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Endometriosis is a disease characterized by fibrosis and adhesions. There are still no treatment 
methods targeting these conditions. One reason for this is the lack of useful animal models to 
investigate the mechanisms of fibrosis and adhesion in endometriosis. We previously proposed 
that Homeobox C8 (HOXC8) acts as an upstream regulator involved in endometriosis development, 
promoting fibrosis by activating transforming growth factor β (TGFB) signaling in vitro. This study was 
undertaken to establish a xenograft mouse model for endometriosis-associated fibrosis using HOXC8-
overexpressing cells. Stable lines of immortalized human endometrial stromal cells overexpressing 
HOXC8 (HOXC8-imESCs) and mock control lines (Control-imESCs) were established and evaluated for 
cellular functions in vitro. These cell lines were then transplanted under the renal capsule of severely 
immunodeficient mice, and the xenografts were harvested five weeks after transplantation. In vitro, 
cell migration, invasion, and fibrotic capacity were enhanced in HOXC8-imESCs compared to Control-
imESCs. In the xenografts, HOXC8-imESCs exhibited significant collagen fiber production compared 
to Control-imESCs. Additionally, immunohistochemistry of the xenografts detected phosphorylated 
SMAD2/3 exclusively in HOXC8-imESCs, indicating that HOXC8 overexpression activates the TGFB/
SMAD pathway aberrantly in vivo. In this study, a new animal model for endometriosis-associated 
fibrosis was established using the HOXC8-imESC xenograft model system.
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Endometriosis is a common estrogen-dependent gynecological disorder affecting approximately 10% of 
reproductive-age women. The primary pathological features of endometriosis are fibrosis and adhesions, which 
cause dysmenorrhea, chronic pelvic pain, and infertility, thereby reducing women’s quality of life1. Nonsteroidal 
anti-inflammatory drugs (NSAIDs) and other analgesics are used to treat dysmenorrhea and chronic pelvic 
pain, but these approaches are symptomatic and not curative2. Low-dose estrogen-progestin combination drugs 
(LEP), progestins, and gonadotropin-releasing hormone (GnRH) analogs can temporarily relieve symptoms by 
suppressing estrogen action or secretion. However, these drugs are also not curative and cannot be used with 
fertility treatments3–6. Therefore, there is a growing need to develop therapeutic strategies targeting the primary 
pathological features of endometriosis-associated fibrosis and adhesions. However, such treatments have not yet 
been established. One of the reasons is the lack of necessary animal models to investigate the mechanisms of 
fibrosis and adhesion in endometriosis.

Numerous studies have shown that the characteristics of endometriosis, including cell proliferation, adhesion, 
and fibrosis, are associated with the aberrant activation of transforming growth factor β (TGFB) signaling7–15. 
Additionally, increased local estradiol production and aberrant estrogen receptor expression have also been 
reported to contribute to lesion development15. In our previous study, transcriptome analysis of endometrial 
stromal cells isolated from endometriosis revealed aberrant expression of approximately 800 genes13. We 
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suggested that these genes disrupt various cellular functions and signaling pathways, thereby contributing to 
endometriosis development. However, the mechanisms underlying this pathological process remain largely 
unknown.

In recent years, the role of upstream regulators (URs) in disease pathogenesis has become more widely 
recognized16–18. Mutations or aberrant expression of URs have been reported to cause widespread changes in 
the expression of their downstream target genes, thereby contributing to disease pathogenesis19–23. To identify 
URs involved in the onset and development of endometriosis, we performed an integrated analysis combining 
transcriptome data and gene regulatory network information from stromal cells of endometriotic and normal 
endometrium, along with in silico simulations of disease treatment using mathematical modeling. Through this 
approach, Homeobox C8 (HOXC8), which is highly expressed in endometriosis, was identified as a candidate 
of the URs24. HOXC8 has been reported to be dysregulated in breast and lung cancers, promoting tumor 
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invasion and metastasis by activating the TGFB signaling pathway25,26. To investigate the role of HOXC8 in 
endometriosis, we established primary endometrial stromal cells overexpressing HOXC8 (HOXC8-euESCs) and 
a mock control cell line (Control-euESCs) and analyzed their cellular functions in vitro. Proliferation, migration, 
and fibrotic activities were enhanced in HOXC8-euESCs compared to Control-euESCs24. Signaling pathway 
and Gene Ontology (GO) analyses based on transcriptome data revealed that the TGFB signaling pathway and 
enrichment of GO terms related to cell proliferation, migration, and fibrosis were more strongly activated in 
HOXC8-euESCs compared to Control-euESCs24. In addition, HOXC8-euESCs exhibited increased SMAD2/3 
phosphorylation, a marker of TGFB pathway activation24. Their fibrotic activity was suppressed by treatment 
with a TGFB signaling inhibitor24. These in vitro findings suggested that HOXC8 promotes fibrotic processes 
through TGFB signaling and is thus one of the URs in endometriosis.

In the present study, we evaluated the role of HOXC8 in endometriosis-associated fibrosis in vivo. 
Immortalized endometrial stromal cell lines overexpressing HOXC8 were established and used for a xenograft 
model, in which human cells are transplanted into severely immunodeficient mice. These xenograft mice 
exhibited fibrotic lesions with SMAD2/3 phosphorylation, demonstrating that HOXC8 promotes fibrosis 
through the TGFB signaling pathway in vivo. Thus, this study provided a novel animal model to investigate the 
mechanisms of endometriosis-associated fibrosis.

Results
In vitro analysis of cellular functions in HOXC8-overexpressing immortalized endometrial 
stromal cell lines (HOXC8-imESCs)
To establish a xenograft model in this study, we first produced immortalized endometrial stromal cell lines 
stably overexpressing HOXC8 (HOXC8-imESCs) and the mock control lines (Control-imESCs). HOXC8 
overexpression in the cell lines was confirmed by real-time RT-PCR and Western blotting. HOXC8 mRNA 
expression was significantly higher in HOXC8-imESCs than in Control-imESCs (Fig. 1A). HOXC8 protein was 
detected only in HOXC8-imESCs (Fig. 1B).

We next evaluated cellular functions in the established cell lines in vitro. The cell proliferation assay showed no 
significant difference in cell number between HOXC8-imESCs and Control-imESCs (Fig. 1C), indicating that, 
unlike in primary cultured cells, HOXC8 overexpression did not promote cell proliferation in the immortalized 
cell line. However, the HOXC8-imESCs differed from the Control-imESCs in having a significantly higher 
number of migrating cells (Fig. 1D), significantly higher cell invasion rate (Fig. 1E), and significantly higher 
wound healing rate (Fig. 1F), and in causing significantly more gel contraction (Fig. 1G). These findings indicate 
that HOXC8-imESCs exhibit enhanced migration, invasion, and fibrotic activities compared to Control-imESCs 
in vitro.

Expression of fibrosis-related genes in HOXC8-imESCs
Major regulators of fibrosis include collagen and matrix metalloproteinases (MMPs), as well as their 
endogenous inhibitors, the tissue inhibitor of metalloproteinases (TIMPs)27. To investigate the effects of HOXC8 
overexpression on these regulators, the mRNA expression levels of representative genes from each family 
were analyzed using real-time RT-PCR in vitro (Fig. 2). COL1A1 and TIMP3 were significantly upregulated 
in HOXC8-imESCs compared to Control-imESCs. In contrast, no significant differences in MMP1, MMP2, 
or MMP14 were observed between HOXC8-imESCs and Control-imESCs. However, it should be noted that 
altered expression of MMP family members has been reported in endometriosis28. Although the upregulation of 

Fig. 1.  In vitro functional analysis of HOXC8-overexpressing immortalized endometrial stromal cells 
(HOXC8-imESCs). (A) HOXC8 mRNA expression in Control-imESCs and HOXC8-imESCs analyzed by real-
time RT-PCR. Experiments were performed three times in triplicate, with GAPDH used as an internal control. 
The relative HOXC8 expression in HOXC8-imESCs was normalized to Control-imESCs as 1 and is presented 
as mean ± SD. *p < 0.05. (B) Western blot analysis of HOXC8 protein in Control-imESCs and HOXC8-imESCs. 
TUBB was used as an internal control. The images of HOXC8 and TUBB are cropped from different blots. The 
original blot images are presented in Supplementary Figure S1. (C) Cell proliferation assay in Control-imESCs 
and HOXC8-imESCs. Cell numbers were counted at 24, 48, 72, and 96 hours after seeding and are shown 
as mean ± SD. Experiments were performed three times in triplicate. (D) Cell migration assay in Control-
imESCs and HOXC8-imESCs. Representative images for each cell line are shown. Scale bar = 100 μm. Migrated 
cells were counted in four randomly selected fields at 200× magnification and are shown as mean ± SD. 
Experiments were repeated three times. *p < 0.05. (E) Cell invasion assay in Control-imESCs and HOXC8-
imESCs. Representative images for each cell line are shown. Scale bar = 100 μm. Invaded cells were counted 
in four randomly selected fields at 200× magnification. Experiments were repeated three times. Invasion rate 
(%) was calculated by dividing the number of invaded cells by the number of migrated cells, multiplied by 
100, and shown as mean ± SD. *p < 0.05. (F) Wound healing assay in Control-imESCs and HOXC8-imESCs. 
Representative images at 0 and 24 hours after scratching are shown. Scale bar = 50 μm. Wound healing rate (%) 
was calculated as the area covered by migrating or proliferating cells at 24 hours divided by the initial wound 
area, multiplied by 100, and presented as mean ± SD. Experiments were performed three times in triplicate. 
*p < 0.05 . (G) Collagen gel contraction assay in Control-imESCs and HOXC8-imESCs. Representative images 
at 24 hours after collagen gel culture are shown. The contraction area was calculated by subtracting the gel 
area from the whole well area. The contraction rate (%) was calculated by dividing the contraction area by the 
whole well area, multiplied by 100, and presented as mean ± SD. Experiments were performed three times in 
triplicate. *p < 0.05
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TIMP3 mRNA in HOXC8-imESCs appears to be inconsistent with the increased invasion abilities observed in 
Fig. 1E, the TIMP3 expression level is approximately 32-fold lower than that of MMP2 and MMP14. Increased 
expression of TIMP3 in HOXC8-imESC cells is expected to be insufficient to effectively inhibit MMP activity. 
This does not necessarily contradict the invasion assay results. These findings therefore suggest that HOXC8 
overexpression primarily contributes to increased collagen production.

Establishment of a xenograft model using HOXC8-imESCs
Five weeks after transplantation, xenograft lesions were visibly identified in both whole and cross-sectional 
views of the kidneys in which the cell lines had been transplanted. Xenograft lesions derived from HOXC8-
imESCs were easy to detect because they were thicker than those derived from Control-imESCs (Fig.  3C). 
Histological evaluation by hematoxylin and eosin (HE) staining showed a clear boundary between the xenograft 
and renal parenchyma in Control-imESCs, whereas HOXC8-imESC-derived xenografts exhibited an indistinct 
boundary (Fig. 3D). This suggests that inflammatory cells infiltrated the HOXC8-imESC xenografts. Indeed, 
immunohistochemical analysis using the pan-leukocyte marker CD45 and the macrophage marker CD68 
revealed the presence of CD45- and CD68-positive cells in HOXC8-imESC xenograft lesions and mouse renal 
parenchyma (Fig. S3). These findings support the notion that HOXC8-imESCs may promote an inflammatory 
response that extends into host kidney tissue.

Collagen fibers stained blue with trichome staining were observed in the xenograft lesions from both 
cell lines (Fig.  3D). HOXC8-imESCs had much more collagen fibers than Control-imESCs (Fig.  3D). 
Immunohistochemistry revealed positive staining for ACTA2, a myofibroblast marker, in the xenograft lesions 
from both cell lines, and the proportion of ACTA2-positive cells did not differ significantly between HOXC8-
imESCs (62.5% ± 2.8%) and Control-imESCs (65.1% ± 1.2%) (p = 0.398) (Figs. 3E, F). In contrast, COL1A1 
was strongly detected in HOXC8-imESCs, with a positive area of 15.8% ± 2.5%, which was significantly higher 
than that in Control-imESCs (4.1% ± 2.8%) (p = 0.00558), indicating a marked increase in collagen production 
associated with HOXC8 overexpression (Figs.  3E, F). These findings suggest that HOXC8 overexpression 
promotes fibrosis, supporting the utility of the xenograft model using HOXC8-imESCs as a valid model for 
studying endometriosis-associated fibrosis. Although immunohistochemical staining was performed for 

Fig. 2.  mRNA expression of fibrosis-related genes in HOXC8-imESCs. Real-time RT-PCR analysis of the 
fibrosis-related gene mRNA expression in Control-imESCs and HOXC8-imESCs. The analysis included the 
following genes: COL1A1 and COL1A2 (collagen), MMP1, MMP2, and MMP14 (matrix metalloproteinases), 
and TIMP1, TIMP2, and TIMP3 (tissue inhibitor of metalloproteinases). Experiments were performed three 
times in triplicate. GAPDH was used as an internal control. The relative expression levels in HOXC8-imESCs 
were normalized to Control-imESCs as 1 and are presented as mean ± SD. *p < 0.05
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MMP2, TIMP2, and COL4A2 to evaluate fibrosis more clearly, no signals were detected in the Control-imESC- 
or HOXC8-imESC-derived xenograft lesions (Fig. S2).

Next, to confirm that the xenograft lesions were indeed derived from the human cell lines (Control-imESCs 
or HOXC8-imESCs), the cells were immunostained for vimentin (VIM), a mesenchymal and ESC marker, 
and STEM101, a human-specific nuclear marker, and checked for HOXC8 signals. Cells positive for VIM and 
STEM101 were detected in xenograft lesions derived from both cell lines, clearly confirming that the lesions 
originated from the transplanted imESCs (Fig. 3G). HOXC8 signals were strongly detected in HOXC8-imESC 
xenografts but not in Control-imESC xenografts, indicating that HOXC8 overexpression was maintained in 
HOXC8-imESCs, even after transplantation (Fig. 3G). These findings demonstrate that both Control-imESCs 
and HOXC8-imESCs can be engrafted and maintained under the renal capsule in this xenograft mouse model.

Activation of TGFB/SMAD signaling pathway in HOXC8-imESCs
In the TGFB signaling pathway, SMAD2 and SMAD3 are activated via phosphorylation by TGFB receptors 
and translocated into the nucleus to regulate gene expression29,30. To assess the activation of the TGFB/SMAD 
pathway, the expression and localization of phosphorylated SMAD2 and SMAD3 (pSMAD2/3) were examined 
in both cultured cells and xenograft lesions (Fig. 4).

Immunocytochemistry of cultured cells revealed that pSMAD2/3 was exclusively localized to the nucleus in 
HOXC8-imESCs, with positive cell rates of 98.2% ± 3.17% for pSMAD2 and 100% for pSMAD3, whereas no 
pSMAD2/3-positive cells were observed in Control-imESCs (Figs. 4A, B). This difference in pSMAD2-positive 
cell rates was statistically significant (p = 0.000000725), while pSMAD3 was consistently positive in all HOXC8-
imESCs and absent in Control-imESCs (Fig.  4B). Additionally, immunohistochemical analysis of xenograft 
lesions revealed that pSMAD2/3 were localized to the nucleus only in HOXC8-imESC xenografts (Fig.  4C). 
These findings demonstrate that HOXC8 overexpression can activate the TGFB/SMAD signaling pathway in 
vivo in endometriosis.

Discussion
Using an in vivo xenograft model, this study demonstrated that HOXC8 plays a role in fibrosis, a key pathological 
feature of endometriosis. Previously reported animal models of endometriosis commonly involved transplanting 
minced mouse endometrial tissue into the peritoneal cavity of immunodeficient mice31,32. However, in these 
models, there is a possibility that non-endometrial stromal cells, such as myometrial cells, influence lesion 
formation. Alternatively, the regenerated tissue at adhesion sites may simply reflect normal endometrial tissue. 
Therefore, a model that more accurately recapitulates the pathophysiology of the disease is needed. This study 
showed that transplanting HOXC8-imESCs under the renal capsule of severely immunodeficient mice created 
fibrotic lesions. This fibrosis was likely driven by activation of the TGFB/SMAD signaling pathway. These results 
support establishing a new animal model that better reflects the fibrotic pathology of endometriosis.

HOXC8 is a transcription factor belonging to the HOX gene family, which plays crucial roles in embryonic 
development and morphogenesis33,34. HOXC8 overexpression has been observed in various cancers, including 
breast, prostate, and pancreatic cancers25,35,36. In breast and lung cancers, HOXC8 contributes to invasion and 
metastasis by activating the TGFB pathway25,26. Additionally, HOXC8 has been reported to be involved in 
liver fibrosis in a mouse model, where its expression is increased, and suppression of HOXC8 leads to reduced 
fibrosis37. The present results suggest that HOXC8 is involved in the pathogenesis of endometriosis, particularly 
by promoting fibrosis.

In this study, both Control-imESCs and HOXC8-imESCs expressed the myofibroblast marker ACTA2 in the 
xenograft lesions. However, only the HOXC8-imESCs accumulated large amounts of collagen. In general, tissue 
damage activates fibroblasts, which then differentiate into myofibroblasts. Persistent stimuli, such as chronic 
inflammation, lead to excessive collagen accumulation and fibrosis progression38. TGFB1 is a major profibrotic 
factor that promotes collagen production through myofibroblast activation39. Based on these reports and our 
xenograft results, excessive collagen production in endometriosis appears to require not only the differentiation 
of fibroblasts into myofibroblasts but also activation of the TGFB/SMAD signaling pathway in the differentiated 
myofibroblasts via HOXC8. Thus, our model system may be a valuable tool for further investigations of the 
mechanisms of fibrosis in endometriosis. However, one limitation of this study is that it demonstrates only a 
correlation based on immunostaining results, and further mechanistic studies are needed to establish causality.

We previously found that treatment of HOXC8-euESCs with an ALK5 inhibitor, which blocks the TGFB 
signaling pathway, significantly reduced collagen gel contraction24. These results imply that ALK5 inhibitors 
could be promising therapeutic agents for treating fibrosis associated with endometriosis. Furthermore, our 
model system may also contribute to the development of future targeted therapies using agents such as ALK5 
inhibitors.

In this study, HE staining of kidneys transplanted with HOXC8-imESCs revealed clusters of small cells 
in the renal parenchyma. We performed immunostaining using markers for macrophages (CD68) and 
leukocytes (CD45) since NOD/Scid mice lack almost all T and B cells. Cells positive for these markers were 
detected in the xenograft lesions and renal parenchyma only in mice transplanted with HOXC8-imESCs, 
indicating inflammatory cell infiltration in the recipient mice. Fibrosis in endometriosis is closely associated 
with inflammation. Macrophages play a key role in driving fibrotic progression by activating fibroblasts40–43. In 
addition, IL-8 expression is upregulated in endometriotic tissues44. In monkeys with spontaneous endometriosis, 
administration of an anti-IL-8 antibody has been shown to reduce fibrosis and adhesion formation45. A limitation 
of this study was that we were unable to confirm the presence of cytokines. Another limitation was that the cells 
transplanted in the intra-abdominal space did not engraft, resulting in the formation of subrenal capsule lesions 
only.
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In this study, we established an animal model of endometriosis-associated fibrosis using a xenograft model 
system with immortalized endometrial stromal cells overexpressing HOXC8, an upstream regulator associated 
with endometriosis. This animal model is expected to be a useful tool for investigating the mechanisms of fibrosis 
in endometriosis and for developing therapeutic strategies to suppress fibrosis.

Methods
Ethical statement
This study was approved by the Institutional Review Board of Yamaguchi University Graduate School of Medicine 
(No. H47-026). All animal procedures were approved by the Animal Experimentation Ethics Committee 
of Yamaguchi University Graduate School of Medicine, performed according to the relevant guidelines and 
regulations, and confirmed compliance with ARRIVE guidelines.

 

Scientific Reports |        (2026) 16:11318 6| https://doi.org/10.1038/s41598-026-41956-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Establishment of HOXC8-overexpressing human immortalized endometrial stromal cell lines 
(HOXC8-imESCs)
An expression vector co-expressing HOXC8 and GFP was constructed as previously reported19,24. The HOXC8 
coding sequence and the IRES-AcGFP sequence were amplified by PCR using the pMX_HOXC8 vector24 and 
the pLVSIN-CMV_hyg_IRES-AcGFP vector19 as templates, respectively, with primer sets listed in Table 1. 
PCR amplification was performed using PrimeSTAR GXL DNA polymerase (Takara, Kyoto, Japan) under the 
following conditions: 98 °C for 10 s, 60 °C for 15 s, and 68 °C for 2.5 min, for 35 cycles. The amplified HOXC8 and 
IRES-AcGFP sequences were cloned into the multiple cloning site of the pMXs retroviral expression vector (Cell 
Biolabs Inc., San Diego, CA) using the In-Fusion HD Cloning Kit (Takara). As a mock control, an expression 
vector containing only the IRES-AcGFP sequence was also constructed.

To produce the retrovirus, the HOXC8-overexpressing or the mock control vector was co-transfected 
with the packaging plasmids into the HEK293FT packaging cell line using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA). Retroviral supernatants were collected 48 h after transfection and concentrated using PEG-it 
Virus Precipitation Solution (System Biosciences, Palo Alto, CA). Human immortalized endometrial stromal 
cells (imESCs)46 were cultured in 12-well plates at a density of 6 × 10⁴ cells per well. After 24 h, the cells were 
incubated for 48 h with concentrated retrovirus added to the culture medium containing 5 µl/well of polybrene 
(Sigma-Aldrich, St. Louis, MO). The cells transduced with either the HOXC8-overexpressing or mock control 
vector were subjected to drug selection with 10 µg/ml hygromycin for one month, resulting in the establishment 
of stable HOXC8-overexpressing cell lines (HOXC8-imESCs) and corresponding mock control lines (Control-
imESCs).

Cell culture
HOXC8-imESCs, Control-imESCs, and parental cell line imESCs were maintained by 10  cm collagen-
coated culture dishes (Corning Life Science, Tewksbury, MA) in DMEM/F12 medium (Wako, Osaka, Japan), 
supplemented with 10% FBS (Gibco, Rockville, MD), 2 mM L-glutamine (Gibco), and a 1% antibiotic-
antimycotic solution (Wako), at 37 °C in a humidified atmosphere of 5% CO₂ and 95% air. The medium was 
exchanged every other day.

Quantitative RT-PCR
Total RNA was extracted from HOXC8-imESCs and Control-imESCs using the RNeasy Mini Kit (Qiagen, 
Valencia, CA) according to the manufacturer’s protocol. cDNA was synthesized using the QuantiTect Reverse 
Transcription Kit (Qiagen) with random hexamers as previously described47. Real-time RT-PCR was performed 
in triplicate using SYBR Premix Ex Taq (Takara) and the primer sets listed in Table 1 on a CFX384 thermal cycler 
(Bio-Rad, Hercules, CA). Relative mRNA expressions were calculated using the ΔΔCt method with GAPDH as 
an internal control. Expression levels in HOXC8-imESCs were normalized to those in control-imESCs as 1 and 
presented as mean ± standard deviation (SD).

Western blotting
Western blotting was performed as previously reported48. HOXC8-imESCs and Control-imESCs were lysed 
in RIPA buffer (Wako), and total protein lysates were extracted. Ten micrograms of protein were separated by 
SDS-PAGE and transferred to PVDF membranes (New England Biolabs, Ipswich, MA). The membranes were 
blocked for 60 min, followed by incubation with either mouse anti-TUBB monoclonal antibody (Sigma-Aldrich, 
RRID: AB_477577) or rabbit anti-HOXC8 monoclonal antibody (Abcam, Tokyo, Japan, RRID: AB_1925078) 
at a 1:1000 dilution. The secondary antibodies used were anti-mouse IgG/HRP (Dako, Santa Clara, CA, RRID: 
AB_2636929) or anti-rabbit IgG/HRP (Dako, RRID: AB_2617141), both diluted 1:1000. The target protein 

Fig. 3.  Establishment of a xenograft model using HOXC8-imESCs and histological analysis. (A) Summary 
of the xenograft mouse model. Cell aggregates of Control-imESCs or HOXC8-imESCs (Fig. 3B) were 
transplanted under the renal capsules of immunodeficient NOD/Scid mice and harvested five weeks after 
transplantation for morphological evaluation. (B) Detection of GFP-expressing cells in cell aggregates of both 
cell lines. Cell viability within the aggregates, which were embedded in collagen gel for transplantation, was 
confirmed by GFP expression. Representative fluorescent images of Control-imESCs one day after culture 
are shown. Scale bar = 200 μm. (C) Whole and cross-sectional images of kidneys transplanted with Control-
imESCs and HOXC8-imESCs, which were harvested five weeks after transplantation. Scale bar = 1 mm. (D) HE 
and trichrome stained images of xenograft lesions in Control-imESCs or HOXC8-imESCs. Scale bar = 100 μm. 
(E) Immunofluorescence staining of xenograft lesions for ACTA2 and COL1A1, as well as the corresponding 
HE and DAPI-staining. In ACTA2 and COL1A1 staining, the images on the right show magnified views of 
the regions outlined by dashed lines in the corresponding images on the left. Nuclei were counterstained with 
DAPI. Scale bar = 100 μm. (F) COL1A1-positive area and ACTA2-positive cell proportions. The collagen-
positive area rate (%) was calculated by the average of the positive area ratios within the field of view at 200x 
magnification. The ACTA2-positive cells rate (%) was calculated as the ratio of ACTA2-positive cells to VIM-
positive cells. Quantification was performed using three independent tissue sections (n = 3) for both Control-
imESCs and HOXC8-imESCs xenografts. All quantified values are presented as the mean ± SD. **p < 0.01. (G) 
Immunofluorescence staining of xenograft lesions for VIM, human nuclear marker, and HOXC8, along with 
HE and DAPI staining of adjacent sections. In VIM, human nuclear marker, and HOXC8 staining, the images 
on the right are magnified views of the areas outlined by dashed lines in the corresponding images on the left. 
Nuclei were counterstained with DAPI. Scale bar = 100 μm.
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signals were detected by chemiluminescence using ECL™ Prime Solution (Cytiva, Tokyo, Japan) and visualized 
with the ChemiDoc™ XRS Plus imaging system (Bio-Rad).

Cell proliferation assay
HOXC8-imESCs and Control-imESCs were seeded in 6-well plates at a density of 5 × 10⁴ cells per well. At 24, 
48, 72, and 96 h after seeding, the cells were trypsinized to obtain single-cell suspensions, and cell numbers were 
measured using a Vi-CELL XR cell counter (Beckman Coulter, Tokyo, Japan). Each experiment was performed 
three times in triplicate. The results are presented as mean ± SD.

Cell migration and invasion assays
Cell migration and invasion assays were performed using non-Matrigel-coated and Matrigel-coated culture 
inserts (BioCoat Matrigel Invasion Chamber, Corning), respectively, according to the manufacturer’s 

Fig. 3.  (continued)
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Fig. 4.  Detection of phosphorylated SMAD2 and SMAD3 in culture and the xenograft lesions in HOXC8-
imESCs. (A) Immunocytochemistry for SMAD2, SMAD3, and their phosphorylated forms (pSMAD2 and 
pSMAD3) in monolayer cultures of Control-imESCs and HOXC8-imESCs. Nuclei were counterstained with 
DAPI. Scale bar = 20 μm. (B) pSMAD2- and pSMAD3-positive cell proportions. The positive cell rate (%) 
was calculated relative to the number of DAPI-positive nuclei and presented as the mean ± SD. Quantification 
was performed in three independent experiments (n = 3). ***p < 0.001. (C) Immunofluorescence staining 
with a pan-phospho-SMAD2/3 (pSMAD2/3) in xenograft lesions in Control-imESCs and HOXC8-imESCs, 
along with corresponding HE and DAPI-staining. The images on the right of the pSMAD2/3 staining show 
magnified views of the regions outlined by dashed lines in the corresponding images on the left. Nuclei were 
counterstained with DAPI. Scale bar = 20 μm.
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instructions49. A total of 4 × 10⁵ HOXC8-imESCs or Control-imESCs suspended in serum-free medium were 
added to the upper chamber of the culture insert, while 750 µl of medium containing 10% FBS was placed in 
the lower chamber of a 24-well plate and incubated for 24 h. The cells that remained on the upper surface of the 
culture insert membrane were gently removed to eliminate the non-migrated/non-invaded cells. The migrated 
cells on the lower surface of the membrane were stained with Diff-Quick (Sysmex, Kobe, Japan), and the cells 
were counted in four randomly selected fields at 200× magnification. The migration assay was performed three 
times, and the number of cells that migrated through the non-coated insert membranes was expressed as the 
mean ± SD. The invasion assay was performed three times. The cell invasion rate (%) was calculated by dividing 
the number of cells that passed through the Matrigel-coated insert membrane by the number of migrated cells, 
multiplied by 100, and presented as mean ± SD.

Wound healing assay
HOXC8-imESCs and Control-imESCs were cultured in 6-well plates until confluence, and a linear scratch was 
made in the center of each well using a sterile 1000 µl pipette tip. Immediately after scratching and at 24 h, 
images of the same fields were captured under a microscope at 40× magnification, and the area of the cell-free 
region was measured using ImageJ software. The assay was performed in triplicate and repeated three times. The 
wound healing rate (%) was calculated as [(initial wound area - wound area at 24 h)/initial wound area] × 100, 
and shown as mean ± SD.

Collagen gel contraction assay
Collagen gel contraction was evaluated according to previously reported methods24,50. A total of 1.0 × 10⁵ 
HOXC8-imESCs or Control-imESCs were mixed with 100 µl of collagen gel solution [40% rat tail collagen type I 
(final concentration: 0.8 mg/ml; Sigma-Aldrich), 20% 5× DMEM, 10% FBS, 10% 0.44 M NaHCO₃, and 5% 0.18 
N NaOH], and the mixture was plated into 96-well plates pre-coated with 10% BSA. After incubation at 37 °C for 
30 min to solidify the gel, 50 µl of DMEM was added to each well and incubated for 24 h. The gels were imaged 
under a microscope, and their surface area was measured using ImageJ software. The assay was performed three 
times in triplicate. Gel contraction area was calculated by subtracting the measured gel area from the whole well 
area. The collagen gel contraction rate (%) was calculated by dividing the gel contraction area by the whole well 
area, multiplied by 100, and presented as mean ± SD.

#
Gene name (primer 
name) Usage Amplified region (UCSC hg38) PCR primers

Product

size 
(bp)

1 HOXC8 real-time RT-PCR chr12: 54,009,650 − 54,011,212
F: ​T​A​G​C​G​A​A​G​G​A​C​A​A​G​G​C​C​A​C​T

195
R: ​C​C​C​A​G​G​G​C​A​T​G​A​G​A​G​A​C​T​T​C

2 TGFB1 real-time RT-PCR chr19:41348370–41,352,746
F: ​A​G​G​C​C​G​A​C​T​A​C​T​A​C​G​C​C​A​A​G

143
R: ​G​G​G​T​T​C​A​G​G​T​A​C​C​G​C​T​T​C​T​C

3 COL1A1 real-time RT-PCR chr17: 50,184,101 − 50,201,631
F: ​A​G​A​G​T​C​T​A​C​A​T​G​T​C​T​A​G​G​G​T​C​T​A​G​A

167
R: ​G​T​A​C​C​T​G​A​G​G​C​C​G​T​T​C​T​G​T​A​C

4 COL1A2 real-time RT-PCR chr7: 94,394,895 − 94,431,227
F: ​T​G​A​A​G​A​T​G​G​T​C​A​C​C​C​T​G​G​A​A​A​A​C

450
R: ​G​C​T​G​T​C​C​C​T​T​C​A​A​T​C​C​A​T​C​C​A

5 MMP1 real-time RT-PCR chr11: 102,789,919 − 102,798,160
F: ​G​A​T​G​T​G​G​C​T​C​A​G​T​T​T​G​T​C​C​T​C​A

290
R: ​C​T​T​G​G​T​G​A​A​T​G​T​C​A​G​A​G​G​T​G​T​G​A

6 MMP2 real-time RT-PCR chr16: 55,479,198 − 55,506,691
F: ​A​A​C​T​A​C​A​A​C​T​T​C​T​T​C​C​C​T​C​G​C​A​A​G

350
R: ​A​A​G​T​T​G​A​T​C​A​T​G​A​T​G​T​C​T​G​C​C​T​C​T​C

7 MMP14 real-time RT-PCR chr14:22,841,959 − 22,842,456
F: ​G​A​G​A​T​C​A​A​G​G​C​C​A​A​T​G​T​T​C​G​A​A​G

124
R: ​C​C​T​C​G​T​A​T​G​T​G​G​C​A​T​A​C​T​C​G​C

8 TIMP1 real-time RT-PCR chrX: 47,582,436 − 47,586,789
F: ​G​A​T​A​C​T​T​C​C​A​C​A​G​G​T​C​C​C​A​C​A​A​C

240
R: ​C​C​A​A​C​A​G​T​G​T​A​G​G​T​C​T​T​G​G​T​G​A​A​G

9 TIMP2 real-time RT-PCR chr17: 78,852,977 − 78,925,387
F: ​C​A​G​A​A​G​A​A​G​A​G​C​C​T​G​A​A​C​C​A​C​A

310
R: ​G​T​T​G​A​T​G​T​T​C​T​T​C​T​C​T​G​T​G​A​C​C​C​A

10 TIMP3 real-time RT-PCR chr22: 32,801,705 − 32,863,041
F: ​C​C​T​T​A​A​G​C​T​G​G​A​G​G​T​C​A​A​C​A​A​G​T​A

400
R: ​C​A​G​G​A​C​T​T​G​A​T​C​T​T​G​C​A​G​T​T​A​C​A​A​C

11 GAPDH real-time RT-PCR chr12: 6,534,840-6,536,570
F: ​A​G​G​T​G​A​A​G​G​T​C​G​G​A​G​T​C​A

99
R: ​G​G​T​C​A​T​T​G​A​T​G​G​C​A​A​C​A​A

12 HOXC8 CDS vector 
construction -

F: ​A​T​T​A​A​G​G​A​T​C​C​T​C​G​A​G​T​A​G​G​C​C​A​C​C​A​T​G​A​G​C​T​C​C​T​A​C​T​T​C​
G​T​C​A​A 763
R: ​G​A​G​G​G​G​C​G​G​A​T​C​T​T​A​G​T​C​C​T​T​G​T​T​T​T​C​T​T​C​C​T

13 IRES2-AcGFP vector 
construction

- F: ​G​A​A​A​A​C​A​A​G​G​A​C​T​A​A​G​A​T​C​C​G​C​C​C​C​T​C​T​C​C​C​T​C
1350 Please merge this cell with the 

cell above. R: ​C​C​T​G​C​G​G​T​C​G​C​G​G​C​C​G​C​T​C​A​C​T​T​G​T​A​C​A​G​C​T​C​A​T​C​C​A

Table 1.  Primer information in the study.
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Xenograft model
We performed a xenograft model based on the previously established protocol for uterine leiomyoma cells in 
our laboratory with some modifications. In brief, HOXC8-imESCs and Control-imESCs were mixed with a 
collagen gel solution (same composition as described above, except that the final concentration of type I collagen 
was 1.6  mg/ml) at a density of 2 × 10⁷ cells/ml. The mixture was incubated at 37 °C for 30 minutes to form 
solid cell aggregates. The cell aggregates were then maintained under humidified conditions at 37 °C with 5% 
CO₂ in the same culture medium used for cell culture. GFP expression, which is used as an indicator of viable 
cells, was observed in both cell lines in the aggregates. Figure 3B shows a representative aggregate formed from 
Control-imESCs. Twenty-four hours later, the cell aggregates were transplanted under the renal capsules of 
both kidneys of ovariectomized, severely immunodeficient NOD/Scid mice (Kyudo, Tosu, Japan) at a density of 
1.2 × 10⁶ cells per kidney. The NOD/Scid mice provided by Kyudo are ‘NOD/ShiJic-scid Jcl’ mice produced and 
supplied by CLEA Japan, Inc. The mice were anesthetized for surgery with a combination anesthetic consisting of 
0.2 mg/kg of medetomidine, 2.66 mg/kg of midazolam, and 3.33 mg/kg of butorphanol. A total of 26 mice were 
transplanted with Control-imESC aggregates, and 30 mice were transplanted with HOXC8-imESC aggregates. 
Five weeks later, the transplanted mice were euthanized by cervical dislocation. The transplanted kidneys were 
harvested, and the xenografts were collected (Fig. 3A). The xenografts were then fixed in 4% Paraformaldehyde 
(PFA), embedded in paraffin, and processed for histological evaluation.

Trichrome staining
Collagen fibers were stained using a Trichrome Stain Kit (TRM-1; ScyTec Laboratories Inc., West Logan, UT) 
as previously reported51. In brief, 5-µm sections of paraffin-embedded tissue were deparaffinized and fixed in 
Bouin’s solution overnight. The sections were stained with Weigert’s iron hematoxylin for 10 min, Biebrich 
scarlet/acid fuchsin solution for 10 min, phosphomolybdic/phosphotungstic acid solution for 15 min, and 
aniline blue solution for 15 min. Finally, the sections were immersed in 1% acetic acid for 1 min.

Immunofluorescence staining
Immunocytochemistry was performed as previously reported51. In brief, HOXC8-imESCs and Control-imESCs 
cultured in 24-well plates were fixed with 4% PFA for 15 min, permeabilized with 0.5% Triton X-100, and 
blocked for 60 min using a blocking solution containing 10% fetal bovine serum and 1% bovine serum albumin 
in PBST. The cells were incubated overnight at 4 °C with one of the following primary antibodies: rabbit anti-
SMAD2 (Cell Signaling Technology, Danvers, MA, RRID: AB_823638, 1:200 dilution), rabbit anti-SMAD3 
(Cell Signaling Technology, RRID: AB_2193182, 1:200 dilution), rabbit anti-phospho-SMAD2 (Abcam, RRID: 
AB_2732791, 1:100 dilution), or rabbit anti-phospho-SMAD3 (Cell Signaling Technology, RRID: AB_2193207, 
1:100 dilution). Then, the cells were incubated for 60 min in the dark with Alexa Fluor 594-conjugated anti-
rabbit IgG (Abcam, RRID: AB_2734147) diluted 1:1000 as the secondary antibody. Nuclei were counterstained 
with DAPI (500 ng/ml, Nacalai, Kyoto, Japan).

Immunohistochemical staining was also performed as previously reported51. In brief, 5-µm paraffin-
embedded tissue sections were deparaffinized, fixed with 4% PFA for 5 min, and permeabilized with 0.5% Triton 
X-100. After blocking with a blocking solution for 60 min, the following primary antibodies were used: mouse 
anti-ACTA2 (Abcam, RRID: AB_2313736; 1:500 dilution), rabbit anti-COL1A1 (Abcam, RRID: AB_2861258; 
1:500 dilution), rabbit anti-VIM (Abcam, RRID: AB_10562134; 1:1000 dilution), mouse specific for human Ku80 
nuclear marker (Takara Bio, Shiga, Japan, RRID: AB_2895096; 1:500 dilution), rabbit anti-HOXC8 (Proteintech, 
Rosemont, IL, RRID: AB_2878140; 1:100 dilution), rabbit anti-MMP2 (Proteintech, RRID: AB_2250823; 1:200 
dilution), rabbit anti-TIMP2 (Proteintech, RRID: AB_ 2287495; 1:200 dilution), rabbit anti-COL4A2 (Abcam, 
RRID: AB_10976330; 1:500 dilution), or rabbit anti-phospho-SMAD2/3 (Abcam, RRID: AB_882596; 1:100 
dilution), and incubated overnight at 4 °C. As secondary antibodies, Alexa Fluor 594-conjugated anti-mouse 
IgG (Abcam, RRID: AB_2732073) or Alexa Fluor 594-conjugated anti-rabbit IgG were used at a 1:1000 dilution 
and incubated for 60 min in the dark. Additionally, to perform double immunofluorescence staining, mouse 
anti-VIM (Abcam, RRID: AB_306907; 1:500 dilution) and rabbit anti-CD45 (Abcam, RRID: AB_442810; 
1:100 dilution) or rabbit anti-CD68 (Abcam, RRID: AB_10975465; 1:100 dilution) were used as primary 
antibodies, followed by Alexa Fluor 488-conjugated anti-mouse IgG (Abcam, RRID: AB_2576208) and Alexa 
Fluor 594-conjugated anti-rabbit IgG as secondary antibodies. After incubation, the sections were treated with 
a Vector TrueVIEW™ Autofluorescence Quenching Kit (Vector Laboratories Inc., Newark, CA) to reduce tissue 
autofluorescence. Nuclei were counterstained with DAPI.

Quantification
The positive area of COL1A1 and the percentage of ACTA2-positive cells were quantified from 
immunohistochemical images of xenograft lesions using ImageJ software (version 1.53t, National Institutes of 
Health, USA) as previously reported51. The collagen-positive area was calculated by the average of the positive 
area ratios within the field of view at 200x magnification. The percentage of ACTA2-positive cells was calculated 
as the ratio of ACTA2-positive cells to VIM-positive cells, which served as a stromal cell marker.

The number of pSMAD2- and pSMAD3-positive cells in the immunocytochemistry of cultured cells was 
measured individually, and the percentage of positive cells was calculated relative to the number of DAPI-
positive nuclei.

Quantification was performed using three independent tissue sections (n = 3) for both Control-imESCs and 
HOXC8-imESCs xenografts in immunohistochemical analyses (COL1A1 and ACTA2). For immunocytochemical 
analyses (pSMAD2 and pSMAD3), quantification was performed in three independent experiments (n = 3). All 
quantified values are presented as the mean ± SD.
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Statistical analysis
Statistical significance was analyzed using Student’s t-test. P-values less than 0.05 were considered statistically 
significant. All statistical analyses were performed using the R software program (version 3.6.1).

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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