genes of dysregulated 

263 miRNAs. Gene ontology (GO) enrichment analysis was carried out via ShinyGO v0.80 

264 (http://bioinformatics.sdstate.edu/go/, South Dakota State University, Brookings, SD, 

265 USA), yielding insights into high-level classification of the functional role of predicted target 

266 genes. The GO biological process was used as a pathway database, with 0.01 as the 

267 false discovery rate (FDR) cut-off. The g:Profiler web server (University of Tartu, Tartu, 

268 Estonia) provided comprehensive functional enrichment analysis and detailed information 

269 about specific molecular interactions and processes that are overrepresented in a given 

270 set of genes, namely predicted target genes for the first ten GO terms. KEGG, Reactome 

271 and WikiPathways were applied as data sources for g:Profiler and the Benjamini-

272 Hochberg FDR, and 0.01 as the threshold.  
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273 Statistical analyses

274 Statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software, 

275 San Diego, CA, USA). Data are presented as means ± SD. The unpaired t-test was 

276 conducted for flow cytometry results and GeneGlobe for PCR data analysis (Qiagen, 

277 Hilden, Germany). The paired t-test and 2-tail p-value were calculated between the two 

278 groups, and the global threshold cycle (Ct) mean of expressed miRNAs was used as a 

279 normalization method. As the lower limit of detection, a Ct cut-off value of 36 was adopted. 

280 P-values were determined based on Student’s t-test for each miRNA in the control group 

281 and adenomyosis group, with p-values of <0.05 and <0.01 respectively considered 

282 statistically significant. 

283

284 Results

285 Characterization of stroma-derived exosomes

286 NTA was conducted to assess particle diameter and concentration. Purified exosomes 

287 from ESC supernatant from both adenomyosis and healthy subjects showed a 50-200 nm 

288 size range (179.5 ± 72) and a 4.5-19E+10 particles/ml concentration range (9.6E+10 ± 

289 4.9E+10 and 10.6E+10 ± 4.4E+10 respectively) (Figure 1A). No measurable differences 

290 were observed in exosome size or yield (Supplementary Figure S3A). They appeared as 

291 cup-shaped bimembrane structures, often with a thin and highly electron-dense 

292 membrane upon TEM (Figure 1B). Exosome biomarkers (CD9, CD81) were detected in 

293 purified stroma-derived particles by flow cytometry (Figure 1C). Statistical analyses found 

294 no difference in numbers of CD9-positive and CD81-positive particles between healthy 

295 and adenomyosis subjects, indicating that ESCs from women with and without 
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296 adenomyosis release the same numbers of exosomes (Supplementary Figure S3B-S3C). 

297 These findings confirm that stroma-derived particles are indeed exosomes.

298 miRNA sequencing and data validation by qPCR

299 Regarding small RNA (miRNAs, long non-coding RNAs, mitochondrial RNA, ribosomal 

300 RNA, other), the distribution percentages in control and adenomyosis samples were 42% 

301 and 37% respectively, representing the largest proportion of total small RNA, with no 

302 significant difference between groups (Supplementary Figure S4). To establish qualitative 

303 changes in miRNA expression profiles, fold changes were explored. No differential 

304 changes in miRNA expression were observed between the three different phases of the 

305 cycle in the pooled cohort of samples (n=8 proliferative, n=7 secretory, n=2 menstrual). 

306 There were also no differences in miRNA expression between controls and adenomyosis 

307 patients during the proliferative or secretory phases (4 adenomyosis and 4 healthy in the 

308 proliferative phase and 3 adenomyosis and 3 healthy in the secretory phase). However, 

309 changes in miRNA expression were noted between healthy and adenomyosis subjects 

310 during the menstrual phase, yielding a functional sample. 

311 Of 2632 miRNAs detected, 38 were considered candidates of interest according to the 

312 following parameters: log2 fold change >2 and <-2 and count per million (Supplementary 

313 Table S1). Among these 38 miRNAs, 14 were increased and 22 decreased in stroma-

314 derived exosomes isolated from adenomyosis patients compared to healthy subjects 

315 during the menstrual phase (Figure 2). 

316 Changes miRNA expression was then validated by qPCR on 8 more samples of 

317 endometrial biopsies retrieved from the menstrual phase (Supplementary Table S1). Of 

318 the 38 miRNAs investigated, 12 exhibited a relatively high (>30) average Ct (more than 

319 five cycles below the cut-off), meaning that their relative expression level was low in both 
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320 groups and the fold change p-value was either unavailable or relatively high. Finally, 10 

321 miRNAs showed significantly different expression levels between affected and healthy 

322 subjects in the menstrual phase. Specifically, miR-132-5p, miR-451a and miR-99a-5p 

323 were upregulated, while miR-431-3p, miR-29c-39, miR-337-5p, miR-144-3p, miR-590-3p, 

324 miR-1275 and miR-7-5p were downregulated (Table 1). 

325 Gene set enrichment and functional analyses 

326 Systematic analysis was conducted to comprehensively scrutinize potential regulatory 

327 mechanisms and uncover pathways underlying biological processes associated with the 

328 10 miRNAs showing statistically different expression, validated by qPCR on biopsies of 

329 menstrual endometrium. The most common target genes shared by three miRNAs of 

330 interest were BCL2, BTG anti-proliferation factor 2 (BTG2), ataxin-1 (Akt signaling), 

331 aminoethanethiol dioxygenase (ADO), insulin-like growth factor 1 receptor (IGF1R), 

332 nucleus accumbens-associated 1 (NACC1), pleckstrin homology domain-containing A3 

333 (PLEKHA3), SUZ RNA binding domain containing 1 (SZRD1) and Tet methylcytosine 

334 dioxygenase (TET). The top GO terms for the biological process category were intrinsic 

335 apoptotic signaling pathways in response to oxidative stress, regulation of substrate 

336 adhesion-dependent cell spreading, heterotypic cell-cell adhesion, cellular response to 

337 acid chemicals, and regulation of smooth muscle cell proliferation, cell development, 

338 migration and proliferation, and transcription by RNA polymerase II (Figure 3). Enriched 

339 pathways, shown as dots in Figure 4 and listed by their adjusted p-value (padj), were 

340 analyzed across KEGG, Reactome and WikiPathways databases. Platelet aggregation 

341 (9) and activation (1), integrin signaling (8), PI3K-Akt (2, 12, 13), FoxO (3, 7) and mTOR 

342 (4, 13) signaling pathways and MAP kinase pathway activation (10) were the most 

343 statistically overrepresented. Using genes associated with the top GO terms, miRTarBase 
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344 analysis confirmed that they were targeted by miR-144-3p, miR-29c-3p, miR-1275, miR-

345 590-3p, and miR-7-5p, which were among the 10 differentially expressed and validated 

346 miRNAs.

347

348 Discussion

349 Both the glandular and stromal compartments of eutopic endometrium from women with 

350 adenomyosis show alterations compared to healthy subjects (Vannuccini et al., 2017; 

351 Bulun et al., 2021; Zipponi et al., 2024a). However, the molecular mechanisms driving 

352 crosstalk between ESCs and epithelial glands, along with paracrine signaling underlying 

353 lesion development and progression, remain poorly understood. To our knowledge, this 

354 is the first study to comprehensively isolate and characterize stroma-derived exosomes 

355 from women with adenomyosis, thereby shedding light on their potential involvement in 

356 disease pathogenesis. 

357 Successful isolation of exosomes was confirmed by size analysis and the presence of 

358 known transmembrane biomarkers CD9 and CD81. miRNA transcriptomic profiling of 

359 secreted exosomes from 14 samples revealed potential miRNA candidates showing 

360 different expression between adenomyosis and healthy subjects in the menstrual phase, 

361 suggesting a novel hypothesis on the potential role of menstruation in lesion establishment 

362 and progression. Among the miRNAs examined, miR-132-5p, miR-451a and miR-99a-5p 

363 were upregulated, while miR-431-3p, miR-29c-39, miR-337-5p, miR-144-3p, miR-590-3p, 

364 miR-1275 and miR-7-5p were downregulated in adenomyosis samples during the 

365 menstrual phase compared to controls. The identified miRNAs, which target genes crucial 

366 to cell proliferation, migration and survival, exhibit potential regulatory significance in the 

367 pathogenesis of the disease. This is further corroborated by an earlier study by Juárez-
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368 Barber et al., where these same genes, including IGF1R, PLAG1, PTEN, MYC, YOD1 

369 and ZNF264, were singled out as prominent targets of adenomyosis-related miRNAs 

370 (Juárez-Barber et al., 2023). In line with these findings, other possible players, like ZEB1, 

371 MMP-2 and BCL2 previously associated with cell dynamics in adenomyosis (Guo et al., 

372 2022; Yu et al., 2021; Li et al., 2019a), were encountered in our study, thereby reinforcing 

373 the notion of a complex network of miRNA-mediated regulation in disease progression. 

374 Having confirmed the hypothesis that miRNA exosome cargo may play a role in crosstalk 

375 between stromal and epithelial compartments in the pathogenesis of adenomyosis, we 

376 were seeking to explore how menstruation might influence lesion establishment and 

377 progression. 

378 Role of platelets 

379 During menstruation, shedding of the endometrial lining involves significant vascular injury 

380 and bleeding, which naturally leads to platelet activation. This intensifies inflammation, 

381 promoting growth and survival of ectopic endometrial cells. The presence of activated 

382 platelets in both groups in this study is most likely a normal consequence of menstruation 

383 rather than an indicator of adenomyosis pathogenesis. Nevertheless, elevated markers of 

384 platelet activation were found in menstrual blood from women with adenomyosis, 

385 explaining why platelets may participate in the pathogenesis of the disease during 

386 menstruation by promoting cell growth and survival (Guo et al., 2023). However, reported 

387 findings on the role of platelets in the pathophysiological process of adenomyosis have 

388 been inconsistent (Liu et al., 2016; Guo et al., 2020; Mosele et al., 2021; Maybin and 

389 Critchley, 2009). 

390 PI3K/Akt/mTOR pathway
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391 Enriched pathways found in this study like PI3K/Akt and FoxO, which are critical to cell 

392 survival and angiogenesis as well as apoptosis and response to oxidative stress, further 

393 support the theory of growth of ectopic endometrial tissue into the myometrium 

394 (Stratopoulou et al., 2021). Estrogen stimulation of the PI3K/Akt/mTOR pathway, known 

395 to be aberrantly activated in adenomyosis (Driva et al., 2022; Xue et al., 2013; Guo et al., 

396 2015), promotes endometrial epithelial cell invasion and migration, illustrating the complex 

397 interplay of hormonal and molecular mechanisms during menstruation in adenomyosis 

398 (Donnez et al., 2021a). The PI3K/Akt/mTOR pathway can also be activated by 

399 downstream integrin signaling cascades. 

400 Integrins in endometrial cells

401 Enrichment of integrin signaling during menstruation suggests its potential involvement in 

402 endometrial repair and regeneration by mediating attachment of new cells to the 

403 underlying matrix, thereby aiding in cell interactions and cell-extracellular matrix adhesion 

404 in response to endometrial shedding. In adenomyosis, the same integrin-mediated 

405 processes may be hijacked, with abnormally expressed integrins in ectopic endometrial 

406 cells becoming more invasive, leading to formation of adenomyotic lesions (Xiao et al., 

407 2013).

408 miR-451a

409 miR-451a has been suggested as a promising therapeutic target for endometriosis (Cosar 

410 et al., 2016; Li et al., 2019b), a disease that shares both pathogenic and clinical features 

411 with adenomyosis, and this study does indeed point to a potential shared regulatory 

412 mechanism. miR-451a is also associated with changes in progesterone values in the 

413 endometrium, indicating its possible involvement in modulating endometrial receptivity 

414 through progesterone-related pathways (Li et al., 2011). This is particularly important as 
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415 progesterone plays a crucial role in regulating the menstrual cycle and pregnancy, and 

416 dysregulation of its pathways is implicated in both diseases. miR-451a may contribute to 

417 progesterone resistance, where ectopic endometrial tissues exhibit a reduced response 

418 to progesterone's regulatory effects. This resistance disrupts normal endometrial function, 

419 contributing to impaired receptivity, abnormal menstrual cycles and disease progression 

420 (Donnez and Dolmans, 2021b). In adenomyosis, miR-451a levels were higher in ectopic 

421 lesions than in normal endometrium (Guo et al., 2015; Tang et al., 2023). 

422 Summary 

423 To sum up, the most overrepresented pathways targeted by miRNA exosome cargo 

424 secreted by ESCs from women with adenomyosis in the menstrual phase are mainly 

425 involved in endometrial cell survival, enhanced proliferation, angiogenesis, apoptosis and 

426 oxidative stress responses. 

427 Strengths and limitations

428 The present study is highly informative and intended as a resource-type foundational 

429 work, having both strengths and limitations. The combination of NGS and validation 

430 through qPCR offers several strong points that complement each other, providing a 

431 comprehensive approach to studying miRNA expression. Specifically, NGS allows for 

432 unbiased, genome-wide profiling of miRNAs, bringing to light detectable miRNAs in 

433 samples and characterizing them in relation to adenomyosis. The main drawbacks of the 

434 study are sample size, diversity and representation due to limited availability of 

435 endometrial biopsies in the menstrual phase. We acknowledge that use of 2D in vitro 

436 culture systems may affect the phenotype of endometrial cells and fail to replicate the 

437 complex 3D structure and microenvironment of the native endometrium. This approach 

438 cannot capture key interactions between immune cells, blood vessels and the dynamic 
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439 hormonal changes that occur throughout the menstrual cycle, which are essential to 

440 understanding endometrial physiology and pathology.

441 Conclusion

442 By focusing for the first time on menstruation-specific molecular mechanisms, this 

443 preliminary study sheds light on the potential role of ESC paracrine signaling in 

444 adenomyosis lesion development and progression. Our findings suggest that intercellular 

445 communication during menstruation may play a pivotal role in driving epithelial glands into 

446 the myometrium. This concept aligns with theories in endometriosis research, where 

447 retrograde menstruation has been proposed as a mechanism for lesion development 

448 (Burney et al., 2012). An enhanced understanding of the role of menstruation in disease 

449 pathogenesis points to the critical influence of ESC signaling in the establishment of 

450 adenomyotic lesions. Furthermore, this foundational work reveals key data on intercellular 

451 communication mediated by stroma-derived exosomes and their miRNA cargo, 

452 suggesting possible novel regulatory pathways in the pathogenesis of the disease. More 

453 research is needed to elucidate the complex mechanisms involved in the crosstalk 

454 between ESCs and epithelial glands in the endometrium and how they drive adenomyotic 

455 lesion establishment. This information is crucial to developing more targeted and effective 

456 clinical treatments, addressing both the symptoms and underlying causes of the disorder. 

457 Having laid the ground with our data, future studies should seek to validate these findings 

458 in larger cohorts and apply functional assays to confirm the influence of ESCs and their 

459 involvement in disease development. This could significantly impact diagnostic and 

460 therapeutic approaches to this challenging condition.

461
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463 All data supporting this article are provided in the main body and are available in the online 

464 supplementary information. Raw data underlying miRNA sequencing are available in 

465 GSE281678 at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE281678.
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659 Figure legends 

660 Graphical abstract. Stroma-derived exosome characterization in women with 

661 adenomyosis. 

662 Figure 1. Exosome characterization

663 A) Particle size and concentration assessed by nanoparticle tracking analysis (NTA).

664 B) Morphological appearance of exosomes isolated by ultracentrifugation. Transmission 

665 electron microscopy (TEM) image. Original magnification: 20,000. Scale bar: 0.2 µm. 

666 C) Exosome biomarker evaluation (CD9 and CD81) by flow cytometry.

667 Figure 2. Dysregulated miRNAs

668 There were 38 miRNAs selected based on sequencing data as shown by all coloured dots 

669 (small and large) in the volcano plot. Red dots represent the 14 miRNAs that are more 

670 widely expressed in adenomyosis samples in the menstrual phase compared with 

671 controls. Blue dots symbolize the 22 miRNAs that are less widely expressed. Grey dots 

672 show no changes in miRNA expression. The ten miRNAs found to be significantly 

673 differently expressed by qPCR are indicated by larger dots (3 red and 7 blue). The Y-axis 

674 represents p-values (-log10) and the X-axis represents the fold change (log2). 

675 Figure 3. GO enrichment analysis 

676 Gene Ontology (GO) enrichment analysis carried out with ShinyGO v0.80. GO terms for 

677 the biological process category of predicted target genes are listed based on their fold 

678 enrichment, the percentage of differentially expressed genes belonging to a pathway, 

679 divided by the corresponding percentage of genes in the background. Greater numbers 

680 of genes involved in a specific pathway suggest lower specificity (yellow), while fewer 

681 genes indicate higher target specificity (violet). 

682 Figure 4. Functional enrichment analysis
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683 Enrichment overrepresentation analysis results of predicted target genes in the first 10 

684 Gene Ontology (GO) terms tested against KEGG, Reactome (REAC) and WikiPathways 

685 (WP). The most significant pathways are highlighted (false discovery rate (FDR) <0.01) 

686 and ordered by the adjusted p-value (padj) of differentially expressed genes. The Y-axis 

687 represents Benjamini-Hochberg-corrected p-values (-log10) and the X-axis represents the 

688 functional terms that were grouped and colour-coded by data source. 
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Figure 1. Exosome characterization 
A) Particle size and concentration assessed by NTA. 

B) Morphological appearance of exosomes isolated by ultracentrifugation. TEM image. Original 
magnification: 20,000. Scale bar: 0.2 µm. 

C) Exosome biomarker evaluation (CD9 and CD81) by flow cytometry. 
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Figure 2. Dysregulated miRNAs 
Thirty-eight miRNAs selected based on sequencing data are shown as dots in the volcano plot. Red dots 

represent the 14 miRNAs that are more widely expressed in adenomyosis samples in the menstrual phase 
compared with controls. Blue dots symbolize the 22 miRNAs that are less widely expressed. Grey dots show 

no changes in miRNA expression. MiRNAs found to be significantly differently expressed by qPCR are 
indicated by larger dots. The Y-axis represents p-values (-log10) and the X-axis represents the fold change 

(log2). 
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Figure 3. GO enrichment analysis 
GO enrichment analysis carried out with ShinyGO v0.80. GO terms for the biological process category of 

predicted target genes are listed based on their fold enrichment, the percentage of differentially expressed 
genes belonging to a pathway, divided by the corresponding percentage of genes in the background. Greater 

numbers of genes involved in a specific pathway suggest lower specificity (yellow), while fewer genes 
indicate higher target specificity (violet). 
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Figure 4. Functional enrichment analysis 
Enrichment overrepresentation analysis results of predicted target genes in the first 10 GO terms tested 
against KEGG, Reactome (REAC) and WikiPathways (WP). The most significant pathways are highlighted 

(FDR <0.01) and ordered by the adjusted p-value (padj) of differentially expressed genes. The Y-axis 
represents Benjamini-Hochberg-corrected p-values (-log10) and the X-axis represents the functional terms 

that were grouped and color-coded by data source. 
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1 Table 1. Validation of miRNA expression

Mature ID P value Fold change

hsa-miR-132-5p 0.026 8.57
hsa-miR-99a-5p 0.029 2.16
hsa-miR-451a 0.039 3.17
hsa-miR-1468-5p 0.051 7.63

hsa-miR-3605-5p 0.052 13.53

hsa-miR-130b-5p 0.054 3.22

hsa-miR-196a-5p 0.055 4.19

hsa-miR-10b-5p 0.055 2.21

hsa-miR-150-5p 0.065 3.32

hsa-miR-4636 0.131 3.60

hsa-miR-940 0.135 1.82

hsa-miR-100-5p 0.176 2.26

hsa-miR-204-3p 0.177 2.90

hsa-miR-214-3p 0.182 1.62

hsa-miR-3182 0.378 2.05

hsa-miR-629-5p 0.526 1.16

Log2 fold change >2 

hsa-miR-139-5p 0.959 1.35

hsa-miR-337-5p 0.029 -6.02
hsa-miR-590-3p 0.035 -5.77
hsa-miR-29c-3p 0.008 -5.61
hsa-miR-144-3p 0.029 -3.36
hsa-miR-7-5p 0.011 -2.91
hsa-miR-431-3p 0.038 -2.35
hsa-miR-1275 0.029 -1.71
hsa-miR-136-3p 0.073 -2.10

hsa-miR-1-3p 0.14 -1.76

hsa-miR-376a-3p 0.066 -2.27

hsa-miR-497-5p 0.317 -2.02

hsa-miR-4443 0.392 -1.33

hsa-miR-130a-3p 0.080 -7.32

Log2 fold change <-2

hsa-miR-15a-5p 0.067 -3.24
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hsa-miR-340-5p 0.164 -1.89

hsa-miR-29a-3p 0.072 -3.47

hsa-miR-27a-3p 0.063 -5.13

hsa-miR-376b-3p 0.031 -3.08

hsa-miR-424-5p 0.208 -4.89

hsa-miR-1185-1-3p 0.38 -2.54

hsa-miR-29b-3p 0.186 -2.43
2

3 miRNA differential expression validation in adenomyosis and healthy subjects in the menstrual phase by 
4 qPCR. Significantly differently expressed miRNAs (n=10) are highlighted in bold. Specifically miR-132-
5 5p, miR-451a and miR-99a-5p are upregulated in adenomyosis, while miR-431-3p, miR-29c-39, miR-
6 337-5p, miR-144-3p, miR-590-3p, miR-1275 and miR-7-5p are downregulated.

7
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