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Abstract
Background: Adenomyosis (AM) is a common benign chronic gynaecological disorder; however, the
precise pathogenesis of adenomyosis is still poorly understood. Single-cell RNA sequencing (scRNA-seq)
can uncover rare subpopulations, explore genetic and functional heterogeneity, and reveal the uniqueness
of each cell. It provides us a new approach to reveal biological issues from a more detailed and
microscopic perspective. Here, we utilize this revolutionary technology to identify the changes of gene
expression patterns between ectopic lesions and the eutopic endometrium at the single-cell level and
explore a potential novel pathogenesis of AM.
Methods: A control endometrium (sample with leiomyoma excluding endometrial disorders, n=1), eutopic
endometrium and ectopic lesion (from a patient with adenomyosis, n=1) samples were analysed by
scRNA-seq, and additional leiomyoma (n=3) and adenomyosis (n=3) samples were used to con rm
colocalization and vasculogenic mimicry (VM) formation. Protein colocalization was visualized by
immuno uorescence, and CD34-periodic acid-Schiff (PAS) double staining was used to assess the
formation of VM.
Results: The scRNA-seq results suggest that cancer-, cell motility- and in ammation- (CMI) associated
terms, cell proliferation and angiogenesis play important roles in the progression of AM. Moreover, the
colocalization of EPCAM and PECAM1 increased signi cantly in the ectopic endometrium group (P <
0.05), cell subpopulation with high copy number variation (CNV) levels possessing tumour-like features
existed in the ectopic lesion sample, and VNN1- and EPCAM-positive cell subcluster displayed active cell
motility in endometrial epithelial cells. Furthermore, the epithelial cells transformed to endothelial cells
with the obvious accumulation of vasculogenic mimicry formations (positively stained with PAS but not
CD34, P < 0.05) in ectopic lesions.
Conclusions: In the present study, our results support the theory of adenomyosis derived from the
invasion and migration of the endometrium. Moreover, cell subcluster with high CNV level and tumourassociated characteristics is identi ed. Furthermore, epithelial-endothelial transition (EET) and the
formation of VM in tumours, the latter of which facilitates the blood supply and plays an important role in
maintaining cell growth, were also con rmed to occur in AM. These results indicated that the inhibition of
EET and VM formation may be a potential strategy for AM management.

Background
Adenomyosis (AM) is a common uterine disorder with clinical manifestations such as abnormal uterine
bleeding, menorrhagia, dysmenorrhoea, dyspareunia and infertility, and it is de ned by the heterotopic
growth of endometrial glands and stroma within the myometrium [1–3]. The symptoms of AM affect the
quality of life for women, especially for women with a desire to have children. It is believed that a mean
proportion of 20–35% of women worldwide suffer from AM [4]. Furthermore, there is evidence showing
that the incidence rate has presented an increasing trend because of the optimization of diagnostic
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imaging techniques such as transvaginal ultrasound scan (TVUS) and magnetic resonance imaging
(MRI), and the increased proportion of young women diagnosed is remarkable [5, 6]. Nevertheless, the
clinical diagnosis of AM is still a challenging problem because its symptoms are nonspeci c. In addition,
its imaging characteristics are similar to those of other gynaecological diseases (such as leiomyoma,
endometrial polyps and endometriosis) [7]. Moreover, the diagnostic criteria for imaging have not been
uni ed.
Effective clinical treatment of AM is also di cult. Currently, various clinical and pharmacological studies
have been performed to nd an effective therapeutic compound for AM [8]. However, there are no wellstudied drugs for AM patients. Hormone drugs such as gonadotrophin-releasing hormone agonist
(GnRHa), Mirena and progestins have been used to relieve the symptoms of AM [9, 10]. Unfortunately,
these hormonal therapies do not perform well in the long term, and they are usually accompanied by side
effects such as nausea, vomiting, acne, irregular vaginal bleeding and osteoporosis [8]. In addition, those
patients whose symptoms do not improve after pharmacotherapy or even relapse after drug withdrawal
undergo invasive surgeries, which are not suitable for women who desire to preserve their fertility [11].
The limitations of the present clinical diagnosis and conservative treatments, to a considerable extent, are
attributed to the poor understanding of the pathogenesis and aetiology of AM. Thus, it is necessary to
reveal the potential molecular mechanism of the disorder, which may provide a new strategy for clinical
diagnosis and medication.
There are many hypotheses about the pathogenesis of AM, and two main theories are used to elucidate
its origin. The rst and most well-known theory is that AM derives from the invagination of the
endometrial basalis, which is based on the enhancement of invasion and migration ability of
endometrium, myometrial weakness, altered immunological activity at the endometrial-myometrial
interface and abnormal secretion of hormones [12, 13]. This process is similar to the invasion and
metastasis of malignant tumours. In addition, it was proposed that AM is associated with embryological
dislocation of multiple Müllerian residues and differentiation of endometrial stem/progenitor cells [2, 12].
Nevertheless, the pathogenesis of AM is still elusive, and none of the above theories could explain all
phenotypes of the disorder; thus, more evidences are needed to verify these hypotheses. In addition, the
application of new technology may provide a better strategy for a better interpretation of its
pathogenesis.
At present, as a revolutionary technology, single-cell RNA sequencing (scRNA-seq) can uncover new cell
types and rare subpopulations, explore genetic and functional heterogeneity, and determine the
mechanisms of gene regulation and random allele expression to reveal the uniqueness of each cell [14–
18]. Therefore, this technology may help us solve di cult biological questions from a more detailed and
microscopic perspective [16]. Moreover, scRNA-seq has been used in the research of reproductive
diseases. Ferrero et el. reported the role that endometriosis played in oocytes from endometriotic ovaries
by using scRNA-seq technology to calculate the global transcriptome behaviour [19]. Evidence from
Saatcioglu et al. proposed that Misr2 + cells could affect uterine hypoplasia and cause complete infertility
through scRNA-seq [20]. Therefore, the scRNA-seq technique may be bene cial for researchers to identify
Page 3/19

the pathogenesis or diagnostic indicators of AM. We assumed that eutopic and ectopic endometrial cells
from AM patients have different gene expressions, which was likely related to dysmenorrhoea, irregular
uterine bleeding, endometrial receptivity and other clinical manifestations of AM. In the present study, we
used scRNA-seq to detect the control endometrium from hysteromyoma patient, eutopic endometrium
and ectopic endometrium of AM patient with the aim of exploring new information about the
pathogenesis of AM.

Results
Single-cell analysis of the eutopic endometrium and ectopic lesions of AM.
To understand the potential molecular basis of the development of AM, samples were obtained from
patients and analysed by scRNA-sEq. To this end, eutopic endometrium (AM_EM group) and ectopic
endometrium (AM_EC group) samples were obtained from total hysterectomies of patients with AM, and
endometrial tissue from patients with hysteromyoma served as the control (AM_CTRL group).
Hematoxylin-eosin (HE) staining was used to detect the histological characteristics, and we found that
the gland invaded the muscle layer of the AM_EC group (Additional le 1: Figure S1A), which was
consistent with the characteristics of AM. To explore cell diversity, we generated scRNA-seq pro les from
the 3 groups mentioned above (Fig. 1A). Our scRNA-seq data were analysed with strict quality control
(QC) criteria according to the method (Additional le 1: Figure S1B-E). A total of 42,292 cells, including
cells from the AM_CTRL, AM_EM and AM_EC groups, was sequenced, of which 36,781 cells were used for
a following analysis after QC (Additional le 1: Figure S1E). The proportion of mitochondrial genes, the
number of genes expressed, and the number of unique molecular identi ers (UMIs) in each cell are shown
in the violin plots (Additional le 1: Figure S1B-D). After the completion of QC, t-distributed stochastic
neighbour embedding (t-SNE) analysis was conducted, and 17 cell clusters were obtained (Fig. 1B, C and
Additional le 1: Figure S2A). The top ten genes expressed in each cluster are shown in the heatmap
(Additional le 1: Figure S2B). The 17 clusters were divided into 7 different cell types according to cell
type-speci c gene expression. In addition, there was also an unidenti ed cluster (named unknown) and
an unnamed cluster (cluster 1) (Fig. 1D and Additional le 1: Figure S2C). In the process of cell type
identi cation, widely recognized cell markers were used, such as EPCAM for epithelial cells, PECAM1 for
endothelial cells, and APOD for broblasts (Fig. 1E, F). Various additional cell markers were also used to
identify cell types, such as CNN1 for smooth muscle cells, MS4A7 for macrophages, and CD3E for T cells
(Additional le 1: Figure S2D,E) (representative marker reference from:
http://biocc.hrbmu.edu.cn/CellMarker/ and https://panglaodb.se/search.html). Cluster 1 was a special
cell group, and the results of cell type identi cation showed that it expressed markers in different cells,
including epithelial cells and endothelial cells (Fig. 1E, F). Its characteristics will be deeply studied.
Cluster 1 possessed colocalization of epithelial and endothelial markers and high copy number variation
(CNV) levels.
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By comparing the distribution of cluster 1 in the three groups of samples, it was found that the proportion
of cluster 1 in the AM_CTRL, AM_EM and AM_EC groups had an increasing trend (Fig. 2A, B), especially in
the AM_EC sample. Moreover, the tissues of the AM_EC samples were taken from ectopic lesions of AM,
indicating that cluster 1 may be closely related to AM. Markers of different cell types were expressed in
cluster 1, particularly according to the distribution of EPCAM and endothelial cell marker (PECAM1) in the

t-SNE map, suggesting that there was colocalization of the two markers in some of the cells belonging to
cluster 1. Moreover, the number of colocalized cells in the AM_EC group was greater than those in the
AM_CTRL and AM_EM groups (Fig. 2C, D). In addition, the colocalization of CDH1 and VWF, KRT7 and
CDH5 also indicated the coexpression of epithelial and endothelial markers in cluster 1 (Additional le 1:
Figure S3A, B). The immuno uorescence results also revealed the colocalization of EPCAM and PECAM1
in the corresponding tissues of the AM_EM and AM_EC samples (Fig. 2E). In addition, the proportion of
cells that colocalized with the two markers of the veri able AM_EC (V) group was signi cantly higher
than that of the AM_EM (V) group and AM_CTRL (V) group (Additional le 1: Figure S3C, P < 0.05), which
was consistent with the trend of colocalization in the t-SNE map (Fig. 2A, B). These results indicated that
cluster 1 was a unique cluster, which was worth studying to determine its genetic background.
The t-SNE map classi ed cells based on the similarity of gene transcription, and there was colocalization
of the epithelial and endothelial markers, which indicated that the cell cluster might possess malignant
characteristics. For the top 500 genes expressed in cluster 1, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analyses revealed that cancer-, cell motility- and in ammationassociated terms (CMI terms) were enriched in cluster 1 (Fig. 2F, G). Moreover, compared with other
clusters (clusters 2–17), cluster 1 was enriched for CMI- and cell growth-associated terms (Additional le
1: Figure S3D, E). Compared with epithelial cell populations (clusters 7 and 17), cluster 1 showed the
accumulation of angiogenesis-, cell growth-, cancer- and motility-related terms (Additional le 1: Figure
S3F, G). Hence, chromosomal CNV analysis was carried out according to the average expression patterns
across intervals of the genome. The results show that cluster 1 had a high level of CNV (Fig. 2H).
Taken together, our results show that there were colocalization markers of epithelial cells and endothelial
cells in cluster 1, and it possessed a high CNV level. Furthermore, the terms of CMI, angiogenesis and cell
growth, which contribute to tumour progression, were enriched in cluster 1. The above results indicate
that malignant cell populations were present in the ectopic endometrium, which was consistent with AM
possessing tumour-like characteristics [21].
Gene expression pattern analyses in AM_CTRL, AM_EM and AM_EC samples.
The tissues were derived from eutopic endometrium and ectopic lesions, which prompted us to analyse
the gene expression patterns of the AM_EC and AM_EM groups. Compared with the AM_EM group, 535
genes were differentially expressed in the AM_EC group, among which 383 genes were upregulated and
152 genes were downregulated (Additional le 2: Table S1). GO analysis was performed on the
upregulated genes, and the gene functions were mainly enriched for terms involved in angiogenesis, cell
motility, and cell growth and survival, including positive regulation of angiogenesis, positive regulation of
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cell migration, growth factor binding and negative regulation of apoptotic process (Additional le 1:
Figure S4A). The AM_EM group was compared with the AM_CTRL group, and GO analysis showed that
the functions of upregulated genes were also enriched in cell motility- and cell growth-associated terms,
such as structural constituent of cytoskeleton, Rho GTPase-binding and growth factor-binding (Additional
le 1: Figure S4B). KEGG analysis showed that compared with those of the AM_EM group, the enrichment
items of the AM_EC group were mainly concentrated in CMI- and cell proliferation-related terms, such as
pathways in cancer, focal adhesion, the NF-κB signalling pathway and the PI3K-Akt signalling pathway
(Additional le 1: Figure S4C). Furthermore, cell motility-, in ammation-, and cell proliferation-related
terms, such as focal adhesion, leukocyte transendothelial migration and the MAPK signalling pathway,
were also enriched in the AM_EM group compared with the AM_CTRL group (Additional le 1: Figure
S4D). There were 43 differentially expressed genes (DEGs) coexisting in AM_EM versus AM_CTRL (196
DEGs) and AM_EC versus AM_EM (148 DEGs) (Additional le 1: Figure S4E and Additional le 3: Table
S2). The functions of coexisting DEGs were mainly focused on angiogenesis, cell mobility-related
cytoskeleton regulation and chemotaxis (Additional le 1: Figure S4F). Taken together, the results reveal
that the disease progression of AM was closely related to CMI terms. Furthermore, a series of GO and
KEGG terms enriched in ectopic lesions partially appeared in the eutopic endometrium of AM patients.
A heatmap showed that genes related to angiogenesis in the AM_EC group were upregulated compared
with those in the AM_EM group, including MMP1 [22], ESM1 [23], ANGPT2 [24] and CYP1B1 [25] (Fig. 3A).
GO and KEGG analyses in endothelial cells indicated that multiple angiogenesis-associated terms were
accumulated in the AM_EC group versus the AM_EM group, in addition, CMI- and proliferation-related
terms, such as pathways in cancer, positive regulation of cell migration, NF-κB signalling pathway and
PI3K-Akt signalling pathway, were also enriched in the comparison (Fig. 3B, C). These results suggest that
endothelial cells in the AM_EC group possessed some malignant characteristics and that the angiogenic
ability was enhanced.
The DEGs (p value < 0.05, fold change > 1.5) in AM_EC versus AM_EM are presented as volcano maps,
and analysis of the upregulated genes with log2 fold change > 1 showed that the functions of a series of
genes were related to angiogenesis (such as MMP1 and ESM1), in ammation (such as CXCL8 [26]) and
cell motility (such as ITGA2 [27] and ITGB8 [28]) (Fig. 3D). It has been reported that the pathogenesis of
AM is closely related to the enhancement of invasion and migration of endometrial cells and epithelialmesenchymal transition (EMT) [29, 30]; therefore, the cell motility of epithelial cell clusters became our
focus. The DEGs of epithelial cells in the AM_EC versus AM_EM groups were analysed, and ITGA2, ITGB8
and CXCL8 were also identi ed in the upregulated genes with a log2 fold change > 1 (Fig. 3E). These
results suggest that the enhancement of cell motility and migration in the AM_EC group compared with
those in the AM_EM group may be related to the epithelial cell group, which is worthy of further study.
Distinct subclusters in the epithelial cell group.
In the epithelial cell population, compared with those in the AM_EM group, the upregulated genes (fold
change > 1.5) in the AM_EC group were evaluated by GO analysis, and the main functions of these genes
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were enriched in the items related to cell motility, including positive regulation of cell migration,
extracellular matrix organization, wound healing, etc. (Fig. 4A). KEGG analysis showed that in addition to
the items related to cell motility, in ammatory-related pathways, such as the NF-κB signalling pathway, IL17 signalling pathway and TNF signalling pathway, were also enriched among the upregulated DEGs
(Fig. 4B). Moreover, the genes that promote cell mobility, including ITGA2, ITGB8, RHOD [31], VNN1 [32,
33], ALDH1A3 [34], and TIAM1 [35], were highly expressed in the AM_EC group (Fig. 4C). These results
indicate that the epithelial cells derived from AM exhibited high motility.
Seven subclusters were identi ed in epithelial cells based on t-SNE analysis (Additional le 1: Figure
S5A); moreover, the proportion of subcluster 1 in the AM_EC group was higher than that in the AM_EM
group, while the proportion of subcluster 4 followed the opposite trend (Fig. 4D and Additional le 1:
Figure S5B, C). Through the heatmap visualization of gene expression, we found that each subcluster
had different gene expression characteristics. Moreover, genes related to cell migration, such as RHOD,
TIAM1, VNN1, and ALDH1A3, were mainly enriched in subcluster 1 (Additional le 1: Figure S5D). This
indicates that subcluster 1 may be a group of cells with a high migratory ability. Since the pathogenesis
of AM is related to endometrial invasion, migration and EMT, functional enrichment analysis was
conducted for subcluster 1, and the results suggest that the speci c functions of subcluster 1 mainly
focus on cell migration and related cytoskeleton regulation (Additional le 1: Figure S5E), which is
consistent with the enrichment of migration-related genes in subcluster 1. The proportion of subcluster 1
cells in the AM_EC sample was higher than that in the AM_EM sample (Additional le 1: Figure S5B); thus,
more cells with an active migratory ability accumulated in the AM_EC group. KEGG analysis in subcluster
1 revealed that this cell group was mainly enriched for cancer-associated terms (Additional le 1: Figure
S5F), which was identical to the report that AM possessed malignant tumour features. VNN1 participated
in the regulation of cell migration and speci cally existed in subcluster 1 (Fig. 4E, F); therefore, EPCAM, as
a marker gene of epithelial cells, was costained with VNN1 to identify the existence of this cell group in
tissue samples. EPCAM and VNN1 colocalization emerged in the AM_EM and AM_EC groups (Fig. 4G).
These results suggest that there was a group of cells with high migratory ability in the epithelial cells of
AM, which contributes to the progression of the disorder.
The proportion of subcluster 4 in the AM_EM group was higher than that in the AM_EC group (Additional
le 1: Figure S5C), and the functions of the subcluster were mainly focused on the regulation of cell
survival, transcription and mRNA processing (Additional le 1: Figure S5G). KEGG analysis showed that
in ammation-related pathways and antigen processing and presentation were enriched in this subcluster
(Additional le 1: Figure S5H); thus, subcluster 4 might be involved in in ammation. In general, these
results indicate that functions related to cell migration, tumour, cell survival and in ammation in AM had
begun to accumulate in epithelial cells; however, the proportion of corresponding subclusters was
different between the AM_EC and AM_EM groups.
Pseudotime trajectory analysis of the epithelial cell, cluster 1 and endothelial cell groups reveals epithelial
transition to endothelial cells.
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In view of the existence of epithelial cells and endothelial cells in the identi cation of cell types, cluster 1
was sandwiched in the middle next to the epithelial cells and endothelial cell groups in the t-SNE map,
and there was colocalization of epithelial cells and endothelial cell markers in cluster 1. In addition, it has
been reported that epithelial-endothelial transition (EET) may occur in the process of tumour progression,
which is considered a subtype of EMT [36]. Accumulating evidence indicates that there may be a
transition between epithelial cells and endothelial cells in AM; therefore, pseudotime trajectory analysis
was conducted in the epithelial cell, cluster 1 and endothelial cell groups.
To reveal this relationship in transcriptology and to study the genes that regulate this process, cells were
arranged in a pseudotime manner with a pedigree reconstruction algorithm for biological processes
based on transcriptional similarity [37, 38]. We found that the cells in epithelial cell, cluster 1 and
endothelial cell groups formed a continuous trajectory (Fig. 5A, B), and the groups and cell types on
trajectory was indicated (Additional le 1: Figure S6A, B). Furthermore, markers of epithelial cells (EPCAM,
CDH1 and KRT7) and endothelial cells (PECAM1, VWF and CDH5) were mapped on the trajectory
(Additional le 1: Figure S6C, D). The above results suggest that epithelial cells transited to endothelial
cells according to the continuous pseudotime trajectory, and only AM_EC group, but not AM_CTRL and
AM_EM groups, could form continuous trajectory. The epithelial cell type and its markers were mainly
located on the left side of the pseudotime trajectory, and the endothelial cell type and its markers were
mainly distributed on the right side of the pseudotime trajectory, while cluster 1 cells were distributed over
the entire trajectory (Additional le 1: Figure S6B-D). The distribution of cluster 1 was partly related to its
characteristics, including epithelial cells, endothelial cells and epithelial and endothelial marker
coexpression cells.
Gene expression dynamics showed that the relative expression levels of epithelial cell markers (EPCAM,
CDH1 and KRT7) decreased as pseudotime progressed (Fig. 5C); however, that of endothelial cell markers
(PECAM1, VWF and CDH5) increased (Fig. 5D). Moreover, the relative expression levels of angiogenesisrelated and vasculogenic mimicry (VM) formation-associated markers (F2R, FLT1 and KDR) [36] were
also upregulated (Fig. 5E). This indicates that angiogenesis is enhanced with the transformation of
epithelial cells into endothelial cells. Since EET could produce the endothelial-like phenotype of tumour
cells and promote the formation of VM to enhance the blood supply [36, 39], VM formation was assayed
by CD34-periodic acid-Schiff (PAS) double staining. The results show that the number of VM formations
in the AM_EC group was increased in the sequencing samples (Fig. 5F, G). Moreover, in the veri ed
samples, the number of VM in AM_EC (V) was signi cantly increased compared with that in AM_CTRL (V)
and AM_EM (V) (P < 0.05). Nevertheless, there was no signi cant difference between AM_CTRL (V) and
AM_EM (V) (Additional le 1: Figure S6E, F). Taken together, the epithelial cell, cluster 1 and endothelial
cell groups exhibited EET, with increases in angiogenic factor expression levels and VM formation, which
were bene cial to the blood supply.

Discussion
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Adenomyosis is a common benign chronic gynaecological disorder; however, it also displays some
malignant tumour features, including invasion, migration and abnormal proliferation [21]. The
endometrium directly invaded the myometrium, and misplaced pluripotent Müllerian remnants were
proposed to cause the pathogenesis of AM [6]. Moreover, in ammatory factors, such as LOX5 and COX2,
are related to dysmenorrhoea and menstruation [40], and it has also been reported that angiogenesis
participates in the pathophysiology of abnormal uterine bleeding and subfertility in AM [3]. Nevertheless,
the precise pathogenesis of AM is still poorly understood. In the present study, we explored the
differences of gene expression patterns at single-cell level between ectopic and eutopic endometrium of
AM using scRNA-seq technology, and the potential important mechanisms that affect the progression
were discussed.
Although there was one sample in each of the AM_CTRL, AM_EM and AM_EC groups, the results of
scRNA-seq were based on the duplication of multiple cells of the same cell type. In order to increase the
credibility of our results, additional leiomyoma (n = 3) and adenomyosis (n = 3) samples were used to
con rm EPCAM and PECAM1 colocalization and VM formation.
Compared with the AM_EM sample, the AM_EC sample was enriched for cell motility and in ammationrelated terms according to the GO and KEGG results, and the volcano map results showed that associated
gene transcription, including that of ITGA2 [27], ITGB8 [41] and CXCL8 [42], was upregulated. Since the
pathogenesis of AM is closely related to the functional changes in the endometrium [43], we identi ed the
functional changes in endometrial epithelial cells in the AM_EC and AM_EM groups and found that
several identical items related to cell movement and in ammation, including positive regulation of cell
migration and the IL-17 signalling pathway, appeared in the comparison of the AM_EC versus AM_EM
groups in epithelial cells. Moreover, ITGA2, ITGB8 and CXCL8 also emerged in the top 10 upregulated
genes in the comparison between the two groups (Additional le 4: Table S3). These results further
indicate that epithelial cell groups might play an essential role in the progression of AM. The cell motility,
cell proliferation, angiogenesis and in ammation terms were enriched in both AM_EC versus AM_EM and
AM_EM versus AM_CTRL, and forty-three DEGs coexisted in AM_EM versus AM_CTRL and AM_EC versus
AM_EM. The coexisting DEGs mainly functioned in angiogenesis and cell mobility-related cytoskeleton
regulation and chemotaxis. However, cancer-associated items, including pathways and miRNAs in cancer,
emerged in AM_EC versus AM_EM. These ndings suggest that some pathological feature changes in AM
had already appeared in the eutopic endometrium, and some of these alterations were identical to the
reporting that AM possessed tumour-like characteristics [21].
There were epithelial cells in the t-SNE map of the AM_EC and AM_EM groups, but the number of
epithelial cells in the corresponding position of the AM_CTRL group was very low, which was mainly
attributed to the endometrium being obviously thin, as determined by postoperative identi cation in the
AM_CTRL group. In the follow-up comparison of the epithelial cell groups, rst because of the small
number of epithelial cells in the AM_CTRL group and second because of the potential individual
differences, only the AM_EC and AM_EM samples were compared, and the results show that the function
of upregulated genes (p value < 0.05, fold change > 1.5) mainly focused on CMI- related terms. These
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results are consistent with the malignant tumour features of AM, including invasion and migration [21,
29], and a subcluster1 with active motility is identi ed in epithelial cells. Thus, the present study support
the theory of AM derived from the invasion and migration of endometrium.
Lang et al. considered that compared with the normal endometrium, the eutopic endometrium of patients
with endometriosis exhibited fundamental aberrant changes [44], which may also be applicable to AM.
Our results suggest that cell motility-, in ammation-, and cell proliferation-associated terms were not only
enriched in the functional analysis of the AM_EC versus AM_EM group but also emerged in the analysis
of the AM_EM versus AM_CTRL group. Furthermore, in the analysis of the epithelial cell population, we
found that the high-motility cell group was located in subcluster 1, and the in ammation- and antigen
processing- and presentation-related cells were located in subcluster 4; however, the existence of these
two subclusters in the AM_EC and AM_EM samples was con rmed by a t-SNE map. As a kind of
endometriosis, our results show that cell motility, in ammation and other functions related to the
pathogenesis of AM have accumulated in the eutopic endometrium of patients, which also supports
“eutopic endometrium determinism” [45].
The number of cells in cluster 1 in the AM_CTRL, AM_EM and AM_EC samples displayed an increasing
trend. AM_EC was taken from the cells in the lesion area of AM, and the proportion of cluster 1 in AM_EC
increased sharply, suggesting that it was closely associated with AM. The CNV level of cluster 1 was high,
and immuno uorescence showed the colocalization of epithelial and endothelial cell markers, which
indicated that it possessed malignant characteristics, and was identical to the reported tumour-like
features of AM. Although there are multiple biological replicates of the same cell cluster in single-cell
sequencing, due to individual differences, six additional samples were used for validation, and signi cant
EPCAM and PECAM1 colocalization was found in the AM_EC group (P < 0.05). However, it is precisely
because of its malignant characteristics that the top ten markers in the gene_diff item of this cluster were
not only distributed in this cell population, so it could not be determined by immuno uorescence or
immunohistochemistry that this cell group exists in only cluster 1.
CMI-related terms recurred in multiple comparisons between groups and the enrichment of upregulated
DEGs, which suggested that canceration, cell motility and in ammation may play an important role in the
process of AM. The study of AM suggested that in ammation accumulated in the eutopic endometrium
sample compared with in the control sample [40, 46], which was supported by the results of the
comparison between the AM_EM and AM_CTRL groups in the present study (Additional le 1: Figure S4B,
D). In addition, the in ammatory terms were further enriched in the AM_EC group; however, the proportion
of in ammation-related subcluster 4 cells in the epithelial cell group was higher in the AM_EM sample
than in the AM_EC sample, which may facilitate disease progression because in ammation can promote
cell migration and invasion [47]. Moreover, invasion and migration play an important role in the
progression of AM, which has been supported by relevant reports [48].
Studies have shown that when the tumour reaches 1–2 mm in diameter, angiogenesis is essential to
maintain its growth [36]. However, angiogenesis is complex, and tumours that cannot form blood vessels
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completely rely on host endothelial cells. Other angiogenesis pathways have been proposed, including the
formation of vascular-like structures, such as VM [39]. EET is considered a subtype of EMT, which can
produce the endothelial-like phenotype of tumour cells, and VM is formed through this endothelial-like
phenotype to allow a su cient blood supply [36, 39]. In this study, we found that cluster 1 has tumour-like
characteristics, and the cluster possessed epithelial cells, epithelial cell marker and endothelial cell
marker coexpression cells and endothelial cells. In addition, pseudotime analysis also showed that EET
occurred in epithelial cells, cluster 1 and endothelial cells. The results of CD34 and PAS costaining
suggest that VM formation increased signi cantly in the con rmatory AM_EC samples (P < 0.05). The
present study indicates that EET and the formation of VM present in tumours, which facilitates the blood
supply and plays an important role in maintaining cell growth, also occur in AM.

Conclusions
AM threatens women's health and is presenting a younger patient trend, and no curative drugs are
currently available; nevertheless, the pathogenesis of the disease is poorly understood. In the present
study, our scRNA-seq results support the theory of AM derived from the invasion and migration of
endometrium and suggest that CMI terms, cell proliferation and angiogenesis play important roles in the
progression of AM. In addition, there were cell subpopulations with malignant tumour characteristics in
the ectopic lesion sample, and the transition from epithelial cells to endothelial cells in the ectopic lesions
of AM was occurred with the formation of VM. Thus, EET and VM formation may be a novel
pathogenesis of AM and inhibition of EET and VM formation may be a potential strategy for AM
management.

Methods

AM patient samples
Local institutional review board approved the project (the A liated Hospital of Shandong University of
Traditional Chinese Medicine, Jinan, China), and patients diagnosed with hysteromyoma and AM were
signed informed consent. Fresh AM tissues were obtained by laparoscopic surgery from a 46-year-old
female AM patient. The operation was carried out under the supervision of experienced gynaecological
surgery experts, and the diagnosis was subsequently con rmed by histopathological examination.
Eutopic endometrium was marked as AM_EM, and ectopic endometrium was marked as AM_EC. The
control sample (AM_CTRL) in the project was obtained from a 50-year-old female patient with
hysteromyoma through laparoscope, and endometriosis and AM disease were excluded. The samples
used in the veri cation experiment were obtained according to the above methods. Information about the
patients is listed in additional le 5: Table S4.

Preparation of single-cell suspensions
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Samples of the eutopic endometrium and ectopic lesions from patient with AM and eutopic endometrium
from patient with hysteromyoma were isolated and transported rapidly to the research facility. Then, each
sample was chopped into cubes of no more than 1 mm under the condition of 4℃, followed by digestion
with collagenase, shaking evenly every 5 min. Next, the supernatant was removed after centrifugation at
300 relative centrifugal force (RCF) for 30 sec at room temperature (RT), without disturbing the cell
particles. BSA (400 µg/ml) prepared with 1 × PBS free with calcium and magnesium was added, after
which the samples were centrifuged at 300 RCF for 5 min at RT, and the cell pellets were resuspended in
1 ml red blood cell lysate buffer, followed by incubation at 4℃ for 10 min. After red blood cell lysis, the
samples were resuspended in 1 ml of BSA. Finally, the processed samples were ltered through
Scienceware Flowmi 40-µm cell strainers (VWR). A haemocytometer and trypan blue staining were used
to evaluate cell concentration and viability.

scRNA-seq
According to the protocol of Chromium Single-cell 3’ Reagent V3 Kits manufacturer (10 × Genomics), the
scRNA-seq libraries were prepared. Then, the single-cell suspensions were added to Chromium Single Cell
Controller Instrument (10 × Genomics) to generate single-cell gel beads in emulsions (GEMs). In brief, 105106 single cells suspended in 1 × PBS containing 0.04% BSA free with calcium and magnesium were
added to each channel to generate GEMs, and reverse-transcription reactions were performed to generate
barcoded full-length cDNA. After disruption of emulsions using the recovery agent, cDNA was puri ed
with DynaBeads Myone Silane Beads (Thermo Fisher Scienti c) and ampli ed by PCR. The ampli cation
cycle depended on the recovered cells. The ampli ed cDNA was then fragmented, end-repaired, A-tailed,
index and adaptor ligated, and library ampli ed. Finally, these libraries were sequenced on the Illumina
sequencing platform (HiSeq X Ten), and 150 bp paired-end reads were obtained. All sequencing data were
submitted to the BioProject of National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under accession numbers (SRR12791873 (AM_CTRL), SRR12791872 (AM_EM),
SRR12791871 (AM_EC)).

QC
The Cell Ranger Software Pipeline (Version 3.0.0) for demultiplexing of cellular barcodes is provided by
10 × Genomics. The STAR aligner (version 3.1.0) was used to map reads to the genome and
transcriptome. Downsampling of mapped reads was required to generate normalized aggregate data
across samples, producing a matrix of gene counts versus cells. We used the R package Seurat (version
3.1.1) [49] to process the unique molecular identi er (UMI) count matrix. Eliminating low-quality cells and
likely multiplet captures are the key issues in microdroplet-based experiments. Assuming a Gaussian
distribution of the UMI/gene number per cell, we applied a criterion to lter the limit of the UMI/gene
number beyond the mean +/- 2-fold standard deviations. After visual inspection of the distribution of cells
by the fraction of mitochondrial genes expressed, we further discarded low-quality cells in which > 25% of
the counts belonged to mitochondrial genes. In total, 36,781 single cells were left by these QC criteria and
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were included in the following analysis. Library size normalization was performed in Seurat on the ltered
matrix, and the normalized count was obtained.

Dimensional reduction, clustering and cell type
identi cation
Identi cation of the most variable genes in a single cell was performed using the method described by
Macosko [50]. In summary, the average expression and dispersion of each gene were rst calculated, and
then the genes were assigned to eight bins based on their expression. Principal component analysis
(PCA) was performed to reduce the dimensionality of the log-transformed gene-barcode matrices of the
top variable genes, and the cell clustering was based on the graph clustering method. In addition, twodimensional visualization was performed by t-SNE method. To identify genes that were signi cantly
differentially expressed between clusters, the likelihood ratio test was used to detect changes in both
average expression and percentage of expressed cells. Therefore, we adopted a new calculation method
for scRNA-seq unbiased cell type identi cation, named R Package SingleR (version 0.2.2), to
independently infer the cell source and identify the cell type of each single cell by referring to the ‘Immgen’
data set [51].
The ndMarker function of Seurat package was used to identify the DEGs. A P value < 0.05 and
|log2foldchange| > 0.58 were set as the differential expression thresholds. The hypergeometric
distribution of R package was used for GO enrichment and KEGG pathway enrichment analyses of DEGs.

CNV analysis
The CNV levels were evaluated through the normalization of scRNA-seq gene expression arrays with the
inferCNV R package (version 1.3.1) [52]. Genes were sorted according to their locations on chromosomes,
and a window size containing 101 genes was used to determine the moving average of gene expression.
The expression was then centred to zero by subtracting the mean. The T/NK cells, macrophages and
master cells were selected as normal cells, while the remaining cells were selected as malignant cells.
The nal CNV pro les were obtained by denoising.

Pseudotime analysis
Monocle2 package (version 2.8.0) was used to assay the evolutionary pseudotime [53]. The importCDS
function in Monocle was used to convert the original count in the Seurat object into CellDataSet, and the
differentialGeneTest function of Monocle2 package was used to select genes that may help cells
sequence across the pseudotime trajectory (qval < 0.01). The dimension reduction function was used for
clustering analysis, and then the orderCells function was used to infer the trajectory with default
parameters. The pseudotime function (plot_genes_in_pseudotime) was used to map gene expression.

HE staining
Samples from patients with AM or leiomyoma were xed in 4% paraformaldehyde (PFA, Servicebio) for
48 hours, embedded in para n, and sliced into 4-µm sections using a microtome. After depara nization
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and rehydration, the sections were stained with haematoxylin (Servicebio) for 5 min and then rinsed with
distilled water. Next, eosin staining (Servicebio) was performed for 5 min, followed by gradient alcohol
dehydration and submersion in xylene. Finally, neutral gum was used to seal the slides, and pathological
changes were observed under light microscopy (Nikon Eclipse E100, Japan).

Immuno uorescence staining analysis
Sample sections were depara nized in xylene and dehydrated in ethanol with a decreasing concentration
gradient, following antigen retrieval in EDTA antigen retrieval solution (PH 8.0, Servicebio) by boiling the
sections for 20 min. Endogenous peroxidase activity was blocked with 3% H2O2 for 25 min. To avoid
nonspeci c binding, slices were blocked with 3% BSA (Servicebio) for 30 min at RT. Then, the primary
antibodies rabbit pAb anti-PECAM1 (dilution 1:100, Servicebio) and mouse mAb anti-EPCAM (dilution
1:200, Servicebio) were used in immuno uorescence staining analysis, and the sections were incubated
with appropriate primary antibodies at 4 °C overnight, followed by washing with PBS 3 times. Then, the
slices were incubated with Cy3-conjugated goat anti-rabbit IgG (dilution 1:200, Servicebio) or Alexa Fluor
488-conjugated goat anti-mouse IgG (dilution 1:200, Servicebio) at RT for 50 min. The nuclei were stained
with DAPI (Servicebio) for 10 min and then washed with PBS 3 times. Finally, sections were imaged with
a uorescence microscope (Nikon Eclipse C1, Japan).

CD34-PAS double staining
Para n sections were routinely depara nized and dehydrated in xylene and ethanol solutions. Antigen
retrieval was performed in citrate antigen retrieval buffer (PH 6.0, Servicebio) at 100 °C for 20 min.
Subsequently, sections were placed in 3% hydrogen peroxide solution to block endogenous peroxidase for
25 min at RT and washed with PBS. BSA (3%) was added to the sections for 30 min at RT to block
nonspeci c binding sites. Then, the sections were incubated with anti-CD34 (dilution 1:500, Servicebio) at
4 °C overnight. After washing three times with PBS, sections were incubated with HRP-labelled goat antirabbit IgG for 50 min at RT. Next, 3,3'-diaminobenzidine tetrahydrochloride (DAB, Servicebio) was used to
stain the positive brown-yellow reactions. After the sections were washed with running water, they were
placed in periodic acid solution for 20 min in a dark environment. Finally, the nuclei were countersigned
with haematoxylin for 3 min, rinsed with running water, and mounted with neutral gum. VM channels
were positively stained with PAS but not CD34.

Statistical analysis
The results were evaluated using GraphPad Prism 5.0 software (GraphPad Software, Inc.), and the data
were analysed by one‐way ANOVA followed by a post-hoc Tukey test and presented as the mean ± SD.
Differences were considered to be signi cant when the P value < 0.05.

Abbreviations
AM
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Adenomyosis; CMI terms:Cancer-, cell motility- and in ammation-associated terms; CNV:Copy number
variations; DAB:3,3'-diaminobenzidine tetrahydrochloride; DEGs:Differentially expressed genes;
EET:Epithelial-endothelial transition; EMT:Epithelial-mesenchymal transition; GEMs:Gel beads in
emulsions; GnRHa:Gonadotrophin-releasing hormone agonist; GO:Gene ontology; HE:Hematoxylin-eosin;
KEGG:Kyoto encyclopedia of genes and genomes; MRI:Magnetic resonance imaging; PAS:Periodic acidSchiff; QC:Quality control; RCF:Relative centrifugal force; RT:Room temperature; scRNA-seq:Single-cell
RNA sequencing; t-SNE:t-distributed stochastic neighbor embedding; TVUS:Transvaginal ultrasound scan;
UMI:Unique molecular identi er; VM:vasculogenic mimicry.

Declarations
Ethics approval and consent to participate
The patients who donated the samples have signed informed consent, and the project was approved by
the Ethics Committee of the A liated Hospital of Shandong University of Traditional Chinese Medicine
(No. 2019-061-KY).
Consent for publication
We have obtained consent to publish from the participants to report patient data.
Availability of data and materials
The datasets used and/or analyzed during the current study are available in the additional les. All
sequencing data were submitted to the BioProject of National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under accession numbers (SRR12791873 (AM_CTRL),
SRR12791872 (AM_EM), SRR12791871 (AM_EC)).
Competing interests
The authors declare that they have no competing interests.
Funding
The present study was supported in part by the National Natural Science Foundation of China (grant nos.
81873330, 81904243), Major Scienti c and Technological Innovation Projects in Shandong Province
(grant no. 2018CXGC1309), The Traditional Chinese Medicine Science and Technology Development Plan
Project of Shandong Province (grant no. 2017-070), the Shandong Province: Taishan Scholars Project
(grant no. tsqn201909185), the Science and Technology Plan Project of Jinan (grant no. 201907106).
Authors' contributions
WS and LX designed the study. HL, YW, and YS collected human samples. ZL, ZS, WN and XW (00000002-3494-999X) analyzed the scRNA-seq data. ZL, ZS, NL and XW (0000-0002- 6139-8986) veri ed the
Page 15/19

indicated gene expression by immuno uorescence. ZL, ZS, WN, XW (0000-0002-6139-8986), YW and YS
wrote the manuscript, HL, XW (0000-0002-3494-999X), NL, LX and WS edited the manuscript. All authors
read and approved the nal version of the manuscript.
Acknowledgements
We would like to thank all of the participants for donating samples.

References
1. Xiang Y, Sun Y, Yang B, Yang Y, Zhang Y, Yu T et al. Transcriptome sequencing of adenomyosis
eutopic endometrium: A new insight into its pathophysiology 2019;23:8381-91.
2. Struble J, Reid S, Bedaiwy MA. Adenomyosis: A Clinical Review of a Challenging Gynecologic
Condition. J Minim Invasive Gynecol 2016;23:164-85.
3. Harmsen MJ, Wong CFC, Mijatovic V, Gri oen AW, Groenman F, Hehenkamp WJK et al. Role of
angiogenesis in adenomyosis-associated abnormal uterine bleeding and subfertility: a systematic
review. Hum Reprod Update 2019;25:647-71.
4. Abbott JA. Adenomyosis and Abnormal Uterine Bleeding (AUB-A)-Pathogenesis, diagnosis, and
management. Best Pract Res Clin Obstet Gynaecol 2017;40:68-81.
5. Munro MG. Classi cation and Reporting Systems for Adenomyosis. J Minim Invasive Gynecol
2020;27:296-308.
6. Sam M, Raubenheimer M, Manolea F, Aguilar H, Mathew RP, Patel VH et al. Accuracy of ndings in
the diagnosis of uterine adenomyosis on ultrasound. Abdom Radiol (NY) 2020;45:842-50.
7. Choi EJ, Cho SB, Lee SR, Lim YM, Jeong K, Moon HS et al. Comorbidity of gynecological and nongynecological diseases with adenomyosis and endometriosis. Obstet Gynecol Sci 2017;60:579-86.
8. Streuli I, Dubuisson J, Santulli P, de Ziegler D, Batteux F, Chapron C. An update on the
pharmacological management of adenomyosis. Expert Opin Pharmacother 2014;15:2347-60.
9. Inoue S, Hirota Y. Uterine adenomyosis is an oligoclonal disorder associated with KRAS mutations
2019;10:5785.
10. Cai X, Shen M, Liu X, Nie J. The Possible Role of Eukaryotic Translation Initiation Factor 3 Subunit e
(eIF3e) in the Epithelial-Mesenchymal Transition in Adenomyosis. Reprod Sci 2019;26:377-85.
11. Yu W, Liu G, Liu C, Zhang Z. Recurrence-associated factors of laparoscopic adenomyomectomy for
severely symptomatic adenomyoma. Oncol Lett 2018;16:3430-8.
12. Vannuccini S, Tosti C, Carmona F, Huang SJ, Chapron C, Guo SW et al. Pathogenesis of
adenomyosis: an update on molecular mechanisms. Reprod Biomed Online 2017;35:592-601.
13. Chen L, Li C, Guo J, Luo N, Qu X, Kang L et al. Eutopic/ectopic endometrial apoptosis initiated by
bilateral uterine artery occlusion: A new therapeutic mechanism for uterus-sparing surgery in
adenomyosis. PLoS One 2017;12:e0175511.
Page 16/19

14. Segerstolpe Å, Palasantza A, Eliasson P, Andersson EM, Andréasson AC, Sun X et al. Single-Cell
Transcriptome Pro ling of Human Pancreatic Islets in Health and Type 2 Diabetes. Cell Metab
2016;24:593-607.
15. Jaitin DA, Weiner A, Yofe I, Lara-Astiaso D, Keren-Shaul H, David E et al. Dissecting Immune Circuits
by Linking CRISPR-Pooled Screens with Single-Cell RNA-Seq. Cell 2016;167:1883-96 e15.
16. Hedlund E, Deng Q. Single-cell RNA sequencing: Technical advancements and biological
applications. Mol Aspects Med 2018;59:36-46.
17. Reinius B, Mold JE, Ramskold D, Deng Q, Johnsson P, Michaelsson J et al. Analysis of allelic
expression patterns in clonal somatic cells by single-cell RNA-seq. Nat Genet 2016;48:1430-5.
18. Peng J, Sun BF, Chen CY, Zhou JY, Chen YS, Chen H et al. Single-cell RNA-seq highlights intra-tumoral
heterogeneity and malignant progression in pancreatic ductal adenocarcinoma. Cell Res
2019;29:725-38.
19. Ferrero H, Corachan A, Aguilar A, Quinonero A, Carbajo-Garcia MC, Alama P et al. Single-cell RNA
sequencing of oocytes from ovarian endometriosis patients reveals a differential transcriptomic
pro le associated with lower quality. Hum Reprod 2019;34:1302-12.
20. Saatcioglu HD, Kano M, Horn H, Zhang L, Samore W, Nagykery N et al. Single-cell sequencing of
neonatal uterus reveals an Misr2+ endometrial progenitor indispensable for fertility. Elife 2019;8.
21. Liu L, Luo N, Guo J, Xie Y, Chen L, Cheng Z. Berberine inhibits growth and in ammatory invasive
phenotypes of ectopic stromal cells: Imply the possible treatment of adenomyosis. J Pharmacol Sci
2018;137:5-11.
22. Rudzinska M, Mikula M, Arczewska KD, Gajda E, Sabalinska S, Stepien T et al. Transcription Factor
Prospero Homeobox 1 (PROX1) as a Potential Angiogenic Regulator of Follicular Thyroid Cancer
Dissemination. Int J Mol Sci 2019;20.
23. Toyoda E, Sato M, Takahashi T, Maehara M, Okada E, Wasai S et al. Transcriptomic and Proteomic
Analyses Reveal the Potential Mode of Action of Chondrocyte Sheets in Hyaline Cartilage
Regeneration. Int J Mol Sci 2019;21.
24. Qi L, Wang ZY, Shao XR, Li M, Chen SN, Liu XQ et al. ISL2 modulates angiogenesis through
transcriptional regulation of ANGPT2 to promote cell proliferation and malignant transformation in
oligodendroglioma. Oncogene 2020;39:5964-78.
25. D'Uva G, Baci D, Albini A, Noonan DM. Cancer chemoprevention revisited: Cytochrome P450 family
1B1 as a target in the tumor and the microenvironment. Cancer Treat Rev 2018;63:1-18.
26. Park JH, Lee HK. Re-analysis of Single Cell Transcriptome Reveals That the NR3C1-CXCL8-Neutrophil
Axis Determines the Severity of COVID-19. Front Immunol 2020;11:2145.
27. Min J, Han TS, Sohn Y, Shimizu T, Choi B, Bae SW et al. microRNA-30a arbitrates intestinal-type early
gastric carcinogenesis by directly targeting ITGA2. Gastric Cancer 2020;23:600-13.
28. Wei CM, Zhao XF, Qiu HB, Ming Z, Liu K, Yan J. The long non-coding RNA PVT1/miR-145-5p/ITGB8
axis regulates cell proliferation, apoptosis, migration and invasion in non-small cell lung cancer cells.
Neoplasma 2020;67:802-12.
Page 17/19

29. Liu Y, Wang X, Wan L, Liu X, Yu H, Zhang D et al. TIPE2 inhibits the migration and invasion of
endometrial cells by targeting beta-catenin to reverse epithelial-mesenchymal transition. Hum Reprod
2020;35:1377-90.
30. Hu R, Peng GQ, Ban DY, Zhang C, Zhang XQ, Li YP. High-Expression of Neuropilin 1 Correlates to
Estrogen-Induced Epithelial-Mesenchymal Transition of Endometrial Cells in Adenomyosis. Reprod
Sci 2020;27:395-403.
31. Gad AK, Nehru V, Ruusala A, Aspenstrom P. RhoD regulates cytoskeletal dynamics via the actin
nucleation-promoting factor WASp homologue associated with actin Golgi membranes and
microtubules. Mol Biol Cell 2012;23:4807-19.
32. van Diepen JA, Jansen PA, Ballak DB, Hijmans A, Rutjes FP, Tack CJ et al. Genetic and
pharmacological inhibition of vanin-1 activity in animal models of type 2 diabetes. Sci Rep
2016;6:21906.
33. Sendo F, Araki Y. Regulation of leukocyte adherence and migration by glycosylphosphatidyl-inositolanchored proteins. J Leukoc Biol 1999;66:369-74.
34. Yamashita D, Minata M, Ibrahim AN, Yamaguchi S, Coviello V, Bernstock JD et al. Identi cation of
ALDH1A3 as a Viable Therapeutic Target in Breast Cancer Metastasis-Initiating Cells. Mol Cancer
Ther 2020;19:1134-47.
35. Poudel KR, Roh-Johnson M, Su A, Ho T, Mathsyaraja H, Anderson S et al. Competition between
TIAM1 and Membranes Balances Endophilin A3 Activity in Cancer Metastasis. Dev Cell 2018;45:73852 e6.
36. Xiao T, Zhang Q, Zong S, Zhong WL, Qin Y, Bi Z et al. Protease-activated receptor-1 (PAR1) promotes
epithelial-endothelial transition through Twist1 in hepatocellular carcinoma. J Exp Clin Cancer Res
2018;37:185.
37. Zhao T, Fu Y, Zhu J, Liu Y, Zhang Q, Yi Z et al. Single-Cell RNA-Seq Reveals Dynamic Early Embryoniclike Programs during Chemical Reprogramming. Cell Stem Cell 2018;23:31-45 e7.
38. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA et al. Reversed graph embedding resolves
complex single-cell trajectories. Nat Methods 2017;14:979-82.
39. Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LM, Pe'er J et al. Vascular channel formation by
human melanoma cells in vivo and in vitro: vasculogenic mimicry. Am J Pathol 1999;155:739-52.
40. Li C, Chen R, Jiang C, Chen L, Cheng Z. Correlation of LOX5 and COX2 expression with in ammatory
pathology and clinical features of adenomyosis. Mol Med Rep 2019;19:727-33.
41. Huang L, Cai JL, Huang PZ, Kang L, Huang MJ, Wang L et al. miR19b-3p promotes the growth and
metastasis of colorectal cancer via directly targeting ITGB8. Am J Cancer Res 2017;7:1996-2008.
42. Comas F, Latorre J, Ortega F, Oliveras-Canellas N, Lluch A, Ricart W et al. Permanent cystathioninebeta-Synthase gene knockdown promotes in ammation and oxidative stress in immortalized human
adipose-derived mesenchymal stem cells, enhancing their adipogenic capacity. Redox Biol
2020:101668.
Page 18/19

43. Osada H. Uterine adenomyosis and adenomyoma: the surgical approach. Fertil Steril 2018;109:40617.
44. Liu H, Lang JH. Is abnormal eutopic endometrium the cause of endometriosis? The role of eutopic
endometrium in pathogenesis of endometriosis. Med Sci Monit 2011;17:RA92-9.
45. Liang Y, Li Y, Liu K, Chen P, Wang D. Expression and Signi cance of WNT4 in Ectopic and Eutopic
Endometrium of Human Endometriosis. Reprod Sci 2016;23:379-85.
46. Carrarelli P, Yen CF, Funghi L, Arcuri F, Tosti C, Bifulco G et al. Expression of In ammatory and
Neurogenic Mediators in Adenomyosis. Reprod Sci 2017;24:369-75.
47. Greten FR, Grivennikov SI. In ammation and Cancer: Triggers, Mechanisms, and Consequences.
Immunity 2019;51:27-41.
48. Garcia-Solares J, Donnez J, Donnez O, Dolmans MM. Pathogenesis of uterine adenomyosis:
invagination or metaplasia? Fertil Steril 2018;109:371-9.
49. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell transcriptomic data across
different conditions, technologies, and species. Nat Biotechnol 2018;36:411-20.
50. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M et al. Highly Parallel Genome-wide
Expression Pro ling of Individual Cells Using Nanoliter Droplets. Cell 2015;161:1202-14.
51. Heng TS, Painter MW, Immunological Genome Project C. The Immunological Genome Project:
networks of gene expression in immune cells. Nat Immunol 2008;9:1091-4.
52. Puram SV, Tirosh I, Parikh AS, Patel AP, Yizhak K, Gillespie S et al. Single-Cell Transcriptomic Analysis
of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell 2017;171:1611-24 e24.
53. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M et al. The dynamics and regulators of
cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat Biotechnol
2014;32:381-6.

Page 19/19

