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The effects of therapeutic drugs that inhibit female hormone functions on uterine leiomyomas (ULMs) 
vary among individuals. ULMs are classified into two subtypes with different histological compositions: 
MED12 mutation-positive and -negative ULMs. The present study was undertaken to investigate the 
tumor regression effects of female hormone withdrawal and a selective progesterone (P) receptor 
modulator (ulipristal acetate, UPA) in the ULM subtypes using a xenograft mouse model. Smooth 
muscle cells (SMCs) isolated from each ULM subtype were transplanted and treated with estrogen (E) 
and P for 4 weeks to form the xenograft tumor. They were then divided into four groups: continued 
EP treatment (E(+)P(+)), EP withdrawal (E(-)P(-)), only P withdrawal (E(+)P(-)), and EP + UPA. Tumors 
were harvested 8 weeks after transplantation. In both subtypes, they were reduced in size in the E(-)
P(-) compared with the E(+)P(+) and further reduced in the EP + UPA. Histological analysis showed that 
SMCs shrank in the E(-)P(-) and disappeared in the EP + UPA. Gene ontology and pathway analyses 
of the differentially expressed genes of the xenograft tumors suggested that regression occurred by 
different mechanisms in the two subtypes. Our results also suggested, for the first time, that UPA 
caused SMC death by a mechanism other than progesterone receptor inhibition.
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Uterine leiomyomas (ULMs) are tumors derived from uterine smooth muscle cells (SMCs) and are the most 
common neoplastic disease, occurring in more than 30% of sexually mature women1. ULMs are benign but 
can cause not only dysmenorrhea, hypermenorrhea, and anemia, but also infertility and miscarriage, severely 
affecting a woman’s quality of life1,2. Although surgical treatment, such as hysterectomy or myomectomy, is 
essential to cure ULMs, there is a growing demand for drug therapies that can preserve the uterus because of 
a trend of women delaying marriage and their childbearing years. The development of effective drugs requires 
elucidation of the pathophysiology of ULM.

Missense mutations in the mediator complex subunit 12 (MED12) gene have been implicated in the 
pathogenesis of ULMs, and have been detected in approximately 70% of ULM specimens in multiple ethnic 
groups3–11. Therefore, ULMs have at least two subtypes depending on the presence or absence of the mutations. 
Recently, it has been reported that the ULM subtypes differ in histological composition, including the amount of 
collagen fibers and the cellular component of the tumors11,12. We have also shown that ULMs with the MED12 
mutation (MED12m(+)-ULM) contain abundant collagen fibers and are composed of approximately 60% SMCs 
and 40% fibroblasts, whereas ULMs without the mutation (MED12m(-)-ULM) are composed of approximately 
80% SMCs and 20% fibroblasts, with low collagen content11. In addition, fibroblasts can proliferate with estrogen 
(E) only, whereas SMCs require E and progesterone (P) for their growth11, suggesting that the ULM subtypes 
respond differently to female hormones.
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Effective therapeutic drugs for ULMs include gonadotropin-releasing hormone analogs (GnRHa) and 
selective progesterone receptor modulators (SPRMs), both of which work by inhibiting female hormone function. 
However, the tumor reduction effects of these drug therapies differ among individuals. Clinically, GnRHa, which 
inhibits E and P secretion, has been reported to be more effective in tumor regression in MED12m(-)-ULM than 
in MED12m(+)-ULM13. The effects of SPRMs which inhibit progesterone receptor (PGR) function also differ 
among individuals14. However, it remains unknown whether the effects of female hormone withdrawal (FHW) 
or SPRMs are different between the ULM subtypes, and how they are different if so.

Most studies about the effects of female hormones15–21 and SPRMs22–24 on ULM cells have been conducted 
using 2D monolayer cultures. However, it has been reported that SMCs are selectively lost in the cultures25,26, 
that the expressions of estrogen receptor 1 (ESR1) and PGR in ULM cells gradually disappear27, and that the 
genome-wide gene expression profile changes in monolayer culture28, suggesting that it is difficult to maintain 
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the characteristics of the original ULM specimens in such cultures. On the other hand, xenografts are recognized 
as the only experimental system that can reflect the effects of female hormones in vivo in ULM studies12,29–31. A 
xenograft study showed that SMCs and fibroblasts respond differently to female hormones12.

To elucidate part of the pathophysiology of ULMs, the present study was undertaken to investigate the 
differences in the tumor regression effects of FHW and an SPRM (ulipristal acetate, UPA) between the ULM 
subtypes using a xenograft model.

Results
Establishment of a xenograft model using ULM cells
Xenograft tumors were harvested 8 weeks after transplantation and histologically compared with the original 
ULM specimen (Fig. 1B). Both MED12m(+)- and (-)-ULM xenograft tumors appeared similar to the original 

Fig. 1.  Characterization of established xenograft models using uterine leiomyoma (ULM) cells. (A) 
Representative immunocytochemistry images for the smooth muscle cell marker ACTA2 (green) and the 
progesterone receptor PGR (red) in the primary culture of ULM cells used for a xenograft model. The 
photograph shows the ULM cells of the MED12m(+)-ULM on day 3 of primary culture. Nuclear staining 
was performed with DAPI. Scale bar = 50 μm. (B) Representative images of HE staining, trichrome staining 
detecting collagen fibers in blue and cells in dark red, and immunohistochemistry for ACTA2 (green) and 
mesenchymal cell marker VIM (red) in xenograft tumors and original ULM specimens in MED12m(+)- and 
(-)-ULMs, respectively. Scale bar = 50 μm. (C,D) Hierarchical clustering of xenograft tumors, primary ULM 
cells, and original ULM specimens using transcriptome data in MED12m(+)-ULM (n = 3) (C) and MED12m(-
)-ULM (n = 3) (D), respectively. (E) Principal component analysis of xenograft tumors, primary ULM cells, 
and original ULM specimens using transcriptome data in MED12m(+)-ULM (n = 3) and MED12m(-)-ULM 
(n = 3).

◂

ULM ID MED12 mutation Age

Major axis
x
 Minor axis 
(mm x mm) Type

Single
(S)

Surgical method Collagen fiber ratio (%) SMC ratio (%)Multiple (M)

MED12m(+)-ULM

ULM#11 c.131G> A, p.G44D 27 64 × 62 Subserous S LM 46.7 56.6

ULM#14 c.131G> A, p.G44D 49 35 × 30 Subserous M TLH 47.8 50.6

ULM#15 c.131G> C, p.G44A 36 75 × 64 Intramural M LM 48.1 51.0

ULM#16 c.131G> A, p.G44D 30 37 × 28 Subserous M LM 40.8 41.2

ULM#18 c.131G> T, p.G44V 30 42 × 38 Submucosal M LM 49.7 69.0

ULM#22 c.131G> T, p.G44V 43 144 × 96 Intramural M TLH 46.0 68.6

ULM#27 c.131G> T, p.G44V 34 74 × 68 Intramural M LM 52.5 72.8

ULM#29 c.131G> T, p.G44V 45 35 × 35 Intramural M TLH 45.9 75.6

ULM#30 IVS1-11_131del43 41 ND Intramural M LM 42.4 67.5

ULM#39 c.130G> A, p.G44S 49 42 × 36 Intramural M AT 56.9 62.7

ULM#40 c.131G> A, p.G44D 39 28 × 23 Intramural M LM 43.1 54.0

Mean ± SD 38.5 ± 7.7 58 × 48 47.3 ± 4.6 60.9 ± 10.9

MED12m(-)-ULM

ULM#12 - 47 29 × 23 Intramural M TLH 29.6 82.2

ULM#13 - 40 83 × 35 Intramural S TLH 46.6 81.0

ULM#19 - 47 80 × 69 Intramural M TLH 12.6 81.6

ULM#20 - 42 81 × 74 Intramural S TLH 36.8 75.4

ULM#24 - 41 50 × 50 Submucosal S TLH 32.2 84.4

ULM#25 - 49 115 × 62 Intramural M TLH 49.6 75.5

ULM#26 - 46 45 × 39 Submucosal S TLH 20.5 81.8

ULM#31 - 37 52 × 52 Intramural M LH 23.6 86.4

ULM#37 - 46 71 × 70 Submucosal S RAH 22.1 87.1

ULM#38 - 49 37 × 26 Intramural S TLH 20.5 81.8

ULM#46 - 44 60 × 50 Intramural S RAH 21.8 87.1

Mean ± SD 44.4 ± 3.9 64 × 50 28.7 ± 11.6 82.2 ± 4.0

Table 1.  Basic information on the ULM specimens used for the xenograft models in this study. AT; abdominal 
simple total hysterectomy, LH; laparoscopic hysterectomy, LM; laparoscopic myomectomy, RAH; robotic-
assisted total hysterectomy, SMC; smooth muscle cell, TLH; total laparoscopic hysterectomy.

 

Scientific Reports |        (2025) 15:40028 3| https://doi.org/10.1038/s41598-025-23721-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


ULM specimens in HE staining, trichrome staining, and immunostaining for ACTA2 and VIM, demonstrating 
that xenografts give accurate characteristics of the original ULMs.

Characterization of the xenograft tumor transcriptomes
Gene expression profiles of the xenograft tumors harvested 6 weeks after transplantation were compared with 
those of ULM specimens and ULM cells on day 3 of primary culture (Figs. 1C-E). In hierarchical clustering, 
xenograft tumors and ULM specimens were classified in the same cluster and were distinct from ULM cells 
in both subtypes (Fig. 1C, D). The PCA was able to distinguish xenograft tumors and ULM specimens from 
ULM cells (Fig. 1E). This suggests that the gene expression profile of the xenograft tumors is closer to that of the 
original ULM specimen.

Effects of FHW and UPA on xenograft tumors
The response to FHW and histological staining was similar in all 11 MED12m(+)-ULM samples analyzed 
(Table 2). The xenograft tumors were reduced in size (24–77% reduction) by EP withdrawal (E(-)P(-)). On the 
other hand, in MED12m(-)-ULM, 8 of the 11 samples reduced in size (22–51% reduction) by E(-)P(-) (Table 2), 
but the reductions of the remaining 3 samples were less than 10%. Since one of the goals of this study was to 
analyze the responsiveness of ULMs to FHW, we excluded the 3 weakly responsive specimens (Fig. S1) from the 
analysis.

Figure 2B shows photographs and tissue sections of xenograft tumors harvested 8 weeks after transplantation. 
In the MED12m(+)-ULM, the xenograft tumor size was significantly reduced in the E(+)P(-) group compared 
to the E(+)P(+) group, and was further reduced in the E(-)P(-) group (Fig. 2C, and Table 2). In the MED12m(-
)-ULM, the xenograft tumor size was reduced in the E(+)P(-) group although the difference was not statistically 
significant, and it was significantly reduced in the E(-)P(-) group compared to the E(+)P(+) group (Fig. 2D, and 
Table 2). The SMC ratio was reduced in the E(-)P(-) group compared to the E(+)P(+) group (Figs. 2C, D), while 
the histological finding of HE staining and ACTA2 immunostaining in the E(-)P(-) group showed the presence 
of SMCs (Fig. 2B). This suggests that FHW caused the SMCs to shrink.

The xenograft tumors in the UPA-treated group (EP + UPA) were expected to shrink to the same extent as 
in the P withdrawal group (E(+)P(-)). However, they were more regressed than in the E(-)P(-) group in both 
subtypes (Figs. 2C, D, and Table 2). The SMC ratio was further reduced in the EP + UPA group compared to the 
E(-)P(-) group in both subtypes (Figs. 2C, D). On the other hand, the fibroblast ratio increased in the EP + UPA 
group (Fig. 2C, D). Many ACTA2-positive cells (SMCs) disappeared in the EP + UPA group compared to the E(-)
P(-) group (Fig. 2B), indicating that SMCs were lost in the EP + UPA group. In both subtypes, the collagen fiber 
ratio increased in the EP + UPA group compared to the E(-)P(-) group (Fig. 2C, D, and Table 2). Taken together, 
these histological findings suggest that fibroblasts and collagen fibers were replaced with SMCs due to the cell 
death of SMCs. Furthermore, the collagen turnover marker, the MMP1/TIMP1 ratio, was calculated from RNA-
seq data. In MED12m(+) ULM, it was 0.019 ± 0.009 (mean ± SD) in the E(+)P(+) group and 0.020 ± 0.010 in the 
EP + UPA group. In MED12m(-) ULM, it was 0.007 ± 0.005 and 0.013 ± 0.014, respectively. Since the values are 
very low, it is suggested that the MMP1 function is fully suppressed by TIMP1 in both groups. Therefore, the 
elevated collagen fiber rate observed in the EP + UPA groups may be due to passive accumulation resulting from 
SMC loss rather than active fibrosis.

Next, we examined cell death. Analysis of apoptotic cells by TUNEL staining revealed that TUNEL-positive 
cells were most frequently detected in EP + UPA group in MED12m(-)-ULM and were also less frequently 
detected in EP + UPA group in MED12m(+)-ULM (Fig. 3). In the remaining treatment groups, TUNEL-positive 
cells were scarcely detected in either ULM subtype.

To investigate whether UPA-induced cell death is mediated by host immune response, we performed 
immunostaining with markers for macrophages (CD68), myeloid cells (CD14), and leucocytes (CD45) because 
NOD/Scid mice lack almost all T and B cells. The cells positive for all three markers were detected in all treatment 
groups of both subtypes (Fig. S2).

DEGs in xenograft tumors induced by FHW and UPA
To examine the effects of FHW and UPA on gene expression, we identified differentially expressed genes 
(DEGs) in E(-)P(-), E(+)P(-), and EP + UPA groups compared to the E(+)P(+) group. In MED12m(+)-ULM, 
139 upregulated- and 195 downregulated- DEGs were identified in the E(-)P(-) group by EP withdrawal (E(-)
P(-) vs. E(+)P(+)), 85 upregulated- and 202 downregulated- DEGs in the E(+)P(-) group by P withdrawal 
(E(+)P(-) vs. E(+)P(+)), and 609 upregulated- and 613 downregulated- DEGs in the EP + UPA group by UPA 
administration (EP + UPA vs. E(+)P(+)) (Fig. 4A and Table S1). In MED12m(-)-ULM, 37 upregulated- and 102 
downregulated- DEGs were identified by EP withdrawal, 67 upregulated- and 109 downregulated- DEGs by P 
withdrawal, and 266 upregulated- and 426 downregulated- DEGs by UPA administration (Fig. 4B and Table S2). 
In both subtypes, the number of DEGs was more than three times higher in UPA administration than in EP or 
P withdrawal.

GO and pathway analyses of the DEGs induced by FHW and UPA
Figure 5 summarizes the effects of EP withdrawal (E(-)P(-)), P withdrawal (E(+)P(-)), and UPA administration 
(EP + UPA) on the GO terms and KEGG32,33 and IPA pathways. Further details of the GO, KEGG, and IPA 
analyses are given in Tables S3-S8, S9-S14, and S15-S20, respectively. The functional categories considered to be 
important for the development and progression of ULMs were reported previously34. Cell proliferation, signal 
transduction, immune system, angiogenesis, and myocyte function in the functional categories were similarly 
altered by EP withdrawal and P withdrawal in both ULM subtypes. ECM production, cell adhesion, and 
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inflammation by EP and P withdrawal were prominent in MED12m(+)-ULM. TGFB signaling by P withdrawal 
and WNT signaling by EP withdrawal were observed in the MED12m(+)-ULM.

UPA administration caused remarkable changes in all functions compared with EP or P withdrawal in both 
ULM subtypes. In particular, the immune system and inflammation were prominent in the MED12m(+)-ULM, 
while apoptosis was prominent in the MED12m(-)-ULM.

Among the DEGs, the genes involved in apoptosis (TP53 and BCL2L11) and immune response (CD34, 
CD14, and AKT3) that showed significant differences between E(+)P(+) and EP + UPA groups were selected and 
validated by real-time RT-PCR (Fig. S3). Significant differences were confirmed between E(+)P(+) and EP + UPA 
groups for TP53 and CD34. Although no statistically significant differences were observed for BCL2L11, CD14, 
and AKT3, the expression level trends in the E(+)P(+) and EP + UPA groups were consistent with those observed 
in the RNA-seq data.

Discussion
Although the ULM subtypes showed no histological differences in the effects of FHW, transcriptome and 
pathway analyses indicated that FHW caused these subtypes to regress through different signaling pathways, 
which seems to be consistent with our previous findings that MED12m(+)- and (-)-ULMs develop through 
different signaling pathways11. In particular, in the MED12m(+)-ULMs, FHW suppressed the pathways involved 
in fibrosis, such as ECM production and cell adhesion (Tables S3, S4, S9, S10, S15, and S16), and altered the 
pathways involved in cell proliferation, including TGFB and WNT signaling. This may reflect differences in the 
pathophysiology of the two ULM subtypes. We previously showed differences in the transcriptome and signaling 
pathways between ULM subtypes11. Compared to the normal myometrium, ECM production, cell adhesion, and 
WNT signaling were activated in MED12m(+)-ULM, whereas ECM production, cell adhesion, and TGFB and 
WNT signaling were inactivated in MED12m(-)-ULM. Thus, each ULM subtype develops and regresses through 
different signaling pathways.

Since the main action of UPA is the inhibition of PGR function, tumor regression was expected to be 
comparable to P withdrawal. Interestingly, EP + UPA was more effective than E(-)P(-) at reducing the xenograft 
tumor size, due to apoptosis of SMCs. This effect of UPA appears to be quite different from that of RU486, which 
is a blocker of PGR. Studies using the same xenograft model as in the present study showed that tumor regression 
by RU486 and EP withdrawal was due to the shrinkage and not death of SMCs12,29,30. In general, ULM patients 
who discontinue GnRHa treatment relapse within several weeks. This is because SMCs resume development 
in the presence of female hormones. On the other hand, the results from European Tier III and Japanese Tier 
II studies, which investigated the effects of UPA on ULM, showed no regrowth of ULM in the 25 weeks after 
cessation of UPA treatment35,36. Taking these results into consideration, it is suggested that UPA can kill SMCs 
by inducing apoptosis via a mechanism other than inhibiting PGR function. However, further studies are needed 
to investigate whether UPA-induced SMC death is UPA-specific and whether xenograft tumors regrow after the 
cessation of UPA treatment.

UPA administration had much greater effects than P withdrawal on the transcriptomes and signaling 
pathways of xenograft tumors, suggesting that UPA also has direct or indirect effects on SMCs besides inhibition 
of PGR. In our recent study using ULM spheroid cultures37, UPA shrank the ULM spheroid in a manner similar 
to P withdrawal but did not kill SMCs. Therefore, the death of SMCs in the xenograft model may have been 
caused by host-mediated actions of UPA. It is interesting to note that the immune system and inflammation 
were strongly promoted by UPA administration in the MED12m(+)-ULMs in this study, while apoptosis was 
activated in the MED12m(-)-ULMs (Tables S5, S8, S11, S14, S17, and S20). We speculated that UPA through 
host-mediated immunological responses, not only killed SMCs by cytotoxicity in the MED12m(+)-ULMs but 
also caused apoptosis of SMCs in the MED12m(-)-ULMs. The mechanism of host-mediated UPA action may be 
similar to the mechanism of immunogenic cell death (ICD) which has been reported in various cancers in recent 
years38,39. ICD is a mechanism by which the molecules released from cancer cells in response to specific anticancer 
drugs enhance the host’s immune response against cancer cells, leading to their death. Therefore, to investigate 
whether UPA-induced cell death is mediated by host immune response, we performed immunostaining with 
markers for macrophages (CD68), myeloid cells (CD14), and leucocytes (CD45). Contrary to our expectations, 
the characteristic staining specific to UPA was not found, suggesting that host immune responses with these 
immune cells are unlikely to be involved in UPA-specific cell death of SMCs. Further studies are needed to clarify 
how UPA caused remarkable changes in signaling pathways and GO terms, how these different pathways are 
selectively utilized between the ULM subtypes upon UPA exposure, and how UPA caused cell death of SMCs.

Although all MED12m(+)-ULM samples showed that FHW caused tumor regression, 3 of the 11 MED12m(-
)-ULM samples did not show any regression as a result of FHW. In the three FHW weakly responsive ULMs, 
the expression of PGR in the xenograft tumors of all treatment groups was confirmed to be comparable to that 
in sensitive ULMs 8 weeks after transplantation (Fig. S1). These ULMs may be female hormone-independent 
ULMs that can develop even in the absence of female hormones. We will investigate the pathophysiology of 
these female hormone-independent ULMs using whole-genome sequencing-based mutational profiling in 
future studies.

In this study, we investigated the effects of FHW and UPA on each ULM subtype using a xenograft model. 
Although FHW and UPA did not result in any histological differences between the MED12m(+)- and (-)-ULM 
xenograft tumors, transcriptome and pathway analyses revealed that the xenograft tumors of both subtypes 
regressed through different signaling pathways. The present results also suggest that mechanisms other than 
inhibition of PGR function are involved in UPA-induced tumor regression of ULMs.
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Methods
Ethical statement
This study was approved by the Institutional Review Board of Yamaguchi University Graduate School of 
Medicine (No. H27-035). Informed consent was obtained from the patients before any samples were collected. 
All experiments involving human tissue were performed according to the Declaration of Helsinki. 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.
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Patient tissue samples
For this study, ULM specimens were obtained from 22 Japanese women who underwent hysterectomy at the 
Department of Obstetrics and Gynecology at Yamaguchi University Hospital (Table  1). MED12m(+)-ULM 
specimens were obtained from 11 women (aged 27 to 49 years, mean ± SD; 38.5 ± 7.7). MED12m(-)-ULM 
specimens were obtained from 11 women (aged 37 to 49 years, mean ± SD; 44.4 ± 3.9). None of the women 
had received previous treatment with female hormones or gonadotropin-releasing hormone analogs. Dissected 
specimens were provided for primary culture, formalin-fixed paraffin-embedded blocks for histological analysis, 
and stored at -80 °C for genomic DNA and total RNA isolation.

Fig. 2.  The effect of female hormone withdrawal (FHW) and ulipristal acetate (UPA), a selective progesterone 
receptor modulator (SPRM), on ULM cells in a xenograft model. (A) Schematic representation of the 
investigation of the effects of FHW and UPA on ULM cells, using a xenograft model. ULM cells were 
transplanted under the renal capsule of ovariectomized mice and grown by estrogen (E) and progesterone 
(P) depot for 4 weeks. Then, transplanted mice were divided into 4 groups: continued with E and P 
depot (E(+)P(+)), without E and P depot (E(-)P(-)), with E depot only (E(+)P(-)), and with E, P, and 
UPA depot (EP + UPA). The xenograft tumors were harvested 6 and 8 weeks after transplantation and 
used for transcriptome and histological analyses, respectively. (B) Representative images of overview, 
cross-section, and histology of each treated group of the xenograft tumors harvested 8 weeks after 
transplantation in MED12m(+)- and (-)-ULMs. As histology, images of HE staining, trichrome staining, and 
immunohistochemistry with ACTA2 (green), VIM (red), and PGR (red) are shown. Scale bar = 50 μm. (C,D) 
Box and whisker plot of the ratios of tumor volume, smooth muscle cells, collagen fiber, and fibroblasts of each 
treated group in each xenograft tumor of MED12m(+)-ULM (n = 11) (C) and MED12m(-)-ULM (n = 8) (D), 
respectively. **; p-value < 0.01, *: p-value < 0.05, (Bonferroni test).

◂

Fig. 3.  Detection of apoptotic cells in xenograft tumors by TUNEL staining. The images show the 
representatives in the xenograft tumors of the E(-)P(-) and EP + UPA groups in both ULM subtypes 8 weeks 
after transplantation. Rat mammary tissue was used as a positive control to detect the apoptotic cells. A sample 
of TdT enzyme withdrawal in the EP + UPA group (EP + UPA_TdT enzyme (-)) was used as a negative control 
to detect the apoptotic cells. This analysis used three specimens in each MED12m (+)- and (-)-ULM. In 
TUNEL staining, apoptotic cells were detected as the cells that bore dark red-brown nuclei (arrowheads). Scale 
bar = 50 μm. Because almost no apoptotic cells were detected in E(+)P(+) and E(+)P(-) groups in both ULM 
subtypes, their images were omitted.
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Genomic DNA and total RNA isolation
Genomic DNA from ULM specimens and total RNA from ULM specimens, cells, and xenograft tumors 
were isolated as previously reported11,40,41. In brief, the genomic DNA from ULM specimens was isolated by 
treatment with Proteinase K (Qiagen, Hilden, Germany), followed by phenol/chloroform extraction and 
ethanol precipitation. Total RNA from ULM specimens and xenograft tumors was isolated by treatment with 
ISOGEN reagent (Nippon Gene, Tokyo, Japan), followed by chloroform extraction and 2-propanol precipitation. 
Total RNA from ULM cells was isolated using an RNeasy mini kit (Qiagen) according to the manufacturer’s 
instructions.

MED12 exon2 genome or transcript sequencing
The exon 2 region of the MED12 gene in the ULM specimens was sequenced as previously reported3,8–10. In 
brief, genomic PCR or RT-PCR was performed using PrimeSTAR GXL DNA polymerase (Takara, Kyoto, Japan) 
and primer sets as follows 5’-​G​C​C​C​T​T​T​C​A​C​C​T​T​G​T​T​C​C​T​T-3’ and 5’-​T​G​T​C​C​C​T​A​T​A​A​G​T​C​T​T​C​C​C​A​A​C​C-
3’ for genomic PCR, or 5’-​C​A​G​G​A​C​C​C​C​A​A​A​C​A​G​A​A​G​G​A​G-3’ and 5’-​C​A​A​T​A​A​T​G​C​T​G​C​T​G​A​A​G​T​T​G​G​A​A​
C-3’ for RT-PCR, under thermocycling conditions (35 cycles of 98 °C for 10 s, 60 °C for 15 s, and 68 °C for 20 
s). The amplified PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) and sequenced 
using the BigDye Terminator v3-1 Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA). The resulting 
sequences were analyzed manually.

Primary culture of ULM cells
ULM cells were isolated from ULM specimens as previously reported31,37. In brief, ULM specimens were cut 
with a razor into 1–2 mm square pieces and incubated with 5-fold amounts of 1.5 mg/ml collagenase type I 

Fig. 4.  Identification of differentially expressed genes (DEGs) in xenograft tumors by female hormone 
withdrawal and UPA administration. (A,B) Volcano plot showing the DEGs (red dots) identified in the E(-)
P(-), E(+)P(-), and EP + UPA groups compared with the E(+)P(+) group in MED12m(+)-ULM (n = 3) (A) 
and MED12m(-)-ULM (n = 3) (B). DEGs were defined as the genes whose expression was more than 2-fold or 
less than 0.5-fold of that of the E(+)P(+) group in each group, and p-value < 0.05, (t-test). The number of the 
upregulated (Up) and downregulated (Down) DEGs are shown.
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(Wako, Osaka, Japan) and 10 µg/ml Dnase I (Roche, Basel, Switzerland) in HBSS at 37 °C for 6 h with shaking at 
250 rpm. The ULM cells were passed through a 100 μm cell strainer (Falcon, Corning, NY) to remove the debris, 
seeded into 10 cm collagen-coated dishes (Corning, Corning, NY), and maintained in DMEM/F12 (Wako) 
containing 10% FBS (Gibco, Rockville, MD), 2mM L-glutamine (Gibco), and 1% antibiotic-antimycotic (Wako) 
at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. The percentage of ACTA2 (an SMC marker) positive 
cells (Fig. 1A) averaged 88.1 ± 6.7% and 85.3 ± 8.4% in MED12m(+)- and (-)-ULMs, respectively, indicating that 
SMCs are the majority of the ULM cells. Almost all SMCs were confirmed to be PGR-positive (Fig. 1A).

Optimization of the UPA depot
Since there are no reports of UPA depot administration in mice, the optimal dose was investigated using estrous 
persistence as an indicator of PGR function inhibition. UPA was provided by ASKA Pharmaceutical Co., Ltd. 
(Tokyo, Japan). Since 0.03–0.15 mg of UPA solution/mouse/day has been reported for daily subcutaneous 
administration, we tested 0.3 and 1.0 mg of UPA depot/mouse/week42–44. UPA at 0 mg (control, sesame oil only), 
0.3 mg, or 1.0 mg was mixed with sesame oil and administered subcutaneously to each of three female ICR mice 
once a week. Daily smear checks were performed on the treated mice along with 3 untreated mice (IDs #9–11). 
The estrous cycle was observed for 2 weeks (Figs. S4A, B). In control mice (IDs #6–8), estrus lasted 1 or 2 days 
and transitioned to the metestrus similar to the normal cycle in untreated mice (IDs #9–11). In the 0.3 mg UPA-
treated mice, estrus was prolonged in only one of the three mice (ID #4), but not in the other two mice (IDs #3 
and 5). In the 1.0 mg UPA-treated mice, estrus was prolonged from 3 to 5 days in all mice (Fig. S4A). Therefore, 
the UPA depot dose in this study was determined to be 1.0 mg/mouse/week.

Fig. 5.  Summary of the GO terms, KEGG pathways, and IPA pathways altered by EP withdrawal, P 
withdrawal, and UPA administration. Gene ontology (GO) enrichment, KEGG pathway, and Ingenuity 
Pathway Analysis (IPA) pathway analyses were performed using DEGs in each treatment group in each 
subtype. The GO terms, KEGG pathways, and IPA pathways extracted in EP withdrawal (E(-)P(-)), P 
withdrawal (E(+)P(-)), and UPA administration (EP + UPA) were divided into functional categories which are 
considered to be important for the development of ULM, in MED12m(+)- and (-)-ULMs, respectively. The 
number of GO terms and pathways was manually tabulated and expressed by babble sizes with the numbers.
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Xenograft models
Xenografts were performed according to the protocol of Kurita et al.31,45 with some modifications. In brief, 
ULM cells on day 3 of the primary culture were mixed with collagen solution [40% rat tail collagen type I (final 
concentration 1.6 mg/ml; Sigma-Aldrich, Tokyo, Japan), 20% 5 × DMEM, 10% FBS, 10% 0.44 M NaHCO3 
and 5% 0.18 N NaOH] at 1 × 107 cells/ml and incubated at 37 °C for 30 min to form cell-collagen pellets. 
The cell-collagen pellets were cultured for 1 day and transplanted (6 × 105 cells/kidney) under both kidney 
capsules of ovariectomized severely immunodeficient mice (NOD/ShiJic-scidJcl, Kyudo, Tosu, Japan). To grow 
the transplanted ULM cells, E (300 µg Progynon/week, Fujipharma, Tokyo, Japan) and P (3.75 mg Progeston/
week, Fujipharma) depots were administered subcutaneously to the transplanted mice once a week according 
to the previous report45.

A schematic representation of the FHW and UPA administration experiments in the xenograft model is 
shown in Fig. 2A. To evaluate the effects of FHW and UPA, transplanted mice were divided into 4 groups 4 
weeks after transplantation: continued with E and P depot (E(+)P(+)), without E and P depot (E(-)P(-)), with E 
depot only (E(+)P(-)), and with E, P, and UPA depot (EP + UPA). The xenograft tumors were harvested 8 weeks 
after transplantation (Fig. 2B). All of the xenograft tumors transplanted successfully engrafted in this study. Size 
was assessed by measuring the diameter of the major and minor axes and the height of the cut surface of the 
xenograft tumors. Volume was calculated as π/6 x major diameter x minor diameter x height. Samples with an 
average volume of less than 3.0 mm3 in the E(+)P(+) group were considered to have no proliferative potential 
and were excluded from this study. 73.3% (11 out of 15) and 57.9% (11 out of 19) of the specimens were 3.0 mm³ 
or larger in MED12m(+)-ULM and MED12m(-)-ULM, respectively.　Eight weeks after transplantation, PGR 
expression was confirmed in all treatment groups of both ULM subtypes (Fig. 2B).

Immunofluorescent staining
To stain cell cultures, ULM cells on day 3 of the primary culture were double-stained with ACTA2   and PGR as 
previously reported37. In brief, the cells were fixed with 4% paraformaldehyde (PFA) for 15 min, blocked with 
a blocking solution (10% fetal bovine serum and 1% bovine serum albumin in PBST) for 60 min, incubated 
with a mouse anti-ACTA2 monoclonal antibody (Abcam, Tokyo, Japan, RRID: AB_262054) and rabbit anti-
PGR monoclonal antibody (Abcam, RRID: AB_443421) as a primary antibody (diluted at 1:500 in the blocking 
solution) at 4 °C overnight, and incubated with the Alexa Fluor 488 conjugated anti-mouse IgG (Abcam, RRID: 
AB_2576208) and Alexa Fluor 594 conjugated anti-rabbit IgG (Abcam, RRID: AB_2734147) as a secondary 
antibody (diluted at 1:1000 in PBS) for 45 min. Nuclei were stained with DAPI (500 ng/ml, Nacalai, Tokyo, 
Japan).

To stain tissue sections, sections were double-stained with ACTA2 and VIM (a mesenchymal cell marker), 
PGR, CD14, CD45, or CD68 as previously reported37. In brief, tissue sections (5 μm) of formalin-fixed paraffin-
embedded samples were deparaffinized, fixed with 4% PFA for 5 min, blocked with blocking solution for 60 min, 
incubated with mouse anti-ACTA2 antibody and rabbit anti-VIM antibody (Abcam, RRID: AB_10562134), 
rabbit anti-PGR antibody, rabbit anti-CD14 antibody (Abcam, RRID: AB_2935854), rabbit anti-CD45 antibody 
(Abcam, RRID: AB_442810), or rabbit anti-CD68 antibody (Abcam, RRID: AB_10975465) as a primary 
antibody at 4 °C overnight, incubated with the Alexa Fluor 488 conjugated anti-mouse IgG and Alexa Fluor 594 
conjugated anti-rabbit IgG as a secondary antibody for 45 min, and counter-stained with DAPI. The percentage 
of SMCs (ACTA2 positive cells) (SMC ratio (%)) was calculated using ImageJ for ten randomly chosen areas at 
x 400 magnification and expressed as mean ± SD.

Trichrome staining
Collagen fibers were visualized using the Trichrome Stain Kit (TRM-1, ScyTec Laboratories Inc., Utah, USA) 
as previously reported37. Tissue sections (5 μm) of paraffin-embedded samples were deparaffinized, fixed with 
Bouin’s solution overnight, stained with Weigert’s Iron Hematoxylin for 10 min, stained with Biebrich Scarlet/
Acid Fuchsin for 10 min, differentiated in Phosphomolybdic/Phosphotungstic Acid for 15 min, stained with 
Aniline Blue for 15 min, and immersed in 1% Acetic Acid for 1 min. The area of collagen fibers, which were 
stained blue, was quantified by ImageJ. The collagen fiber ratio (%) was calculated for 5 randomly chosen areas 
at x 200 magnification and expressed as mean ± SD.

TUNEL staining
Apoptotic cells were visualized using an In Situ Apoptosis Detection Kit (Takara) according to the manufacturer’s 
instructions37. The sections (5 μm) of paraffin-embedded samples were deparaffinized, permeabilized with 20 
µg/ml proteinase K (Qiagen) for 15 min, intrinsic peroxidase-blocked with 3% H2O2 for 5 min, incubated with 
terminal deoxynucleotide transferase (TdT enzyme) at 37 °C for 60 min, incubated with an anti-FITC HRP 
conjugated antibody at 37 °C for 30 min, incubated with diaminobenzidine for 20 min, and counter-stained 
with methyl green for 20 min. Slides of rat mammary glands included in the kit were used as a positive control 
of apoptotic cells. Apoptotic cells were checked on 5 randomly chosen areas at x 200 magnification in xenograft 
tumor of all treatment group in three specimens in each MED12m(+)- and (-)-ULM. Quantitative analysis could 
not be performed because some samples were not stained by the counterstain.

Transcriptome analysis and identification of the differentially expressed genes (DEGs)
Transcriptomes were obtained as previously reported46. Since xenograft tumors 8 weeks after transplantation 
have an increased amount of collagen fibers with a decreased number of viable cells, the xenograft tumors 6 
weeks after transplantation were used. The RNA-sequencing library was prepared from 100 ng of total RNA 
using a NEBNext Ultra II RNA Library Prep Kit for Illumina (NEB) and sequenced on an Illumina NextSeq 
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(Illumina, San Diego, CA). Mapping and quantification of the reads were performed by CLC Genomics 
Workbench (Qiagen).

To identify the differentially expressed genes (DEGs) of the xenograft tumors in each treatment group, the 
gene expression levels of the three samples in each group were normalized by DESeq2 software47. Then, the 
genes whose expression was significantly (p-value < 0.05 (t-test)) more than 2-fold or less than 0.5-fold of that of 
the E(+)P(+) group in each treatment group were defined as DEGs.

Furthermore, mutation analysis of MED12 transcripts confirmed the persistence of MED12-mutant cells in 
MED12m(+)-ULM xenograft tumors (Fig. S5).

Quantitative real-time RT-PCR
One µg total RNA was reverse-transcribed using a QuantiTect Reverse Transcription Kit (Qiagen) according to 
the manufacturer’s protocol as previously reported10. A primer pair for Mitochondrial Ribosomal Protein L19 
(MRPL19) was used as an internal control. Real-time RT-PCR was performed using Luna Universal qPCR Master 
Mix (NEB) and a CFX384 Real-time PCR System (BioRad, Hercules, CA). Melting curves of the products were 
obtained after cycling by a stepwise increase of temperature from 55 to 95 °C. All samples were run in triplicate. 
The relative quantity of cDNA was calculated with the ∆∆Ct method. The primer sequences used in this analysis 
are shown in Supplemental Table S21.

Hierarchical clustering, PCA, IPA, GO, and KEGG analysis
Hierarchical clustering was performed by the open resource software MultiExperiment Viewer (MeV; ​h​t​t​p​:​/​/​w​
w​w​.​t​m​4​.​o​r​g​/​m​e​v​.​h​t​m​l​​​​​) using the data of all 47467 genes. Principle component analysis (PCA) was performed 
using the prcomp function in an R.

The DEGs from EP withdrawal (E(-)P(-) vs. E(+)P(+)), P withdrawal (E(+)P(-) vs. E(+)P(+)), and UPA (EP + 
UPA vs. E(+)P(+)) were provided for the canonical pathway analysis using an Ingenuity Pathway Analysis (IPA) 
software (Ingenuity Systems, Redwood City, CA, USA), and for gene ontology (GO) enrichment analysis and 
KEGG pathway analyses using a Metascape software48. GO and KEGG analyses were performed separately on 
the up-and down-regulated DEGs. Furthermore, to summarize the results, the GO terms, KEGG pathways, and 
IPA pathways extracted in EP withdrawal, P withdrawal, and UPA administration were divided into functional 
categories which are considered to be important for the development of ULM. The number of GO terms, KEGG 
pathways, and IPA pathways was manually tabulated (Fig. 5).

Statistical analysis
The significance of differences was analyzed using the Bonferroni, Kruskal-Wallis, and Mann-Whitney tests. P 
values < 0.05 were considered to indicate statistical significance. All statistical analyses were performed using the 
R software program (Ver 3.6.1).

Data availability
The datasets generated during and/or analyzed during the current study have been deposited in the DDBJ Bio-
Project database (https://www.ddbj.nig.ac.jp/index.html) with links to BioProject accession number ​P​R​J​D​B​2​3​
1​6​8​.​​
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