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Abstract

Research question: Adenomyosis is a common uterine disorder of uncertain causes. Can 

transcriptomic analyses of the endometrium and myometrium reveal potential mechanisms 

underlying adenomyosis pathogenesis?

Design: Transcriptomic profiles of eutopic endometrium and myometrium from women with and 

without diffuse adenomyosis and with symptomatic FIGO type 2–5 fibroids in the proliferative 

phase of the menstrual cycle were assessed using RNA sequencing and bioinformatic analysis. 

Differentially expressed genes (DEG) and potential pathways were validated by quantitative 

reverse transcription polymerase chain reaction, immunoblotting and Masson staining, using 

additional clinical samples.
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Results: Top biological processes in the endometrium of women with versus without 

adenomyosis, enriched from DEG, comprised inflammation, extracellular matrix (ECM) 

organization, collagen degradation and hyaluronan synthesis, which are key in cell migration 

and cell movement. Top biological processes enriched from DEG in the myometrium of women 

with versus without adenomyosis revealed ECM organization dysfunction, abnormal sensory 

pain perception and gamma aminobutyric acid (GABA) synaptic transmission. Dysregulation of 

prolactin signalling was also enriched in eutopic endometrium and in the myometrium of women 

with adenomyosis.

Conclusions: Overall, our results support the invasive endometrium theory in the pathogenesis 

of adenomyosis, in which inflammation induces ECM remodelling resulting in a track for 

subsequent endometrial collective cell migration and onset of adenomyosis. Moreover, abnormal 

myometrial GABA synaptic transmission may contribute to dysmenorrhoea in women with 

adenomyosis and is a possible target for novel therapeutic development. Prolactin signalling 

abnormalities may serve as another opportunity for therapeutic intervention.
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INTRODUCTION

Adenomyosis is a common, hormonally driven uterine disorder occurring in 8–27% of 

reproductive age women (Kissler et al., 2008). It is associated with uterine enlargement, 

heavy menstrual bleeding (HMB), chronic pelvic pain, infertility and miscarriage (Harada et 

al., 2016). The pathognomonic feature of adenomyosis is the abnormal, heterotopic location 

of endometrial epithelial cells and stromal fibroblasts in the myometrium where they 

elicit hyperplasia and hypertrophy of surrounding smooth muscle cells (Zhai et al., 2020). 

The mechanisms and pathogenesis of how the adenomyotic lesions develop are uncertain, 

although the endometrial, myometrial compartments, or both, have been suggested as prime 

contributors.

One hypotheses involves enhanced invasion of the endometrial basalis through an injured 

or abnormal junctional zone into the myometrium (Zhai et al., 2020), via epithelial-to-

mesenchymal transition (EMT) in early disease progression and collective cell migration in 

later invasion (Garcia-Solares et al., 2018). Junctional zone injury can be iatrogenic, e.g. 

caused by uterine surgery, or physiologic through microtissue injury and repair (TIAR) after 

each menstrual cycle (Leyendecker et al., 2009). Notably, adenomyosis lesions have been 

reported in the myometrium of women who lack functional endometrium, e.g. in those with 

Mayer–Rokitansky–Kuster–Hauser syndrome (Chun et al., 2013) or Asherman’s syndrome 

(Wang et al., 2021), and so other mechanisms may also be operational (Hoo et al., 2016).

An alternative hypothesis is the de-novo metaplasia theory (Garcia-Solares et al., 2018) 

wherein adenomyotic lesions derive from embryonic and adult stem cells in the myometrium 

per se. The stimuli for transformation of these cells are not clearly defined, and whether the 

myometrium is intrinsically abnormal in women with adenomyosis is yet to be determined.
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Functional abnormalities believed to contribute to the pathogenesis of adenomyosis include 

increased endometrial cell proliferation, high invasive capacity of endometrial stromal 

cells, epithelial-to-mesenchymal transition and aberrant TIAR induced by microtrauma 

and trauma at the endometrial–myometrial interface (Benagiano et al., 2012; Zhai et al., 

2020). Eutopic endometrium (lining the uterus) and ectopic endometrium of adenomyosis 

lesions in the myometrium aberrantly display activation of interleukin 6 (IL-6) and ERK/

MAPK signalling, although studies are limited (Xiang et al., 2019). The myometrium also 

contributes to the pathogenesis and pathophysiology of adenomyosis, as increased uterine 

contractility, which is induced by overexpression of the oxytocin receptor in women with 

symptomatic adenomyosis, and is associated with dysmenorrhoea, common in this disorder 

(Guo et al., 2013). To date, transcriptomic analyses of the myometrium in the pathogenesis 

of adenomyosis are lacking.

The aim of the present study was to investigate potential mechanisms underlying the 

pathogenesis and pathophysiology of adenomyosis, with a focus on the endometrium 

and myometrium, and to potentially identify druggable targets to control its associated 

symptoms. To this end, endometrial and myometrial transcriptomic signatures and 

associated biologic processes and signalling pathways were pursued, with the use of 

RNA-sequencing, in a well-defined hormonal milieu of women with and without diffuse 

adenomyosis. These analyses, along with target validation studies, identified biological 

processes and regulatory networks that support endometrial and myometrial dysfunction in 

adenomyosis and the theory of collective endometrial cell migration in the pathogenesis of 

this disorder.

MATERIALS AND METHODS

Clinical samples

Endometrium and myometrium of women with adenomyosis and controls without 

adenomyosis were collected from hysterectomy specimens. Patients with adenomyosis 

were identified through clinical history and symptoms, and ultrasound, magnetic resonance 

imaging, or both. Histologic evaluation of hysterectomy specimens confirmed diagnosis, 

along with International Federation of Gynecology and Obstetrics (FIGO) type 2–5 

uterine fibroids. Controls had undergone hysterectomy owing to symptomatic FIGO 

type 2–5 uterine fibroids, HMB, or both. Although it was not possible to collect 

myometrial tissue from normal controls, areas near uterine fibroids were avoided using 

immunohistochemistry (IHC) when selecting uterine tissue for RNA-sequencing, with the 

aim of minimize the effect of uterine fibroids on the transcriptome data. Full thickness 

uterine specimens (including endometrium and myometrium) were collected and stored 

at −80°C. Endometrium and myometrium were dissected from the frozen full thickness 

tissue using a surgical blade and away from areas of fibroids. All participants (n = 16 

cases; n = 15 controls) were in the proliferative phase of the menstrual cycle, confirmed by 

endometrial histology (Noyes et al., 1975). Participant clinical characteristics are presented 

in Supplementary Table 1. All participants were documented as not pregnant and had not 

received hormonal or gonadotrophin releasing hormone agonist (GnRHa) treatments for at 

least 3 months before tissue sampling. Out of the 31 samples, six cases and five controls 
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were used for RNA sequencing. The other 10 cases and 10 controls were used for validation 

using quantitative reverse transcription polymerase chain reaction (qRT-PCR). Of these, 

six cases and six controls were also used to validate protein using western blotting. The 

clinical samples were collected from the Human Endometrial Tissue and DNA Bank at 

the University of California, San Francisco, under an approved human subject’s protocol, 

which was initially approved in November 2010, with continuing review approval annually 

to date (IRB number 10–02786) and Ren Ji Hospital, School of Medicine, Shanghai Jiao 

Tong University (IRB number 2019122704) under an ongoing protocol, approved initially in 

2019, after written informed consent was obtained from all participants.

RNA extraction and sequencing

Total RNA was extracted from the endometrium and myometrium separately in six cases 

and five controls using the NuleoSpin RNA isolation Kit (Macherey-Nagel, Allentown, PA, 

USA). RNA quality was detected using a bioanalyzer; renewable identification numbers 

of all RNA samples were over 7. RNA sequencing library preparation was carried out as 

described previously (Klohonatz et al., 2019). Briefly, the Illumina TruSeq RNA Library 

Prep Kit (Illumina, San Diego, CA, USA) was used to prepare the mRNA sequencing 

library. The quality and concentration of all libraries were analysed with an Agilent 

Bioanalyzer (Agilent, Santa Clara, CA, USA). The Illumina Hiseq 2500 sequencing system 

(Illumina, San Diego, CA, USA) was used for mRNA sequencing, and 150–bp paired–end 

FASTQ read files were generated. The quality of fastq files was tested using the FastQC 

(Ward et al., 2020). A raw count of reads per gene was also obtained with STAR (Dobin 

et al., 2013). The data have been deposited in the NCBI GEO database (GSE190580). 

R/Bioconductor package (v1.20.0) was used to assess differential expression between cases 

and controls. Statistically significantly DEG were considered when P < 0.05 and log fold 

change was over 2.

Enrichment analysis

DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/) was used for clustering 

of DEG. Gene Ontology analysis was used to identify possible molecular functions and 

to visualize the potential biological translation of DEG. Kyoto Encyclopedia of Genes 

and Genomes (KEGG) was used to analyse the potential functions of these genes. The 

R package ‘clusterProfiler’ was used for Gene Ontology and KEGG pathway enrichment 

analyses.

Protein–protein interaction and network analysis among differentially expressed genes

Interactions and K-means clustering among DEG of myometrium in adenomyosis versus 

controls were analysed using STRING (http://www.string-db.org/). Moreover, the protein–

protein interaction (PPI) among DEG of endometrium were also identified using STRING.

Masson’s trichrome stain

Human endometrial tissues were fixed with 4% paraformaldehyde solution for 24 h and 

embedded in paraffin. Then, the tissue was cut into 5-μm thick pieces and placed on glass 

slides, which were then baked at 60°C for 1 h, routinely dewaxed, rinsed and stained with 

Zhai et al. Page 4

Reprod Biomed Online. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://david.ncifcrf.gov/
http://www.string-db.org/


Masson trichrome staining. Samples were imaged by microscopy (Zeiss, Axio Vert. A1) 

(Zeiss, Oberkochen, Germany).

Real-time quantitative polymerase chain reaction

Total RNA from endometrium and myometrium tissues (10 cases and 10 controls) was 

extracted separately using an Animal Total RNA Isolation Kit (Foregene, Chengdu, China) 

and then reverse-transcribed into cDNA using PrimeScript RT Master Mix (Takara, Dalian, 

China) and BIO-RAD C1000 Touch Thermal Cycler. The mRNA expression of target genes 

was detected using real-time quantitative polymerase chain reaction. Results were analysed 

using the ΔΔCt method. The ratio of a target gene to β-ACTIN expression was calculated 

and reported as the target mRNA level, as in Wara-aswapati et al. (2007). The primer 

sequences of targeted genes are presented in Supplementary Table 2.

Western blot

Total cellular proteins were isolated from human endometrium (six cases and six 

controls) tissues using ice-cold radioimmunoprecipitation assay lysis buffer (Cowbiotech, 

Beijing, China) containing a protease inhibitor cocktail (Roche, Basel, Switzerland) and a 

phosphatase inhibitor (Roche, Basel, Switzerland) for 30 min followed by centrifuging at 

4°C and 13523 × g for 10 min and supernatant collection. The concentration of total protein 

was determined using a Pierce BCA Protein Assay Kit (Thermo Scientific, Massachusetts, 

USA) (Li et al., 2018). Samples of protein (35 μg) were separated on 10% sodium 

dodecyl sulfate gels in 80–120 V for 1.5 h and then wet transferred to a nitrocellulose 

membrane at 200 mA for 1.5–2 h. After blocking in 5% bovine serum albumin for 1 h, the 

nitrocellulose membrane was incubated with primary antibody dilution buffer (Beyotime, 

Shanghai, China) diluted antibody against matrix metalloproteinase 1 (MMP1) (1:1000) 

(Proteintech, Wuhan, China), MMP13 (1:1000) (Proteintech, Wuhan, China), collagen III 

(COLIII) (1:1000) (Proteintech, Wuhan, China), and COL1A1 (1:1000) (Cell Signaling 

Technology, Danvers, MA, USA) at 4°C overnight. The nitrocellulose membrane was 

then incubated with diluted matched peroxidase-conjugated secondary antibody for 1 h at 

room temperature. Membranes were then incubated with ECL Western blotting substrate 

(Merck Millipore, Billerica MA, USA) and immunoreactive bands visualized using GBOX 

(Syngene, Cambridge, UK), and the ratio of target protein to GAPDH (1:5000) (Proteintech, 

Wuhan, China) was calculated as previously reported (Li et al., 2018).

Statistical analysis

Results are presented as mean ± SEM or SD. Differences between women with versus 

without adenomyosis were analysed in unpaired Student’s t-test with SPSS software (IBM, 

NY, USA). Statistical significance is shown as *P < 0.05, **P < 0.01, or ***P < 0.001.

RESULTS

Endometrium

RNA-sequencing—In the transcriptomic analysis of eutopic endometrium, 1014 DEG 

were identified in the comparison of six women with adenomyosis compared with five 

controls (FIGURE 1A). The clusters identified by DAVID from the DEG focused on wound 
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healing, inflammatory response and DNA binding (FIGURE 1B). Similarly, Gene Ontology 

enrichment revealed dysfunction of inflammatory response, extracellular matrix disassembly 

and cell population proliferation in the endometrium of women with adenomyosis, whereas 

KEGG identified dysregulated inflammatory related signalling pathways (TNF, IL-17 and 

NF-kappa B signalling pathways) (FIGURE 1C and 1D).

Network analysis—Protein–protein interaction and network analysis were conducted to 

investigate the interaction between inflammation and ECM remodelling and identify key 

molecules in these biological processes. Inflammatory response shares numerous DEG 

with ECM remodelling (ECM organization, ECM disassembly, collagen catabolic process 

and hyaluronan biosynthetic process), as well as positive regulation of cell migration in 

the analysis of endometrium of women with versus without adenomyosis (FIGURE 2A), 

indicating the close interactions between inflammatory response and ECM remodelling. 

Moreover, PPI analysis revealed that inflammatory factors, especially tumour necrosis 

factor (TNF), interleukin 1 beta (IL1B) and chemokines, correlated with many genes in 

ECM degradation and cell migration, including matrix metalloproteinase (MMPs) and a 

disintegrin and metalloproteases (ADAMs) (FIGURE 2B). Therefore, inflammatory induced 

ECM remodelling and subsequent activated cell migration in eutopic endometrium of 

women with adenomyosis is supported from the above analysis.

Several prominent biological processes were identified in the endometrium of women with 

versus without adenomyosis, including cell–cell adhesion and coupling, forming a migration 

track or ECM remodelling and driving force of cell migration (TABLE 1). Persistent 

cell adhesion and abnormal expression of chemokine (CXC motif) ligand/receptor (CXCL/

CXCR) signalling pathways, essential in collective cell invasion (Strieter et al., 2006), were 

also detected in the endometrium of women with adenomyosis (TABLE 1). Therefore, these 

processes involved in creating a track for cell migration and persistent cell adhesion support 

a role for collective endometrial cell migration, driven by CXCL/CXCR signalling, in the 

development of adenomyosis.

Validation—Key DEG of top enriched biological processes, especially inflammation and 

ECM remodelling, in the endometrium of women with adenomyosis were validated at the 

RNA and protein levels (FIGURE 3). IL1B, IL18 and TNF were all significantly increased 

in women with adenomyosis compared with controls (P = 0.002, P = 0.041 and P = 0.022, 

respectively) (FIGURE 3A). Moreover, the enzymes responsible for collagen degradation, 

MMP1, MMP8 and MMP13, and their natural inhibitor, tissue inhibitor of metallopeptidase 

1 (TIMP1), also increased in the endometrium of women with adenomyosis (P = 0.002, P = 

0.001, P = 0.008 and P = 0.0085, respectively), although changes in COL1A1, COL1A2 and 

COL3A1 mRNAs were not observed (FIGURE 3B and 3C). Hyaluronan is another critical 

component of the ECM, and the enzymes for hyaluronan synthesis, hyaluronan synthase 

HAS1, HAS2 and HAS3, were also highly expressed in the endometrium of women with 

adenomyosis (P = 0.016, P = 0.049 and P = 0.015, respectively) without changes in their 

receptor, CD44, a cell-surface glycoprotein involved in cell–cell interactions, cell adhesion 

and migration (FIGURE 3D). To verify key proteins involved in ECM remodelling and 

collagen catabolic process, western blot was carried out. Increased MMP1 and MMP13 

Zhai et al. Page 6

Reprod Biomed Online. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were detected in the endometrium of women with versus without adenomyosis (P = 

0.018 and P = 0.031) (FIGURE 3E). COL1A1 and COLIII protein immunoreactivity was 

significantly increased (P = 0.009 and P = 0.024) in the absence of significant changes in the 

corresponding mRNA in endometrium of women with adenomyosis (FIGURE 3E and 3F).

Myometrium

RNA-sequencing—Myometrial dysfunction may also contribute to the pathogenesis of 

adenomyosis. In the present study, 1906 DEG were identified in the transcriptomic analysis 

of the myometrium of women with versus without adenomyosis (FIGURE 4A). Further 

enrichment analysis found that the myometrial layer of adenomyosis patients also presented 

ECM organization and collagen catabolic processes dysfunction, similar to endometrium 

(FIGURE 4B–4D). Interestingly, abnormalities were found in sensory pain perception as 

well as gamma aminobutyric acid (GABA) synaptic transmission in the myometrium of 

women with adenomyosis (FIGURE 4C), suggesting a neuropathic nature for chronic pelvic 

pain and dysmenorrhoea associated with this disorder.

Network analysis—From the network analysis, ECM remodelling and myometrial neural 

disorder interact with each other closely (FIGURE 5A). Moreover, K-means clustering of 

DEG involved in the top enriched Gene Ontology terms identified the association and key 

molecules that function in the dysregulated biological processes in endometrium of women 

with adenomyosis (FIGURE 5B). The analysis showed that ECM remodelling is mainly 

attributed to the green cluster, whereas neuropathic processes and humoral immune response 

belong to the red cluster (FIGURE 5B). Also, CXCL8 may function as a mediator of both 

ECM remodelling and neuropathic dysfunction owing to its extensive contact with the DEG 

in the green and red clusters (FIGURE 5B).

Validation—In addition, mRNA levels of CXCL8 were also significantly increased in the 

myometrium of women with adenomyosis compared with controls (P = 0.044) (FIGURE 

5C) without significant changes in either IL1B or TNF. On the contrary, MMP1 and MMP8 
mRNAs were significantly increased in the myometrium of women with adenomyosis (P = 

0.0005 and 0.021, respectively) (FIGURE 5D), similar to that observed in the endometrium 

of women with disease (FIGURE 3B). For the neuropathic processes, synaptic transmission 

related genes were validated, including decreased gamma-aminobutyric acid type A receptor 

subunit alpha2 (GABRA2), increased neurotensin (NTS) and oxytocin receptor (OXTR), in 

the myometrium of women with adenomyosis versus without (P = 0.020, P = 0.009 and P = 

0.022, respectively) (FIGURE 5E).

Endometrium and myometrium

In the present analysis, 115 DGE commonly dysregulated in both the endometrium 

and myometrium of women with versus without adenomyosis were identified. The top 

enriched Gene Ontology terms are collagen catabolic process, immune response and 

chemotaxis (TABLE 2). Comparison of genes and pathways commonly dysregulated in 

both endometrium and myometrium of women with versus without adenomyosis revealed 

a role for prolactin (PRL) signalling, supporting a longstanding hypotheses for involvement 

of PRL and PRLR in the pathogenesis and pathophysiology of this disorder (Mori et al., 
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1981). In the present study, the PRL signalling pathway was enriched in DEG of both 

endometrium and myometrium of women with versus without adenomyosis (enrichment 

scores of 1.955 and 2.23, respectively). Five common DEG genes included SHC4, CCND1, 

GALT, SOCS5 and ELF5 (FIGURE 6A). In the present validation, CCND1 mRNA was 

significantly increased in both the eutopic endometrium (P = 0.044) and myometrium (P 
= 0.002) of women with adenomyosis (FIGURE 6B), consistent with a role for CCND1 
in endometrial cell proliferation in women with adenomyosis. In addition, GALT mRNA 

expression was decreased in the eutopic endometrium (P = 0.014) of adenomyosis versus 

controls without significant changes in the myometrium (P = 0.282) (FIGURE 6C).

DISCUSSION

Insights into pathogenesis: collective endometrial cell migration theory

In the endometrium of women with versus without adenomyosis, biological processes 

and functional analyses derived herein revealed inflammation-induced ECM remodelling 

and cell cohesion and coupling, forming a migration track and driving force for guided 

cell migration. Previous studies have demonstrated a role for inflammatory factors in 

promoting ECM remodelling and subsequent cell migration in tumours (Lee and Heur 2013; 

Wang et al., 2017), and the observations herein provide supporting molecular evidence for 

this phenomenon in the endometrium of women with adenomyosis using whole genome 

transcriptomics. A recent publication on single cell RNA sequencing of endometrium from a 

woman with adenomyosis versus women with uterine fibroids is consistent with our findings 

(Liu et al., 2021).

Cell movement ranges from uncoordinated ruffling of cell boundaries to migration of single 

cells to collective motions of cohesive cell groups (Thuroff et al., 2019). Cell migration, 

the basis of cell invasion, comprises migration of single cells to position themselves in 

tissues and collective migration wherein cells remain connected as they move, resulting 

in migrating cohorts (Friedl and Gilmour, 2009). For the latter, cells remain physically 

and functionally connected during movement; multicellular polarity and ‘supracellular’ 

organization of the actin cytoskeleton generate traction and protrusion force for migration. 

Also, moving cell groups structurally modify the tissue along the migration path, either by 

clearing the track or by causing secondary ECM modification (Friedl et al., 2004; Montell, 

2008). Previous studies have suggested the potential role of collective cell migration in the 

invasion process of deep endometriotic lesions and latter phases of adenomyosis (Donnez 

et al., 2015; Garcia-Solares et al., 2018). No direct evidence to date, however, has clearly 

demonstrated collective cell migration in adenomyosis development. In our data, however, 

the striking triad of cell cohesion and coupling form a migration track and guided cell 

migration among the biological processes derived from DEG in the endometrium of women 

with versus without adenomyosis. This supports endometrial collective cell migration into 

the myometrium, resulting in the development of ectopic endometrium lesions in the 

myometrium of women with adenomyosis. Whether collective cell migration plays a role in 

the onset of adenomyosis needs to be further verified through IHC of E-cadherin, β-catenin, 

N-cadherin and other biomarkers and in animal models.
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Increased ECM organization and collagen catabolic process were detected in the 

endometrium and myometrium of adenomyosis cases with unclear pathogenesis. One of the 

most common causes is chronic injury and inflammation caused by hyperperistalsis of the 

junctional zone, which further leads to abundant myofibroblasts and collagen hyperplasia. 

Collective cell behaviour in response to mechanical injury is central to various regenerative 

and pathological processes (Jiang et al., 2020). Therefore, the trigger for this may be micro 

TIAR caused by hyperperistalsis (Leyendecker et al., 2009) or an iatrogenically injured 

endometrial–myometrial interface (junctional zone), involving local oestrogen signalling, 

inflammation and wound repair mechanisms. Importantly, women who have had a caesarean 

section or dilatation and curettage procedures have higher risk of developing adenomyosis 

(Upson and Missmer, 2020), consistent with this hypothesis.

Regarding mechanisms underlying collective cell migration from the endometrium to the 

myometrium leading to adenomyosis, the present data support a role for CXCL/CXCLR 

signalling, as direction of migration along a track depends on the polarity of cell clusters and 

chemokines within the anatomic niche (Zhou et al., 2010). What regulates dysfunctionality 

of endometrial CXCL/CXCLR signalling, the cell types and specific ligand/receptor pairs 

involved, and specific roles for this signalling family in the pathogenesis of adenomyosis, 

warrant further investigation. Notably, as collective cell movement is relevant for processes 

in morphogenesis, tissue repair and cancer invasion and metastasis, conserved mechanisms 

may be operational, as suggested by Garcia-Solares et al. (2018).

Endometrium and myometrium: prolactin and adenomyosis

A possible role for PRL in adenomyosis was derived initially from an experiment conducted 

over 40 years ago wherein hypophyseal transplantation into mice uteri induced adenomyosis 

(Mori et al., 1981). Subsequently, infusion of PRL or administration of dopamine agonist 

causing hyperprolactinemia resulted in adenomyosis in the mouse (Singtripop et al., 1991). 

More recently, higher serum levels of PRL in women with adenomyosis compared with 

those without disease have been reported (Sengupta et al., 2013). In the present study, 

several members of the PRL signalling pathway (FIGURE 6) that are dysregulated in the 

endometrium of women with adenomyosis and are involved in cell proliferation, cell cycle 

progression and gluconeogenesis. For example, SHC4 is involved in PRL signalling and 

plays a role in cell proliferation, differentiation and survival (Ahmed and Prigent, 2017). 

These are important processes in the pathogenesis of adenomyosis. In endometrial cancer 

cells, autocrine PRL expression stimulates cell proliferation, migration and invasion, and 

promotes tumour growth, local invasion and metastases, processes that are important in 

adenomyosis pathogenesis.

Additionally, over-expression of PRL in the Ishikawa endometrial adenocarcinoma cell line 

increases cyclin D1 (CCND1) mRNA levels and enhances cell cycle progression (Ding 

et al., 2017). CCND1 is a key component of PRL signalling and may be a factor in 

endometrial cell proliferation and adenomyosis. Galactose-1-phosphate uridyl transferase 

(GALT) is a key enzyme in gluconeogenesis, which is inhibited by PRL/PRLRs via Foxo3a 

(Devi et al., 2009). Recently it was found to be associated with adenomyosis (Goumenou 

et al., 2000). SOCS5, another common DEG identified in PRL signalling, is a member 
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of the suppressor of cytokine signalling (SOCS) protein family with controversial tumour-

promoting and tumour-suppressive roles in cancer. Zhang et al. (2019a) reported that SOCS5 
overexpression promoted hepatic cancer cell migration and invasion in vitro by inactivating 

PI3K/Akt/mTOR-mediated autophagy. E74-like factor 5 (ELF5) also plays a key role in 

the processes of cell differentiation and apoptosis, whereas overexpression of ELF5 inhibits 

migration and invasion of ovarian cancer cells (Zhang et al., 2019b). Previously published 

studies have shown that several additional factors can affect the PRL pathway. For example, 

nuclear receptor (NR) 4A modulates decidualization of endometrium by upregulating PRL 

via forkhead box O (FOXOA1) (Jiang et al., 2016). Notably, we found no changes in 

the expression of NR4A or FOXOA1 in our data, and this warrants further investigation. 

Overall, combining the published research with our results, local PRL signalling may 

contribute to dysfunction of endometrium and myometrium in women with adenomyosis 

via SHC4, CCND1, GALT, SOCS5 and ELF5, with specific mechanisms awaiting further 

study.

Myometrium: pain pathways and heavy menstrual bleeding

In the present study, myometrial transcriptomic analysis revealed a possible neuropathic 

nature of dysmenorrhoea in women with adenomyosis. Dysmenorrhoea is a clinical 

hallmark of adenomyosis (Upson and Missmer, 2020). It has been postulated that 

myometrial hypercontractility, caused by high expression of oxytocin receptors and 

increased contractile amplitude of uterine smooth muscle cells in the myometrium of women 

with versus without adenomyosis, are responsible for the severe dysmenorrhoea associated 

with the disease (Nie et al., 2010). Inflammatory factors, such as IL-1β and corticotropin 

releasing hormone, play a role in pain associated with deep infiltrating endometriosis 

(Carrarelli et al., 2016), a disorder that is physiologically and histologically similar to 

adenomyosis. Accumulating data indicate that sensory nerve-derived neuropeptides, such as 

calcitonin gene related-protein (CGRP), can accelerate the progression of endometriosis 

via their respective receptors, whereas adrenergic β2 receptor (ADRB2) agonists also 

are involved in facilitating lesion progression. More remarkably, lesional expression 

of ADRB2 correlated positively with the severity of dysmenorrheoa in women with 

endometriosis (Yan et al., 2019). Therefore, complex mechanisms, including mechanical 

movement, inflammatory factors and neuropeptides, likely play important regulatory roles 

in dysmenorrhoea in adenomyosis. In the present study, abnormal expression of spexin 

(SPX), cannabinoid receptor 2 (CNR2) and POU class 4 homeobox (POU4F3) may have 

been involved in sensory perception of pain in the myometrium of women with and 

without adenomyosis, relevant to dysmenorrhoea (FIGURE 5A). GABA, a neurotransmitter 

involved in pain sensation, functions as an inhibitory synaptic transmitter (Yam et al., 

2018). GABRA2 is a member of the GABAA receptor family that signals inhibitory 

functions of GABA in the central nervous system and in peripheral tissues, including rat 

and human uterine myometrium and in smooth muscle vasculature of the endometrium 

(Human Protein Atlas) (Greenfield et al., 2002). The neurosteroid allopregnanolone binding 

to GABAAR has been proposed to inhibit myometrial contractility, involving the π subunit 

(Greenfield et al., 2002). Dysregulation of GABA synaptic transmission in our in-silico 

analysis of myometrium from women with adenomyosis supports a local neuropathic 

disorder in adenomyosis myometrium, likely involving enhanced myometrial contractility 
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and pain, in addition to GABA’s role in the central nervous system. Decreased expression of 

GABRA2 in the myometrium of adenomyosis women and further definition of the different 

subunits that confer tissue-specific expression may provide potential targets for drug 

development and underpin future mechanistic studies aimed to minimize pain associated 

with adenomyosis (Vannuccini et al., 2017).

Heavy menstrual bleeding is a common symptom in patients with adenomyosis. Previous 

studies have indicated that mechanisms underlying HMB in adenomyosis involve 

neoangiogenesis, abnormal uterine contractility and high microvessel density (Harmsen et 

al., 2019). Events leading to increased proangiogenic factor expression, such as vascular 

endothelial growth factor, are triggered by TIAR, hypoxia and hormonal dysfunction. 

Therefore, HMB may result from both endometrial and myometrial pathology in women 

with adenomyosis. In the present study, most participants with adenomyosis and only 

three controls had HMB. The transcriptomic result highlighted the increased OXTR in 

myometrium and dysregulated ECM changes, collagen degradation and inflammation in 

the endometrium of women with adenomyosis. Overexpression of OXTR in adenomyosis-

surrounding myometrium coupled with vasopressin receptor (VP1αR) expression in blood 

vessels and myometrium may contribute to altered microcirculation as well as increased 

uterine contractility (Mechsner et al., 2010). Collagen degradation and inflammation in 

the endometrium may also be involved in endometrium dysfunction and further HMB in 

adenomyosis with molecular mechanisms awaiting further definition.

Strengths and challenges

The strength of the present study is that, to the best of our knowledge, it is the 

first comparison of endometrium and myometrium of women with and without diffuse 

adenomyosis at the transcriptomic level and subsequent analyses of biological processes and 

signalling pathways. Moreover, all specimens were obtained in one phase of the menstrual 

cycle (proliferative phase), avoiding different hormonal milieu across the cycle confounding 

data and interpretation. Although the results indicate that ECM remodelling in myometrium 

is involved in the pathogenesis of adenomyosis, ECM degradation and abnormal expression 

of MMPs have also been detected in leiomyomas (Islam et al., 2018). Since the probability 

of co-occurrence between adenomyosis and uterine fibroids is up to 70% (Upson et al., 

2020), it is difficult to find cases without uterine fibroids. Although the location of fibroids 

by IHC was avoided when selecting uterine tissue for RNA-sequencing in both cases and 

controls, the coexistence of uterine fibroids in participants and controls recruited for this 

study is still considered a limitation of our study. Moreover, our result still needs to be 

validated in a larger sample size and future in-vivo animal models

In conclusion, our results support abnormalities in endometrium and myometrium of 

women who have adenomyosis compared with controls. The data strongly support the 

collective endometrial cell migration theory in the pathogenesis of adenomyosis, wherein 

inflammation induces ECM remodelling, creating a track for subsequent collective cell 

migration and onset of adenomyosis in the myometrium. Also, our results underscore the 

importance of PRL signalling in the endometrium and myometrium of women with versus 

without adenomyosis, providing opportunity for developing targeted treatments for the 
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disease. Moreover, abnormal myometrial GABA synaptic transmission in the myometrium 

of women with disease also offers a novel target for innovation in management of 

dysmenorrhoea and chronic pelvic pain in women with adenomyosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGE

This study supports invasive endometrium theory in the pathogenesis of adenomyosis, 

proving evidence for the vital role of endometrial collective cell migration. Abnormal 

myometrial GABA synaptic transmission and prolactin signalling abnormalities may 

contribute to dysmenorrhoea in women with adenomyosis and as a possible target for 

novel therapeutic development.
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FIGURE 1. 
Expression and functional enrichment of differentially expressed genes (DEG) in the eutopic 

endometrium of women with and without adenomyosis. (A) Heatmap of DEG in the 

eutopic endometrium of women with versus without adenomyosis (cases = 6, controls 

= 5); (B) DAVID cluster of DEG in the eutopic endometrium of women with versus 

without adenomyosis; (C and D) Gene Ontology and Kyoto Encyclopedia of Genes and 

Genomes enrichments of DEG in the eutopic endometrium of women with versus without 

adenomyosis.
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FIGURE 2. 
Target gene network and protein–protein interaction analysis among the differentially 

expressed genes (DEG) of eutopic endometrium of women with versus without 

adenomyosis. (A) Network of DEG belonging to the top enriched biological processes. 

Red: the upregulated DEG in the eutopic endometrium of women with versus without 

adenomyosis. Green: the downregulated DEG in the eutopic endometrium of women 

with versus without adenomyosis; (B) protein–protein interaction analysis among the 

DEG belonging to the top enriched biological processes that function in the endometrial 

dysfunction of women with adenomyosis. Blue: the gene is associated with one to five DEG. 

Purple: the gene is associated with six to 10 DEG. Green: the gene is associated with 11 

DEG.
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FIGURE 3. 
Validation of potential target genes in top enriched biological processes in the eutopic 

endometrium of women with versus without adenomyosis. (A) mRNA levels of IL1B, 

IL18 and TNF in eutopic endometrium of adenomyosis patients (n = 10) and controls 

(n = 10) detected by quantitative reverse transcription polymerase chain reaction analysis 

(qRT-PCR). All endometrial samples were in the proliferative phase. β-ACTIN was used 

as reference gene for qRT-PCR analysis. P-values are 0.002, 0.041 and 0.022, respectively; 

(B) mRNA levels of MMP1, MMP8, MMP13 and TIMP1 in eutopic endometrium of 

adenomyosis patients (n = 10) and controls (n = 10) detected by qRT-PCR analysis. P-values 

are 0.002, 0.001, 0.008 and 0.0085, respectively; (C) mRNA levels of COL1A1, COL1A2 
and COL3A1 in eutopic endometrium of adenomyosis patients (n = 10) and controls (n = 

10) detected by qRT-PCR analysis; (D) mRNA levels of HAS1, HAS2, HAS3 and CD44 
in eutopic endometrium of adenomyosis patients (n = 10) and controls (n = 10) detected 

by qRT-PCR analysis. P-values are 0.016, 0.049, 0.015 and 0.484, respectively. Data are 

presented as means ± SEM. *P < 0.05, **P < 0.01; (E) protein levels of COL1A1, COLIII, 

MMP1 and MMP13 in the endometrium of adenomyosis patients and controls. n = 6 for 

each group. GAPDH was used as reference control, and the ratio of band intensity of a target 

protein to that of the intensity of GAPDH was obtained at each target protein level (Li et 

al., 2018). The P-value of the protein level of COL1A1, COLIII, MMP1 and MMP13 in 

adenomyosis versus controls are 0.009, 0.024, 0.018 and 0.031, respectively. *P < 0.05, **P 
< 0.01; (F) Masson stain of eutopic endometrium in adenomyosis patients versus controls.
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FIGURE 4. 
Expression and functional enrichment of differentially expressed genes (DEG) in the 

myometrium of women with versus without adenomyosis. (A) Heatmap of DEG in the 

myometrium of women with and without adenomyosis (n = 6 cases; n = 5 controls); (B) 

DAVID cluster of DEG in the myometrium of women with versus without adenomyosis; 

(C and D) Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichments of 

DEG in the myometrium of women with versus without adenomyosis.
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FIGURE 5. 
Target gene network analysis and validation in the myometrium of women with versus 

without adenomyosis. (A) Network of differentially expressed genes (DEG) belonging 

to the top enriched biological processes in the myometrium of adenomyosis patients 

versus controls. Red: upregulated DEG in the myometrium of women with and without 

adenomyosis. Green: downregulated DEG in the myometrium of women with versus 

without adenomyosis; (B) K-means clustering of DEG belonging to the top enriched 

biological processes using STRING. Red and Green indicate two different clusters; (C) 

mRNA levels of CXCL8, IL1B and TNF in the myometrium of adenomyosis patients (n = 

10) and controls (n = 10) detected by quantitative reverse transcription polymerase chain 

reaction analysis (RT-qPCR) analysis. β-ACTIN was used as a reference gene for qRT-PCR 

analysis. P-values are 0.044, 0.769 and 0.760, respectively; (D) mRNA levels of MMP1 
and MMP8 in the myometrium of adenomyosis patients (n = 10) and controls (n = 10) 

detected by qRT-PCR analysis. P-values are 0.0005 and 0.021, respectively; (E) mRNA 

levels of GABRA2, NTS and OXTR in the myometrium of adenomyosis patients (n = 10) 

and controls (n = 10) detected by qRT-PCR analysis. P-values are 0.020, 0.009 and 0.022, 

respectively. Data are presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. 
Potential target genes of prolactin (PRL) signalling pathways contributing to the dysfunction 

of both eutopic endometrium and myometrium in women with adenomyosis. (A) Venn 

diagram of the differentially expressed genes (DEG) enriched to PRL signalling pathways 

in eutopic endometrium and myometrium. Five common target genes were identified, which 

consist of SHC4, CCND1, GALT, SOCS5 and ELF5; (B) the expression of CCND1 mRNA 

in the eutopic endometrium (P = 0.044) and myometrium (P = 0.002) of women with and 

without adenomyosis (n = 10 for each group); (C) the expression of GALT mRNA in the 

eutopic endometrium (P = 0.014) and myometrium (P = 0.282) of women with and without 

adenomyosis (n = 10 for each group). *P < 0.05, **P < 0.01.
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