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Abstract

Endometriosis is a disease in which tissue that normally grows inside the uterus grows outside the 

uterus and causes chronic pelvic pain and infertility. However, the exact mechanisms of the 

pathogenesis of endometriosis-associated infertility are unknown. Epigenetic dysregulation has 

recently been implicated in infertility. Here, we report a reduction of histone deacetylase 3 

(HDAC3) protein amounts in eutopic endometrium of infertile women with endometriosis 

compared to a control group. To investigate the effect of HDAC3 loss in the uterus, we generated 
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mice with conditional ablation of Hdac3 in progesterone receptor (PGR)-positive cells 

(Pgrcre/+Hdac3f/f; Hdac3d/d). Loss of Hdac3 in the uterus of mice results in infertility due to 

implantation failure and decidualization defect. Expression microarray and ChlP-seq analyses 

identified COL1A1 and COL1A2 as direct targets of HDAC3 in both mice and humans. Reduction 

of HDAC3 abrogated decidualization in a primary culture of human endometrial stromal cells 

(hESCs) similar to that observed in infertile patients with endometriosis. Whereas attenuation of 

HDAC3 resulted in p300 recruitment to Col1a1 and Col1a2 genes in the uterus of mice as well as 

hESCs, inhibition of p300 permitted hESCs to undergo decidualization. Collectively, we found 

attenuation of HDAC3 and overexpression of collagen type I in the eutopic endometrium of 

infertile patients with endometriosis. HDAC3 loss caused a defect of decidualization through the 

aberrant transcriptional activation of Col1a1 and Col1a2 genes in mice and COL1A1 and COL1A2 
genes in humans. Our results suggest that HDAC3 is critical for endometrial receptivity and 

decidualization.

INTRODUCTION

Endometriosis is a benign gynecological disease in which endometrial cells are found 

outside the uterus. Endometriosis, which afflicts more than 10% of women of reproductive 

age, is a major cause of infertility, but its etiology is unclear. The current standard of care for 

endometriosis is surgical removal of lesions and hormonal suppression, although these 

therapies have various side effects and a high incidence of relapse. Therefore, identification 

of mechanisms involved in the pathogenesis of endometriosis and infertility is critical. 

Recently, many studies have focused on epigenetic aberrations and their contribution to 

endometrial function (1, 2).

Histone deacetylases (HDACs) play key roles in the epigenetic regulation of genes by 

modulating the acetylation of histone and nonhistone substrates (3). Class I HDACs 

(HDAC1, HDAC2, HDAC3, and HDAC8) are central in cell survival, proliferation, 

differentiation, and cancer development (4). The condensation of eukaryotic DNA into 

chromatin by HDACs plays a role in transcriptional repression by interfering with the 

accessibility of the DNA to the transcription factors (5). Various transcriptional coactivators, 

including lysine acetyltransferase 2A (KAT2A), p300, p300/CBP associated factor (PCAF), 

and steroid receptor coactivator 1 (SRC1), have intrinsic acetyltransferase activity that is 

critical for their function (6). p300 is crucial in the regulation of genes implicated in 

controlling cell proliferation, apoptosis, differentiation, cell cycle, and DNA repair (7). p300 

is expressed in endometrium and involved in the regulation of the estrogen receptor function 

(8, 9). However, the detailed role of p300 in the formation of endometriosis is unknown.

Epigenetic regulation plays an important role in normal endometrial steroid hormone 

responses, which can affect endometrial function (10, 11). However, epigenetic modification 

of several genes has been reported in eutopic endometrium in women with endometriosis as 

well as in animal models (12–14). The expression of HDAC1 and HDAC2 proteins in 

endometriotic stroma cells and the regulation of their expression by steroid hormones have 

been reported (15, 16). HDAC3, similar to HDAC1 and HDAC2, is ubiquitously expressed. 

However, HDAC3 contains an unusual C terminus and, unlike the predominantly nuclear 
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location of HDAC1 and HDAC2, localizes to the nucleus, cytoplasm, and plasma membrane, 

indicating that it is functionally distinct from other members of its class (17). By forming 

multiprotein complexes with the corepressors nuclear receptor corepressor (N-CoR) and 

silencing mediator for retinoid and thyroid hormone receptors (SMRT), HDAC3 acts as a 

corepressor for a diverse array of transcription factors, including nuclear receptors (3, 18). 

N-CoR and SMRT function as corepressors for diverse transcription factors, including 

estrogen receptors and progesterone receptor (PGR) (19, 20). HDAC3 not only forms a 

complex with N-CoR/SMRT but also requires interaction with the deacetylase-activating 

domain of N-CoR/SMRT for its enzyme activity (21). However, the function of HDAC3 in 

endometriosis and uterine biology remains unknown.

The present study revealed that the amounts of HDAC3 were decreased in endometrium 

from infertile women with endometriosis. Animal models allowed us to study the temporal 

sequence of events involved in disease establishment and progression. A baboon model has 

previously been developed to study the pathophysiology of endometriosis (22). The 

expression of HDAC3 was examined by sequential analysis of the eutopic endometrium in 

the same animals over time and with the progression of endometriosis in baboon model. We 

used human primary stromal cell and uterine-specific Hdac3 knockout mice to demonstrate 

that HDAC3 is necessary for implantation and decidualization. Our findings help to 

understand the etiology of female infertility and provide a molecular framework that should 

be useful for the design of new therapeutic strategies.

RESULTS

HDAC3 proteins are reduced in infertile women with endometriosis

To determine whether HDAC3 is related to endometriosis-related infertility, we first 

examined the expression of HDAC3 proteins in eutopic endometrium from infertile women 

with endometriosis using immunohistochemistry. HDAC3 protein was abundant throughout 

the menstrual cycle in human endometrial epithelial and stromal cells (Fig. 1A). However, 

HDAC3 expression was significantly lower (P < 0.001) in the endometrial epithelial and 

stromal cells of infertile women with endometriosis compared to controls in proliferative, 

early secretory, and mid-secretory phases (Fig. 1A). To assess the expression of HDAC3 

during progression of endometriosis, we used a nonhuman primate model. We observed 

decreased expression of HDAC3 in the stromal cells of the eutopic endometrium from the 

same baboons over time and with progression of endometriosis (Fig. 1B). To determine 

whether HDAC3 expression is dysregulated after endometriosis development, endometriosis 

was surgically induced in 2-month-old female mice by using autologous uterine tissue 

transfer. First, we examined the expression of HDAC3 in mice during all phases of the 

estrous cycle as well as during early pregnancy. The expression of HDAC3 was consistently 

strong in each phase as well as in early pregnancy (fig. S1). However, the expression of 

HDAC3 proteins was significantly reduced (P < 0.01) in the stromal cells of the eutopic 

endometrium from the mice with endometriosis compared to the sham group (Fig. 1C). This 

result suggests that HDAC3 loss is associated with endometriosis development.
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Ablation of Hdac3 causes infertility due to defective embryo implantation and 
decidualization

To determine the function of HDAC3 in the uterus, we generated a mouse model with Hdac3 
conditionally ablated in Pgr-positive cells (Pgrcre/+Hdac3f/f; Hdac3d/d). Ablation of HDAC3 

in the uterus was confirmed by reverse transcription–quantitative polymerase chain reaction 

(RT-qPCR), Western blot, and immunohistochemical analyses (Fig. 2A). The expression of 

HDAC1 and HDAC2 was not changed in the uterus of Hdac3d/d mice, but HDAC3 was 

significantly decreased (P < 0.001) in the uterus of Hdac3d/d mice compared to control 

(Hdac3f/f) mice (Fig. 2A). In fertility tests of female Hdac3f/f and Hdac3d/d mice over 6 

months, Hdac3f/f mice were fertile (average number of pups/litter; 7.44 ± 1.09), whereas 

Hdac3 d/d mice were sterile (table S1). Female Hdac3d/d mice showed normal ovulation, 

fertilization, and ovarian morphology (fig. S2 and table S2). These results suggest that the 

fertility defect is primarily due to a uterine defect.

To determine the cause of infertility in Hdac3 d/d mice, we investigated whether ablation of 

Hdac3 alters implantation and decidualization. Implantation sites were not detected in the 

uterine horns of Hdac3 d/d mice (Fig. 2B). Histological analysis indicated that Hdac3f/f mice 

embryos were attached to the uterine horn and surrounded by decidualized cells, whereas in 

the uteri of Hdac3d/d mice, the embryos were free-floating within the uterine lumen and 

decidual cells were not evident (Fig. 2B).

We next examined the impact of ablation of Hdac3 on decidualization using an artificial 

decidualization model. Hdac3f/f mice displayed a decidual uterine horn that responded well 

to this artificial induction. However, Hdac3d/d mice exhibited a significant defect (P < 0.01) 

in the decidual response (Fig. 2C). This decidual defect was further confirmed by 

histological analysis and quantification of decidualization markers, bone morphogenetic 

protein 2 (Bmp2) and wingless-related mouse mammary tumor virus integration site 4 

(Wnt4), in the Hdac3d/d mice (fig. S3).

In control Hdac3f/f mice, cell proliferation was reduced in epithelial cells before embryo 

attachment and increased in stromal cells undergoing decidualization in preparation for 

implantation at day 3.5 of gestation (GD 3.5). However, the proliferative responses in 

stromal and epithelial compartments of the uterus from Hdac3d/d mice were significantly 

altered (P < 0.001 and P < 0.001, respectively) at GD 3.5 compared to Hdac3f/f mice (Fig. 

2D). These results suggest that Hdac3d/d mice were infertile due to defective embryo 

implantation and decidualization.

The expression of stromal estrogen receptor alpha (ESR1) and PGR was significantly 

decreased (P < 0.001 and P < 0.001, respectively) in Hdac3d/d mice compared to Hdac3f/f 

mice (Fig. 3A). The mRNA expression of progesterone (P4) target genes—Lrp2, Fst, Areg, 

and Il13ra2—was significantly lower (P < 0.05, P < 0.01, P < 0.05, and P < 0.01, 

respectively) in Hdac3d/d mice (Fig. 3B). Furthermore, the expression of stromal markers, 

vimentin and COUP-TFII, was significantly decreased (P < 0.001) in the stromal cells of 

Hdac3d/d mice (Fig. 3, C and D). These results suggest that ablation of Hdac3 in the uterus 

alters the characteristics of the uterine stromal cells.
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Hdac3 ablation results in overexpression of collagen proteins in the uterus

To determine whether ablation of Hdac3 affected uterine development, we examined the 

uterine histology of Hdac3f/f and Hdac3d/d mice at 4, 6, and 8 weeks of age. Histological 

analysis and Masson’s trichrome staining revealed abundant collagen proteins in stromal 

cells of Hdac3d/d mice starting at 6 weeks of age (fig. S4). To identify direct target genes of 

Hdac3, we performed chromatin immuno-precipitation sequencing (ChIP-seq) and DNA 

microarray analysis of the uteri of Hdac3f/f and Hdac3d/d mice at 6 weeks of age (Gene 

Expression Omnibus accession code GSE83102). Motif analysis of HDAC3 interval 

sequences using the Cistrome motif database identified several transcription factor motifs, 

including E26 transformation-specific (ETS) domain, hormone nuclear receptor, 

BetaBetaAlpha-zinc finger (zf-C2H2), leucine zipper (bZIP), and helix-loop-helix (bHLH) 

family (fig. S5). Pathway analysis of the microarray results identified increases in the 

atherosclerosis and fibrosis pathways, which are related to collagen dysregulation (table S3). 

The microarray results were validated by RT-qPCR analysis (fig. S6A). By comparing the 

ChIP-seq and microarray results, we identified 113 genes that not only contain HDAC3-

binding sites, but whose expression was altered in the uterus of Hdac3 d/d mice as compared 

to Hdac3f/f mice (fig. S6B). Collagen type I, alpha 1 and alpha 2 (Col1a1 and Col1a2) were 

up-regulated in Hdac3d/d mice and include conserved HDAC3-binding elements (HDAC3-

BEs) in both the mouse and human (fig. S7A). The recruitment of HDAC3 onto Col1a1 and 

Col1a2 genes in the uterus of Hdac3f/f mice was confirmed by ChIP analysis (fig. S7B). To 

determine whether the recruitment of HDAC3 is dependent on the HDAC3-BE on COL1A1 
and COL1A2 genes, substitutions and deletion mutations of the HDAC3-BE were made on 

pGL4.21-Basic plasmid including COL1A1 or COL1A2 gene (fig. S7, C and D), which was 

then transfected into human endometrial stromal cells (hESCs). The results of our ChIP 

assay showed that HDAC3-BE on COL1A1 and COL1A2 genes is critical for the 

recruitment of HDAC3 (fig. S7, E and F). Furthermore, the Hdac3d/d mice exhibited a 

significant increase in the intensity of Masson’s trichrome staining (P < 0.001) as well as 

COL1 proteins (P < 0.01) in stromal cells compared to Hdac3f/f mice (figs. S8 and S9). 

These results suggest that HDAC3 directly suppressed transcription of COL1A1 and 

COL1A2 genes in the endometrial stroma.

To determine whether collagen is dysregulated in our endometriosis mouse model, we 

performed Masson’s trichrome staining of the eutopic endometrium of mice with 

endometriosis. Masson’s trichrome staining detected collagen proteins in the mice with 

endometriosis but not the sham-operated mice (Fig. 4A). To determine whether type I 

collagen is dysregulated in human endometriosis, we performed Masson’s trichrome 

staining and COL1 immuno-histochemistry on endometrium from the proliferative, early 

secretory, and mid-secretory phases from women with and without endometriosis. The 

intensity of Masson’s trichrome staining was significantly increased in eutopic endometrium 

from women with endometriosis compared to controls in proliferative (P < 0.001), early 

secretory (P < 0.001), and mid-secretory phase (P < 0.001) (Fig. 4B). The amounts of COL1 

proteins were consistent in endometrium from control women throughout the menstrual 

cycle (Fig. 4C). However, COL1 protein was significantly increased in eutopic endometrium 

from women with endometriosis compared to controls in proliferative (P < 0.001), early 

secretory (P < 0.05), and mid-secretory phases (P < 0.05) (Fig. 4C). We did not observe any 
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difference in the intensity of Masson’s trichrome staining and COL1 protein content in the 

endometrium from women with or without endometriosis during the menstrual cycle (Fig. 

4). These results suggest that Hdac3 plays a critical role in the pathogenesis of endometriosis 

through regulation of collagen homeostasis in the uterus.

HDAC3 attenuation results in recruitment of p300 to HDAC3-BE of type I collagen genes

Infertile women with endometriosis display markedly reduced decidualization and impaired 

uterine receptivity (23). Therefore, we examined the amounts of HDAC3 in hESCs from 

women with or without endometriosis. The expression of HDAC3 was lower in hESCs from 

women with endometriosis compared to controls (Fig. 5A). To determine the role of HDAC3 

in decidualization, we induced in vitro decidualization in hESCs. The expression of 

decidualization marker genes, insulin-like growth factor-binding protein 1 (IGFBP1) and 

prolactin (PRL), was reduced in hESCs treated with HDAC3 small interfering RNA (siRNA) 

as compared to control (Fig. 5B). The expression of PGR was also decreased in hESCs 

treated with HDAC3 siRNA (Fig. 5C). To decipher the underlying mechanism of 

enhancement of uterine collagen biosynthesis by HDAC3 attenuation, we examined the roles 

of HDAC3 in the transcriptional regulation of collagen genes using primary human stromal 

cells. The mRNA expression of both COL1A1 and COL1A2 was reduced during the 

decidualization. However, inhibition of HDAC3 induced derepression of both COL1A1 and 

COL1A2 genes (Fig. 5D). These results suggest that HDAC3 plays an important role for 

decidualization in hESCs.

The transcriptional regulation is reversibly regulated by both HDAC and histone 

acetyltransferase (HAT) protein complexes (24–26). Thus, we examined whether HAT 

proteins are involved in the transcriptional activation of collagen genes upon HDAC3 
knockdown. HDAC3 knockdown significantly (P < 0.01) decreased HDAC3 binding to the 

HDAC3-BE of COL1A1 and COL1A2 genes (Fig. 6A). A marked increase of p300 

recruitment to HDAC3-BE was observed in HDAC3 knockdown when compared with other 

HAT proteins (Fig. 6A). Similarly, the robust increase of p300 recruitment to HDAC3-BE 

was also induced in the uteri of Hdac3f/f mice (Fig. 6B).

To determine whether transcriptional activation of COL1A1 and COL1A2 genes by p300 

impairs human decidualization, we combined this system with a p300 inhibitor and an 

siRNA loss-of-function approach. When C646, a p300 inhibitor, was applied to hESCs 

treated with HDAC3 siRNA, p300 binding to HDAC3-BE was significantly reduced (P < 

0.05; Fig. 6C). C646 treatment significantly decreased the amounts of COL1A1 and 

COL1A2 mRNAs (P < 0.05; Fig. 6D) and significantly increased IGFBP1 and PRL mRNAs 

compared to hESCs treated with HDAC3 siRNA (P < 0.05 and P < 0.01, respectively; Fig. 

6E). Furthermore, transfection of the cells with HDAC3 siRNA and p300 siRNA also 

significantly decreased COL1A1 and COL1A2 mRNAs (P < 0.05; Fig. 6D) and significantly 

increased the abundance of IGFBP1 and PRL transcripts compared to hESCs treated with 

HDAC3 siRNA (P < 0.5 and P < 0.01; Fig. 6E).
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DISCUSSION

This study reveals that the expression of HDAC3 is decreased in eutopic endometrium from 

women with endometriosis compared to controls. Epigenetic modifications are involved in 

the pathogenesis of endometriosis. The transcription factor specific protein 1 (SP1) is a 

downstream target of P4-dependent paracrine signals to induce the expression of 17βHSD2 
gene in the endometrium. The function of HSD17B2 is critical to metabolize the 

biologically potent estrogen (E2) for normal endometrial growth and differentiation. 

However, endometriosis appears to lack P4-mediated secretion of factors that induce SP1 

production and regulate HSD17B2 expression (27). Transcriptional repression of HDAC3 is 

also mediated by degradation of SP1 protein (28). We observed attenuation of HDAC3 in the 

eutopic endometrium after induction of endometriosis in mouse and baboon endometriosis 

models. Therefore, endometriosis development may result in the attenuation of HDAC3 

through SP1. However, the molecular mechanism of HDAC3 attenuation in the etiology and 

pathophysiology of endometriosis will require further study.

We found that the attenuation of HDAC3 in endometriosis and HDAC3 loss causes infertility 

due to an implantation failure in the mouse uterus. However, we could not demonstrate a 

specific relationship of HDAC3 loss in endometriosis-associated infertility. The endometrial 

stroma is mainly replaced by large amounts of fibrous tissue in Hdac3d/d mice as well as in 

endometriosis patients. During the development and progression of endometriotic lesions, 

excess fibrosis may lead to scarring, chronic pain, and altered tissue function (29, 30). 

Despite this knowledge, the cellular and molecular mechanisms of fibrosis in endometriosis 

remain to be clarified. Therefore, identifying the mechanisms involved in the early 

pathogenesis of endometriosis-related infertility, especially during the onset of the disease, is 

required.

Hdac3d/d mice revealed aberrant activation of epithelial proliferation and dysregulation of 

PGR and ESR1 in the uterus. E2 and P4 meditate these changes by activating transcription 

of target genes through binding to their cognate receptors (31). Loss of epithelial E2 action 

is essential for implantation at the secretory phase in all eutherian mammal species that have 

been studied (32). Active epithelial proliferation at the preimplantation stage causes 

implantation failure in several knockout mouse studies (33, 34). Aberrant activation of 

epithelial proliferation is observed in the endometrium of infertile women with 

endometriosis (32, 35). P4 resistance implies aberrant gene expression in response to E2 and 

P4, and such an impaired P4 response is seen in the endometrium of women with 

endometriosis (36). P4 resistance is associated with early secretory phase deficiency, early 

pregnancy loss, or infertility due to endometriosis (32). Similarly, abnormal epithelial 

proliferation and attenuation of PGR and ESR1 are among the causes for early pregnancy 

loss in Hdac3d/d mice.

The defective decidualization responses of eutopic and ectopic endometrial stromal cells in 

endometriosis patients (35, 37) are similar to those observed in Hdac3d/d mice as well as 

hESCs from women without disease with the knockdown of HDAC3. Furthermore, 

knockdown and inhibition of p300 changed decidualization from impaired to normal in 

hESCs with the knockdown of HDAC3. Our loss-of-function experiments in normal hESCs 
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demonstrate a critical role for HDAC3 in decidualization for uterine receptivity. In addition, 

a gain-of-function experiment demonstrated reversal of the phenotype of abnormal 

decidualization to the normal phenotype in hESCs from women with disease.

The stromal cells of Hdac3d/d mice showed an increase of collagenous fibers. Histologically, 

endometriosis is characterized by dense fibrous tissue surrounding the endometrial glands 

and stroma (38). However, the molecular mechanisms of fibrosis in endometriosis remained 

unknown. We found an aberrant increase of collagen and fibrous stroma in eutopic 

endometrium from endometriosis patients. Furthermore, HDAC3 loss increased the 

expression of collagen in the mouse uterus as well as in hESCs. Therefore, our results 

suggest that HDAC3 loss may mediate the mechanisms of fibrogenesis in endometriosis. 

Knowledge of these mechanisms will be indispensable for the development of strategies to 

prevent and treat endometriosis, and further preclinical research will be required to 

investigate whether inhibition of collagen may be effective for this purpose.

Collagens are major structural protein components of the extracellular matrix. The collagen 

content is altered in the human uterus during pregnancy (39). Specific types of collagen have 

distinct spatio-temporal expression patterns during implantation. Collagen types I, III, and V 

are reduced at implantation sites compared to nonimplantation sites in the rat uterus (40), but 

they are not expressed in the decidual zones (41). Type VI is lost from rat stromal cells 

undergoing decidualization (42). Furthermore, collagen deposition is indispensable for 

fibrosis that is commonly found in patients with endometriosis and is associated with 

chronic pain and pelvic morbidity (43). Other studies have shown that collagen type I is 

increased in a mouse endometriosis model (44). In our results, both collagen type I genes 

(Col1a1 and Col1a2) were identified as direct target genes of HDAC3. Therefore, 

overexpression of collagen type I caused a decidualization defect in Hdac3d/d mice. It is also 

reported that abnormally increased deposition of collagen impairs uterine function (45). In 

our results, HDAC3 attenuation caused a defect of decidualization through overexpression of 

COL1A1 and COL1A2 in hESCs. Therefore, our results suggest that transcriptional 

repression of COL1A1 and COL1A2 genes is critical to induce decidualization of 

endometrial stromal cells.

The results of our HDAC3 siRNA experiment showed transcriptional activation of COL1A1 
and COL1A2 in hESCs. Several members of the nuclear receptor family appear to exert 

critical physiologic roles by actively repressing gene transcription (46). HDACs play 

important roles in the epigenetic regulation of gene expression in cells and are emerging 

therapeutic targets for treating a wide range of diseases (47, 48). HDAC3 forms multiprotein 

complexes with N-CoR and SMRT to regulate transcription of genes as well as other 

nontranscriptional functions (3, 18). Several of these complexes contain additional 

transcriptional corepressor proteins with functional ties to chromatin structure (49). This 

result suggests a possible involvement of other transcriptional coregulators for COL1A1 and 

COL1A2 genes in hESCs.

In conclusion, we found the attenuation of HDAC3 in human eutopic endometrium from 

women with endometriosis. Using non-human primate and mouse models for endometriosis, 

we showed down-regulation of HDAC3 expression after endometriosis induction. Loss of 
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Hdac3 in the murine uterus resulted in infertility due to implantation and decidualization 

defects. Our results suggest that loss of HDAC3 causes endometriosis-related infertility due 

to a non-receptive endometrium. Therefore, our studies offer a conceptual framework for 

understanding abnormal endometrial homeostasis, with implications for the diagnosis and 

treatment of nonreceptive endometrium in endometriosis-related infertility.

MATERIALS AND METHODS

Study design

The main objective of this study was to evaluate the role of HDAC3 in the endometrium 

during early pregnancy. First, the expression of HDAC3 was assessed in eutopic 

endometrium of infertile women with endometriosis compared to fertile women. To 

determine whether endometriosis affects HDAC3 expression, we examined HDAC3 

expression in a nonhuman primate model of endometriosis. Subsequently, we investigated 

the role of HDAC3 in pregnancy by analyzing fertility, implantation, and decidualization in 

Hdac3d/d and littermate control mice. Last, transcriptional regulation of HDAC3 was 

characterized on COL1A1 and COL1A2 genes in hESCs. The control and treatment groups 

and the number of biological replicates (sample sizes) for each experiment are specified in 

the figure legends. Animal numbers for each study type were determined by the investigators 

on the basis of previous experience with the standard disease models that were used or from 

pilot studies. Animals were randomly allocated to the control and treatment groups and 

housed together to minimize environmental differences and experimental bias. Analysis of 

endpoint readouts was carried out in a blinded fashion.

Ethics statement

The study was approved by the institutional review board of Michigan State University, 

Greenville Health System, and University of North Carolina. All protocols relating to mice 

were overseen and approved by the Institutional Animal Care and Use Committee at 

Michigan State University. The endometriosis baboon animal model was reviewed and 

approved by the Institutional Animal Care and Use Committees (IACUCs) of both the 

University of Illinois at Chicago and Michigan State University.

Human endometrium samples

For experiments examining expression patterns of HDAC3 and COL1 in the endometrium, 

we used samples of human endometrium from endometriosis patients with infertility (n = 

21) and fertile disease-free control women undergoing tubal ligation (n = 21). Endometrial 

biopsies were obtained at the time of surgery from women between the age of 18 and 45 

with regular cycles. The presence or absence of endometriosis was confirmed during 

surgery. Women who were laparoscopically negative for this disease were placed into the 

control group, whereas women who were laparoscopically positive were placed in the 

endometriosis group. Use of an intrauterine device or hormonal therapies in the 3 months 

preceding surgery was exclusionary for this study. Histologic dating of endometrial samples 

was done on the basis of the criteria of Noyes et al. (50) and confirmed by subsequent 

histopathological examination by an experienced fertility specialist (B.A.L.).
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hESC culture and in vitro decidualization

hESCs were obtained from the Michigan State University’s Center for Women’s Health 

Research Female Reproductive Tract Biorepository. The induction of in vitro decidualization 

has been described previously (51). For HDAC3 knockdown, siRNAs (L-003496–00-0005, 

Dharmacon, GE Healthcare) were transfected using Lipofectamine RNAiMAX (Invitrogen 

Corp.) before in vitro decidualization.

Animals and tissue collection

For the early pregnancy study, female Hdac3f/f and Hdac3d/d mice at 8 weeks of age were 

mated with C57BL/6 male mice, and uterine samples from pregnant mice were obtained at 

different days of pregnancy. The morning of vaginal plug observation was designated as day 

0.5 of gestation (GD 0.5). For the fertility studies, adult female Hdac3f/f and Hdac3d/d mice 

were placed with C57BL/6 male mice for 6 months, and the number of litters and pups born 

during that period was recorded. The amounts of progesterone and estrogen in serum were 

measured by the University of Virginia Center for Research in Reproduction Ligand Assay 

and Analysis Core.

Induction of decidualization

Induction of the artificial decidual response has been described previously (52). 

Ovariectomized Hdac3f/f and Hdac3d/d female mice were used for the decidualization 

experiment.

Induction of endometriosis

Two-month-old female mice had either a surgical procedure to induce endometriosis or a 

sham surgery. Under anesthesia, a midline abdominal incision was made to expose the uterus 

in female mice, and the uterine horns were removed. In a petri dish containing phosphate-

buffered saline (PBS), the uterine horns were opened longitudinally with scissors, cut into 

small fragments of about 1 mm3, and then injected back into the peritoneum of the same 

mouse. The abdominal incision was closed with sutures and wound clips, respectively. We 

performed the same surgery in the sham group without endometrial inoculation. After a 

designated time, the mice were euthanized, and endometriosis-like lesions were counted and 

removed. For the baboon model, endometriosis was induced by intraperitoneal inoculation 

of menstrual endometrium on two consecutive menstrual cycles and harvested using 

laparotomy via endometriectomy from four female baboons, as previously described (22).

Western blot analysis

Membranes were blocked with casein (0.5%, v/v) before exposure to anti-HDAC3 (1:1000 

dilution, sc11417, Santa Cruz Biotechnology), anti-PGR (1:1000 dilution, sc7208, Santa 

Cruz Biotechnology), anti-HDAC1 (1:1000 dilution, sc7872, Santa Cruz Biotechnology), 

anti-HDAC2 (1:1000 dilution, sc7899, Santa Cruz Biotechnology), or anti-β-actin (1:2000 

dilution, sc1616, Santa Cruz Biotechnology) antibodies.
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Immunohistochemistry analysis

Dewaxed hydrated paraffin-embedded tissue sections were immersed in 3% H2O2 and 100% 

methanol for 30 min at room temperature to quench endogenous peroxidase, and then the 

sections were blocked with 10% normal goat (for anti-HDAC3, Ki-67, ESR1, PGR, 

vimentin, and COUP-TFII antibodies) or rabbit (for anti-COL1 antibody) serum in PBS (pH 

7.5) and incubated with anti-HDAC3 (1:1000 dilution, sc11417, Santa Cruz Biotechnology), 

anti–Ki-67 (1:1000 dilution, ab15580, Abcam), anti-ESR1 (1:500 dilution, M7047, DAKO), 

anti-PGR (1:500 dilution, A0098, DAKO), anti-vimentin (1:10,000 dilution, ab92547, 

Abcam), anti–COUP-TFII (1:500 dilution, PP-H7147–00, Perseus Proteomics), or anti-

COL1 (1:1000 dilution, 1310–01, SouthernBiotech) antibodies overnight at 4°C. On the 

following day, the sections were incubated with secondary antibody conjugated to 

horseradish peroxidase (Vector Laboratories) for 1 hour at room temperature. 

Immunoreactivity was detected using diaminobenzidine (DAB; Vector Laboratories) and 

analyzed using microscopy software from NIS Elements Inc. (Nikon). The H-score was 

calculated using the following equation: H-score = Σ Pi (i), where i is the intensity of 

staining with a value of 1, 2, or 3 (weak, moderate, or strong, respectively) and Pi is the 

percentage of stained cells for each intensity, varying from 0 to 100%.

Masson’s trichrome staining

Dewaxed hydrated paraffin-embedded tissue sections were refixed in Bouin’s solution 

(HT10132; Sigma-Aldrich) and then stained with Weigert’s Iron Hematoxylin Set (HT10–

79; Sigma-Aldrich) and Masson’s Trichrome Staining Kit (HT15; Sigma-Aldrich) for red 

muscle fibers and blue collagen, as described by the manufacturer.

RNA isolation and microarray analysis

Total RNA was extracted from the uterine tissues using the RNeasy Total RNA Isolation Kit 

(Qiagen). Microarray analysis was performed using GeneChip Mouse Genome 430 2.0 

Arrays. Genes with an unadjusted P value of <0.01 and an absolute fold change of ≥1.5 were 

identified as differentially regulated. Ingenuity System Software (Ingenuity Systems Inc.) 

was used for pathway analysis.

Reverse transcription–quantitative PCR

The complementary DNAs (cDNAs) were synthesized with MMLV Reverse Transcriptase 

(Invitrogen Corp.) by using 1 μg of total RNA primed with random hexamer primers 

according to the manufacturer’s instructions. RT-qPCR was performed on cDNA to assess 

the expression of genes of interest with SYBR Green or TaqMan primers (table S4) with an 

Applied Biosystems StepOnePlus. Experimental gene expression data were normalized to 

18S ribosomal RNA. Analysis of mRNA expression was first undertaken by the standard 

curve method, and results were corroborated by cycle threshold values assessing gene 

expression.

Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) and ChIP assay

Input and ChIP-DNA analyses were performed using the ChIP-IT High Sensitivity Kit 

(Active Motif) on uteri from 6-week-old mice. The model-based analysis of ChIP-Seq 
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(MACS) peak-finding algorithm was used to normalize ChIP against the input control (53). 

ChIP assays were performed as described previously (33). For each ChIP reaction, 100 μg of 

chromatin was immunoprecipitated using 4 μg of antibodies against HDAC3 (sc11417, 

Santa Cruz Biotechnology), p300 (sc585, Santa Cruz Biotechnology), PCAF (sc13124, 

Santa Cruz Biotechnology), and TIP60 (sc25378, Santa Cruz Biotechnology). The 

sequences of the primers used for HDAC3 response element in the COL1A1 gene were 5’-

GAGATGGCATCCCTGGAC-3’ and 5’-CCCATTGGACCTGAACCG-3’, and for HDAC3 

response element in the COL1A2 gene, they were 5’-CTGGACTTCCTG-GCTTCAA-3’ 

and 5’-AGTTCACCCTTGGGACCAG-3’. Immuno-precipitation with normal rabbit IgG 

was performed as a negative control. The resulting signals were normalized to input DNA.

Statistical analysis

For data with only two groups, Student’s t test was used. For data containing more than two 

groups, an analysis of variance (ANOVA) test was used, followed by Tukey or Bonferroni 

test for pairwise t tests. All statistical analyses were performed using the Instat package from 

GraphPad. The original data are provided in table S5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Attenuation of HDAC3 in the eutopic endometrium from women with endometriosis as 
well as baboon and mouse models.
(A) Immunohistochemical H-score and representative photomicrographs of HDAC3 proteins 

in the proliferative, early secretory, and mid-secretory phase endometrium from women 

without and with endometriosis (n = 7 per phase for each group). (B) Immunohistochemical 

H-score in stroma and representative photomicrographs of HDAC3 in the endometriosis 

baboon model. Endometriosis was induced by intraperitoneal inoculation of menstrual 

endometrium. The expression of HDAC3 was examined in the baboon endometrium before 

inoculation and 3, 9, and 15 months after inoculation (n = 4). (C) Immunohistochemical H-

score and representative photomicrographs of HDAC3 in the eutopic endometrium from the 

endometriosis mouse model. Endometriosis was surgically induced in mice, and then the 

expression of HDAC3 was examined by immunohistochemical analysis (n = 6). Nuclei were 

counterstained with hematoxylin (blue). Mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 

0.001, Student’s t test for data with only two groups and ANOVA followed by Tukey or 

Bonferroni test for pairwise t test for data containing more than two groups. Scale bars, 50 

μm. Ctrl, control; Eosis, endometriosis; Prolif, proliferative phase; Sec, secretory phase; 

IgG, immunoglobulin G.

Kim et al. Page 16

Sci Transl Med. Author manuscript; available in PMC 2020 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Defects of implantation and decidualization in Hdac3 d/d mice.
(A) Hdac3 ablation in the uteri of Hdac3d/d mice. RT-qPCR analysis of Hdac3 gene 

expression in the uterus of Hdac3f/f and Hdac3d/d mice at 2 months of age (n = 6 for each 

genotype). Western blot analysis of HDAC1, HDAC2, and HDAC3 proteins in the uteri of 

Hdac3f/f and Hdac3d/d mice at 2 months of age. Actin was used as sample loading control. 

Representative images of immunohistochemical staining for HDAC3 in the uteri of Hdac3f/f 

and Hdac3d/d mice at 2 months of age. Scale bars, 50 μm. (B) Implantation sites in uteri of 

Hdac3f/f and Hdac3d/d mice at GD 5.5. Scale bars, 1 cm. Representative images of 
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hematoxylin and eosin (H&E) staining in uteri of Hdac3f/f and Hdac3d/d mice at GD 5.5. 

Arrowheads indicate embryos. Scale bars, 200 μm. (C) Ratio of uterine weight to body 

weight and representative photographs of uteri from Hdac3f/f (n = 6) and Hdac3d/d (n = 4) 

mice after artificially induced decidualization. Unfilled arrowheads indicate stimulated 

horns. Scale bars, 1 cm. (D) Percentages and representative photomicrographs of 

immunohistochemical staining for Ki-67 (brown), a proliferation marker, in endometrial 

epithelial and stromal cells from Hdac3f/f and Hdac3d/d mice at GD 3.5 (n = 6 for each 

genotype). Nuclei were counterstained with hematoxylin (blue). Scale bars, 50 μm. Mean ± 

SEM. ***P < 0.001, Student’s t test.
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Fig. 3. Decreased progesterone signaling in the uteri of Hdac3 d/d mice.
(A) Immunohistochemical H-score and representative photomicrographs of ESR1 and PGR 

in stromal cells in the endometrium from Hdac3f/f and Hdac3d/d mice at GD 3.5 (n = 6 for 

each genotype). Scale bars, 100 μm. (B) RT-qPCR analysis of expression of progesterone 

target genes Lrp2, Fst, Areg, and II13ra2 in the uteri of Hdac3f/f and Hdac3d/d mice at GD 

3.5 (n = 6 for each genotype). (C) Percentages and representative photomicrographs of 

vimentin in stromal cells in the endometrium from Hdac3f/f and Hdac3d/d mice at GD 3.5 (n 
= 6 for each genotype). Scale bars, 25 μm. (D) Percentages and representative photo-
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micrographs of COUP-TFII in stromal cells in the endometrium from Hdac3f/f and Hdac3d/d 

mice at GD 3.5 (n = 6 for each genotype). Nuclei were counterstained with hematoxylin 

(blue). Scale bars, 25 μm. Mean ± SEM. * P < 0.05, **P < 0.01, and ***P < 0.001, 

Student’s t test.
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Fig. 4. Overexpression of collagen in the endometrium of mice and women with endometriosis.
(A) Masson’s trichrome staining (MTS) in the endometriosis mouse model. (B) Intensity of 

Masson’s trichrome staining and representative photomicrographs of the endometrium from 

women with and without diagnosed endometriosis (n = 6 for each group per phase). Scale 

bars, 25 μm. (C) Immunohistochemical H-score and representative photomicrographs of 

COL1 in the eutopic endometrium from women with and without endometriosis (n = 7 for 

each group per phase) at proliferative, early secretory, and mid-secretory phases. Nuclei 

were counterstained with hematoxylin (blue). Scale bars, 50 μm. Mean ± SEM. *P < 0.05 

and ***P < 0.001, Student’s t test.
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Fig. 5. The effect of HDAC3 knockdown on decidualization in hESCs.
(A) Western blot analysis of HDAC3 in hESCs from infertile women with (n = 5) or without 

(n = 6) endometriosis. (B) RT-qPCR analysis of expression of decidualization marker genes, 

IGFBP1 and PRL, during in vitro decidualization of hESCs treated with nontargeting 

negative control siRNA (N.C. siRNA) or HDAC3 siRNA (n = 6). (C) Western blot analysis 

of PGR during in vitro decidualization of hESCs treated with negative control siRNA or 

HDAC3 siRNA in OPTI-MEM medium containing 10 nM estradiol, 1 mM 

medroxyprogesterone acetate, and 50 μM cAMP (EPC). (D) Knockdown of HDAC3 induces 
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derepression of both COL1A1 and COL1A2 mRNA expression. Human stromal cells were 

transfected with negative control siRNA or HDAC3 siRNA and cultured for the indicated 

duration. The expression of indicated genes was analyzed by RT-qPCR (n = 6). Mean ± 

SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, ANOVA followed by Tukey or Bonferroni 

test for pairwise t test for data containing more than two groups.
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Fig. 6. The effect of HDAC3 knockdown on the transcriptional regulation of collagen genes in 
hESCs.
(A) HDAC3 knockdown enhances the selective recruitment of p300 to the HDAC3-BE of 

collagen genes. hESCs were transfected with nontargeting negative control siRNA (N.C. 

siRNA) or HDAC3 siRNA. ChIP assay was performed with the indicated antibodies. DNA 

samples were analyzed by qPCR (n = 3). (B) Recruitment of p300 to the HDAC3-BE is 

increased by Hdac3 ablation in mouse uteri. ChIP assay was performed using the indicated 

antibodies. DNA samples were analyzed by qPCR (n = 3). (C) p300 knockdown represses 
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the transcriptional activation of collagen genes through knockdown of HDAC3. hESCs were 

transfected with negative control siRNA or HDAC3 siRNA and then treated with C646, a 

p300 inhibitor, or transfected with negative control siRNA or p300 siRNA. ChIP assays were 

performed with the indicated antibodies. DNA samples were analyzed by qPCR (n = 3). (D) 

The treatment of hESCs with C646 or p300 siRNA inhibits the transcriptional activation of 

both COL1A1 and COL1A2 genes during in vitro decidualization of hESCs with HDAC3 

siRNA. hESCs were transfected with negative control siRNA or HDAC3 siRNA and then 

treated with C646 or transfected with negative control siRNA or p300 siRNA. The 

expression of the indicated genes was analyzed by RT-qPCR (n = 3). (E) Inhibition of p300 

function reversed the decreased transcription of decidualization marker genes, IGFBP1 and 

PRL, upon HDAC3 knockdown during in vitro decidualization of hESCs. hESCs were 

transfected with negative control siRNA or HDAC3 siRNA and then treated with C646 or 

transfected with negative control siRNA or p300 siRNA. The expression of indicated genes 

was analyzed by RT-qPCR (n = 3). Mean ± SEM. *P < 0.05 and **P < 0.01, ANOVA 

followed by Tukey or Bonferroni test for pairwise t test for data containing more than two 

groups.
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