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Cell-Specific Transcriptional Profiling Reveals Candidate Mechanisms Regulating
Development and Function of Uterine Epithelia in Mice

Justyna Filant and Thomas E. Spencer1

Department of Animal Sciences and Center for Reproductive Biology, Washington State University, Pullman,
Washington

ABSTRACT

All mammalian uteri have luminal (LE) and glandular epithelia
(GE) in their endometrium. The LE mediates uterine receptivity
and blastocyst attachment for implantation, and the GE
synthesize and secrete or transport bioactive substances
involved in blastocyst implantation, uterine receptivity, and
stromal cell decidualization. However, the mechanisms govern-
ing uterine epithelial development after birth and their function
in the adult are not fully understood. Here, comprehensive
microarray analysis was conducted on LE and GE isolated by
laser capture microdissection from uteri on Postnatal Day 10
(PD 10) and day of pseudopregnancy (DOPP) 2.5 and 3.5. This
data was integrated with analysis of uteri from gland-containing
control and aglandular progesterone-induced uterine gland
knockout mice from PD 10 and DOPP 3.5. Many genes were
expressed in both epithelia, but there was greater expression of
genes in the LE than in the GE. In the neonate, GE-expressed
genes were enriched for morphogenesis, development, migra-
tion, and retinoic acid signaling. In the adult, LE-expressed genes
were enriched for metabolic processes and steroid biosynthesis,
whereas retinoid signaling, tight junction, extracellular matrix,
and regulation of kinase activity were enriched in the GE. The
transcriptome differences in the epithelia support the idea that
each cell type has a distinct and complementary function in the
uterus. The candidate genes and regulatory networks identified
here provide a framework to discover new mechanisms
regulating development of epithelia in the postnatal uterus and
their functions in early pregnancy.

endometrium, gene expression, implantation, rodents (rats, mice,
guinea pigs, voles), uterus

INTRODUCTION

The endometrium of the adult rodent uterus consists of a
simple columnar luminal epithelium (LE) supported by stromal
cells that contain coiled endometrial glands lined with
glandular epithelia (GE) [1]. Endometrial gland development
or adenogenesis is uniquely or primarily a postnatal event in
laboratory animals, domestic animals, and humans [2, 3]. At
birth, the mouse uterus lacks endometrial glands and consists
of a simple LE supported by undifferentiated mesenchyme [1].
Between birth (i.e., Postnatal Day 0 or PD 0) and PD 9, GE
cells differentiate and bud from the LE [4]. By PD 15, the
histoarchitecture of the uterus resembles that of the adult [3, 5].

Gland morphogenesis also occurs during endometrial regener-
ation following menstruation in humans and/or parturition in
both mice and humans [6, 7]. The mechanisms regulating
endometrial gland development or adenogenesis are not well
understood in any species but involve cell-cell interactions,
morphogens, and transcription factors in the mouse (for a
review, see [5, 8]).

In mice, the uterus is receptive on Day 4 of pregnancy or
pseudopregnancy (Day 1¼ observation of a postcoital vaginal
plug), whereas it is prereceptive on Days 1–3 and, by the
afternoon of Day 5, becomes nonreceptive (refractory) to
blastocyst implantation [9, 10]. Dynamic changes in ovarian
estrogen and progesterone secretion regulate endometrial
function and blastocyst implantation. The implantation process,
which is initiated by blastocyst trophectoderm attachment to
the receptive LE, occurs prior to or right after midnight in the
evening of Day 4 and becomes more prominent on the morning
of Day 5. Recent evidence suggests that there are two separate
uterine signals regulating the trophectoderm during blastocyst
implantation, one that primes the trophectoderm for attachment
to the LE and another that results in uptake of amino acids by
the embryo and initiates its motility for invasion; however, the
nature of those signals are not well-defined [11]. Signaling
within the endometrium that regulates receptivity of the LE to
blastocyst attachment involves actions of ovarian steroids as
well as a myriad of genes expressed within the different
endometrial cell types (for a review, see [9, 10].

Research in glandless sheep and mouse models established
the importance of endometrial glands and their secretions for
blastocyst implantation because they are infertile and exhibit
recurrent early pregnancy loss [12, 13]. Endometrial glands and
their secretions are presumed to be important mediators of
endometrial receptivity, blastocyst implantation (trophoblast
attachment, growth, and invasion), and stromal cell decidual-
ization in humans and mice [10, 12, 14]. In mice, endometrial
glands and their secretions, such as leukemia inhibitory factor
(LIF), are required for blastocyst implantation and uterine
receptivity and also influence stromal cell decidualization [12,
15, 16].

Based on results from available studies, the LE and GE of
the mouse uterus have common and differentially expressed
genes [10, 17–21]. The LE has more examples of genes that are
solely expressed at peri-implantation stages (Areg, Calb1, Hdc,
Hegf1, Irg1, Ptgs2) than are known in the underlying GE (Lif,
Calca, I16st). Both epithelial cell types can uniquely express
certain genes, while other genes appear to be coordinately
expressed (Cdh1, Ihh, Klf5, Msx1/Msx2, Ptgs1) in both LE and
GE. Under receptive conditions, both LE and GE can express
the same genes important for implantation, including Cdh1,
Tro, Ihh, and Ptgs1. Furthermore, genes are also downregu-
lated in either or both epithelial cell types during the receptive
window such as Muc1 and Pgr [9, 10]. In adult rodents,
blastocyst implantation defects arise from the loss of
expression of genes expressed only in the GE (LIF and
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calcitonin/calcitonin-related polypeptide, alpha [CALCA] [22,
23]) as well as those specifically expressed in the LE and GE
(e.g., Ihh, Klf5, Msx1/Msx2) [24–26] and LE and stroma (e.g.,
Ptgs2) [27]. Given the cellular complexity of the uterus,
analysis of the entire uterine transcriptome is not entirely
advantageous given the preponderance of stroma and myome-
trium relative to the endometrial epithelia. Only one study has
used laser-capture microdissection (LCM) and microarray
technology to explore differences in the LE and GE of the
mouse uterus [20]. In that study, transcriptome of the epithelia
of the receptive mouse uterus was determined 2 h before
blastocyst attachment using a noncomprehensive microarray.
The hypothesis is that distinct sets of genes are expressed in the
epithelia of the uterus that govern their development in the
neonate and function in the adult. In the present study, we
sought to interrogate the endometrial epithelial transcriptome
of the developing neonatal and adult uteri using LCM and a
comprehensive microarray analysis coupled with use of the
progesterone-induced uterine gland knockout (PUGKO) mouse
model. The results provide novel insights into mechanisms
regulating uterine epithelial development in the neonate and
their function in the adult uterus and support the hypothesis
that LE and GE have unique genetic signatures that dictate their
differential and synergistic function in the uterus [20].

MATERIALS AND METHODS

Animals and Hormonal Treatments

All the animal procedures were approved by the Institutional Animal Care
and Use Committee of Washington State University and conducted according
to the Guide for the Care and Use of Laboratory Animals and institutional
guidelines. For LCM, uteri were collected from CD-1 female mice on PD 10
and at 1600 h on day of pseudopregnancy (DOPP) 2.5 and 3.5, quickly frozen
in Tissue-Tek optimal cutting temperature (O.C.T.) compound (Sakura Finetek,
Torrance, CA), and stored at�808C. Generation of control and PUGKO mice
was performed using previously described methods by our laboratory [28].
Briefly, litters of C57BL/6J pups received daily subcutaneous injections from
PD 2 to PD 10 of sesame oil vehicle alone (Sigma-Aldrich, St. Louis, MO) as a
control or progesterone (P4; 50 lg/g body weight) in sesame oil. At 8 wk of
age, control and PUGKO female mice were mated to a vasectomized male. The
day of the postcoital vaginal plug was designated as DOPP 0.5. Mice were
killed at 1600 h on DOPP 3.5, and whole uteri were snap frozen in liquid
nitrogen and stored at �808C.

LCM and RNA Extraction

Uteri frozen in O.C.T compound were cryosectioned (12 lm) using a Leica
CM1950 cryostat (Leica Microsystems, Wetzlar, Germany). Sections were
mounted onto room temperature RNase-free polyethylene naphthalate-coated
slides (Carl Zeiss, Munich, Germany) and immediately placed on dry ice and
fixed/stained on the same day using previously described method [29]. Briefly,
slides were transferred from dry ice into ice-cold 95% ethanol for 30 sec and
incubated in 75% ethanol for 30 sec. Specimens were briefly stained in 1%
cresyl violet solution in 75% ethanol. Tissue sections were dehydrated through
75% ethanol (30 sec), 95% ethanol (30 sec), followed by two 30 sec and one 5
min incubation in anhydrous 100% ethanol. Slides were dried for 5 min at room
temperature and stored in vacuum-sealed containers at�808C until use. The LE
and GE were separately captured from 8 to 10 slides of uterine sections for no
longer than 60 min using PALM MicroBeam LCM microscope (Carl Zeiss).
Total RNA was extracted from collected cells using RNeasy MinElute kit
(Qiagen, Valencia, CA) and eluted with 14 ll of RNase-free water. The
integrity and concentration of RNA was determined using RNA 6000 Pico Kit
and Bioanalyzer (Agilent Technologies, Santa Clara, CA). The RNA yield
ranged from 100 to 700 ng for each cell type with RNA integrity number (RIN)
above 7.

Transcriptional Profiling by Microarray

For LCM-derived samples (n ¼ 2 per cell type and day), total RNA was
amplified using Ovation Pico WTA System V2 (Nugen, San Carlos, CA). For
control and PUGKO DOPP 3.5 mouse uteri (n¼ 4 mice per type), total RNA
was extracted from uteri using Trizol reagent (Invitrogen, Carlsbad, CA) and

on-column DNase treatment and cleanup was performed (Qiagen). Total RNA
quality and quantity was determined using a Bioanalyzer (Agilent Technolo-
gies) and a NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, DE).
Samples with a RIN of greater than 8.0 were analyzed using microarrays. Total
RNA was labeled using a Gene Chip One-Cycle Target Labeling Kit
(Affymetrix, Santa Clara, CA) and then hybridized to a Mouse Gene 1.0 ST
microarray (Affymetrix). For the hybridization, wash, and staining process, the
GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) and a Fluidic
Station 450 (Affymetrix) were used. All the steps were done according to the
manufacturer’s protocol. The processed arrays were scanned with a GeneChip
Scanner 3000 (Affymetrix). Microarray data can be accessed on the Gene
Expression Omnibus Web site (GSE48239 and GSE48340).

GeneSpring 7.0 software (Agilent Technologies) was used for analysis of
microarray data. Array output was normalized via the robust multiarray method
[30], and probe sets were filtered based on expression calls. Data analysis was
conducted using ANOVA (P ¼ 0.05) with a Benjamini and Hochberg false
discovery rate multiple test correction to determine differentially expressed
genes. Integrated analysis of different functional databases was done using
functional annotation tools of the database for annotation, visualization, and
integrated discovery (DAVID) [31, 32].

Semiquantitative Real-Time RT-PCR

Microarray results were validated by real-time quantitative PCR (qPCR)
using methods described previously [28]. Primers used for PCR analysis are
provided in Supplemental Table S1 (all the Supplemental Tables are available
online at www.biolreprod.org). The qPCR was carried out in triplicate using
SsoAdvanced SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA)
and a CFX Connect Real-Time PCR Detection System (Bio-Rad laboratories).
Data (Ct value) was subjected to least-squares analyses of variance (ANOVA)
using the general linear models procedures of the Statistical Analysis System
(SAS Institute Inc., Cary, NC). In all the analyses, the Gapdh values were used
as a covariate, and error terms used in the test of significance were identified
according to the expectation of the mean squares for error. Significance (P ,

0.05) was determined by probability differences of least-squares means.

RESULTS

Identification and Functional Categorization of LE-Enriched
Genes in the Neonatal and Adult Mouse Uterus

To identify genes expressed in the LE of the neonatal and
adult uteri, the LE and GE of PD 10, DOPP 2.5, and DOPP 3.5
uteri were isolated by LCM, and total RNA was subjected to
microarray analysis. Pseudopregnant mice were used for this
study because they exhibit the same gene expression changes
as pregnant mice in terms of uterine receptivity, but their uteri
can be isolated without the presence of a blastocyst [33]. Of the
more than 28 000 genes present in the microarray, 7827, 6975,
and 8067 genes were expressed (probe intensity more than
100) in the LE of the PD 10, DOPP 2.5, and DOPP 3.5 uteri,
respectively. Genes enriched in the LE were determined by
analyzing (P , 0.05, .2-fold) lists of expressed genes in the
isolated samples of LE and GE (Supplemental Tables S2, S3,
and S4). Real-time qPCR validated the results of this approach
coupling LCM with a comprehensive microarray for PD 10,
DOPP 2.5, and DOPP 3.5 GE and LE (Fig. 1). The top 30
genes enriched in the LE of the neonatal and adult mouse uteri
are illustrated in Figure 2A. A comparative evaluation of LE-
enriched genes across days is shown in Figure 2B.

In the neonatal PD 10 uterus, 203 genes were enriched in the
LE, including known LE-specific genes such as wingless-
related MMTV integration site 7A (Wnt7a) [34]. A number of
novel LE-enriched genes were identified, including vanin 1
(Vnn1) and carbonyl reductase 2 (Cbr2). As summarized in
Table 1, DAVID functional annotation analysis revealed that
keratinocyte differentiation, immune response, cell morpho-
genesis involved in differentiation, and eicosanoid biosynthetic
process were the most significantly enriched among LE-
enriched genes in the neonatal uterus (Supplemental Table S5).
Interestingly, gene ontology (GO) analysis distinguished genes
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encoding secreted proteins (e.g., Muc20, Prap1, Wnt7a),
transporters (e.g., Cfh, Slc2a1, Slc5a11), and enzymes (e.g.,
Cbr2, Hdc, Ptgs2) (see Supplemental Table 6 for the complete
lists).

In the adult DOPP 2.5 and 3.5 uteri, 936 and 883 genes were
enriched in the LE, respectively, including several genes shown
to be expressed in the LE such as immunoresponsive gene 1
(Irg1) [35], lysophosphatidic acid (LPA) receptor (Lpar3) [36],
proline-rich acidic protein 1 (Prap1) [37], and sodium
channel, nonvoltage-gated 1 alpha (Scnn1a [38]). Several
novel LE-enriched genes were found, including solute carrier
family 5 member 11 (Slc5a11), a sodium/glucose cotransport-
er, and EGL nine homolog 3 (Egln3). Genes enriched in LE on
DOPP 2.5 were associated with endocytosis, metabolic
processes, and cell death using DAVID functional annotation
analysis (Table 1 and Supplemental Table S7). In addition, a
number of genes encoding transporters (e.g., Cfb, Kcnk1,
Slc2a12) and enzymes (e.g., Egfr, Fgfr2, Hdc, Lipa) were LE-
enriched on DOPP 2.5 (Supplemental Table S6). Surprisingly,
the set of LE-specific genes on DOPP 2.5 was not particularly
enriched for genes encoding secretory proteins. On the
contrary, GO analysis identified numerous genes in LE on
DOPP 3.5 that encoded secretory proteins (e.g., Clca3, Coch,
Ltf, Muc4, Prap1, Spp1) in addition to transporters (e.g., Aqp4,
Cftr, Kcnn4) and enzymes (e.g., Cda, Lipf, Ptgs2) (Supple-
mental Table S6). DAVID functional annotation analysis
revealed that LE-enriched genes on DOPP 3.5 were mainly

FIG. 1. Quantitative PCR validation of selected genes identified by LCM
and microarray analysis. The mRNA levels of the indicated genes were
measured in microdissected luminal epithelial (LE) and glandular
epithelial (GE) cells of the uteri from PD 10, DOPP 2.5, and DOPP 3.5
mice by semiquantitative RT-PCR analysis (n¼4 mice/cell type/day). Data
are presented as fold change of target mRNA levels in GE as compared to
LE.

FIG. 2. Luminal epithelial (LE) genes expressed in the neonatal and adult
mouse uteri. A) Heat map of the most LE-enriched genes in PD 10, DOPP
2.5, and DOPP 3.5. Normalized probe intensity values are presented for
the top 30 genes significantly enriched in LE. B) Venn diagram comparing
LE-enriched genes between neonatal (PD 10) and adult uteri (DOPP 2.5
and 3.5).
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associated with steroid biosynthesis, cell death, and metabolic
processes (Table 1 and Supplemental Table S8).

Identification and Functional Categorization of GE-
Enriched Genes in the Neonatal and Adult Mouse Uteri

Of the 28 000 genes present in the microarray, 8352, 7615,
and 8931 genes were expressed (probe intensity more than
100) in the GE of the PD 10, DOPP 2.5, and DOPP 3.5 uteri,
respectively. Genes enriched in the GE were determined by
comparing (P , 0.05, .2-fold) lists of genes expressed in the
isolated samples of LE and GE (Supplemental Tables S2, S3,
and S4). The top 30 genes enriched in the GE of the neonatal
and adult mouse uteri are illustrated in Figure 3A. A
comparative evaluation of GE-enriched genes across days is
shown in Figure 3B for the different uteri.

In the neonatal PD 10 uterus, 120 genes were enriched in the
GE, including known GE-specific genes such as Foxa2 [12,
15], Cxcl15 [39], and Lef1 [40]. Interestingly, 52 of those genes
(e.g., Aldh1a3, Ihh, Lef1) were expressed in the glands of the
neonatal but not adult uteri. DAVID functional annotation
analysis revealed that the GE-enriched genes in the PD 10
uterus were associated with branching morphogenesis, growth

and retinoic acid (RA) biosynthesis (Table 2 and Supplemental
Table S9). Several of those genes were found to encode
secretory proteins (e.g., Cxcl15, Ihh, Sfrp2, Wif1, Wfdc15b),
transporters (e.g., Abcc4, F5, Slc6a2), or enzymes (e.g.,
Aldh1a1, Rdh1, Maob, Soat1) (see Supplemental Table S10
for the complete lists).

As illustrated in Figure 3B, 199 genes (e.g., Ctse, Msx2)
were expressed in GE predominantly on DOPP 2.5 whereas
614 genes (e.g., Lif, Prss28) were unique for GE on DOPP 3.5.
A total of 34 genes (e.g., Aldh1a1, Foxa2) were GE-enriched in
both developing neonatal and adult endometrial glands (Fig. 3).
Importantly, a number of known GE-specific genes were
identified as GE-enriched on either DOPP 2.5 or 3.5 including
Foxa2, Lif, Spink3, and Ttr [12, 15, 22, 41, 42]. Genes enriched
in GE on DOPP 2.5 encoded secretory proteins (e.g., Arsj,
Calca, Spink3), transporters (e.g., Cldn2, Slc1a5, Ttr), and
enzymes (e.g., Aldh1a1, Ctse, Hp, Lyz1, Tst) (Supplemental
Table S10). DAVID functional annotation analysis revealed
that cell cycle, RA metabolism, and tight junctions were
significantly enriched in the GE of DOPP 2.5 uterus (Table 2
and Supplemental Table S11). On the contrary, DAVID
functional annotation analysis found that regulation of
proteinaceous extracellular matrix, polysaccharide binding
cascade, and regulation of kinase activity as overrepresented
among GE-enriched genes on DOPP 3.5 (Table 2 and
Supplemental Table S12). Based on GO analysis, several of
those genes encode secreted proteins (e.g., Calca2, Cxcl15, Lif,

TABLE 1. Selected results of DAVID functional annotation clustering for
differentially expressed genes in the LE of the PD 10 and DOPP 2.5 and
3.5 mouse uteri.

Representative functional terms of
overrepresented annotation clustersa

Enrichment
scoreb

PD 10
Keratinocyte differentiation (5, 10.8) 2.8
Fibronectin, type III (9, 4.7) 2.8
Cell morphogenesis involved in differentiation (8, 3.8) 2.0
Membrane (81, 1.4); transmembrane region (65, 1.3) 1.9
Basement membrane (4, 11.2); extracellular matrix part
(5, 4.8); EGF-like, laminin (3, 7.0)

1.6

Organic acid transport (3, 2.9) 1.4
Eicosanoid biosynthetic process (4, 15.3); arachidonic
acid metabolism (4, 4.1)

1.4

Keratin (4, 3.7) 1.2
Acute inflammatory response (4, 5.1); complement
activation (3, 8.8); protein processing (4,4.5)

1.1

DOPP 2.5
Membrane organization (32, 2.4); endocytosis (25, 2.7) 5.0
Vasculature development (30, 2.4) 4.5
Phosphorus metabolic process (68, 1.6) 4.0
Protein amino acid phosphorylation (49, 1.5) 3.0
Cytoplasmic vesicle (40, 1.6) 2.9
Dioxygenase (11, 3.2) 2.8
Ion homeostasis (28, 1.9); chemical homeostasis (31,
1.7)

2.8

Cell death (40, 1.6) 2.7
Lysosome (18 , 2.1) 2.4
Metal ion binding (210, 1.1) 2.0

DOPP 3.5
Cholesterol biosynthetic process (11, 10.8); steroid
biosynthesis (11, 6.4)

5.9

Cell death (38, 1.7) 3.4
Positive regulation of cell death (25, 2.2) 3.4
2-5-oligoadenylate synthetase, conserved site (5, 14.6) 3.0
Guanylate-binding protein, C-terminal (5, 13.0) 2.8
Blood vessel development (22, 2.0) 2.7
Phosphate metabolic process (59, 1.5) 2.7
Ion binding (205, 1.2) 2.7
Regulation of cell death (40, 1.6) 2.6
Regulation of phosphorylation (25, 1.9) 2.5

a Values within the parentheses indicate the number of genes and fold
enrichment of the functional term.
b Geometric mean of member’s P values of the corresponding annotation
cluster (in�log

10
scale).

FIG. 3. Glandular epithelial (GE) genes expressed in neonatal and adult
mouse uteri. A) Heat map of the most GE-enriched genes in PD 10, DOPP
2.5, and DOPP 3.5. Normalized probe intensity values are presented for
the top 30 genes significantly enriched in GE. B) Venn diagram comparing
GE-enriched genes between neonatal (PD 10) and adult uteri (DOPP 2.5
and 3.5).
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Lipf, Serpina3n, Spink3), transporters (e.g., Acsl1, Abcc4,
Heph, Slc2a3, Ttr), and enzymes (e.g., Arsj, Agr2, F5, Hp,
Mmp2, Prss28, Prss29) (Supplemental Table S10).

Transcriptome Analysis of the Adult Control and PUGKO
Uteri

Transient exposure of neonatal C57/BL6J mice to proges-
terone abrogates postnatal endometrial adenogenesis and
generates adult mice with glandless uteri, termed the PUGKO
mouse [12, 28, 43]. The PUGKO uterus is an excellent model
to discover gland-specific genes, as the uteri are completely
devoid of glands. The list of GE-enriched genes identified in
the PD 10 uterus, using LCM and microarray analysis, was
integrated with 478 genes previously found to be significantly
(P , 0.05) and numerically (fold change . 1.5) increased in
control as compared to PUGKO mouse uteri from PD 10
provided by our previous study [28]. As presented in Figure
4A, this comparison produced a set of 14 genes, including the
previously known GE-specific transcription factor Foxa2 [12,
15]. Real-time qPCR analysis validated the differential
expression of several genes in the control and PUGKO uteri
(Fig. 4B).

Next, microarray analysis was performed on uteri of control
and PUGKO mice on DOPP 3.5. The expression of 287 genes

was greater (P , 0.05, fold change . 1.5) in control as
compared to PUGKO mice (Fig. 5A and Supplemental Table
S13). Selected genes were verified by qPCR analysis for DOPP
3.5 control and PUGKO uteri (Fig. 5B). DAVID functional
annotation analysis revealed that cytokine-cytokine receptor
signaling (e.g., Ccl7, Cxcl15, Il13ra2, Lif), steroid hormone
biosynthesis (Akr1c18, Cyp3a16, Cyp3a25, Srd5a1), JAK-
STAT signaling (e.g., Il6, Lif, Socs3), cytosolic DNA-sensing
(Zbp1, Il33, Il6, Tmem173), and chemokine signaling (e.g.,
Gng12, Hck, Vav1) were enriched in that set of genes. In
contrast, the expression of only 29 genes (e.g., Krt19, Lass3,
Stc1, Tbx18) was greater (P , 0.05, fold change . 1.5) in the
uterus of PUGKO as compared to control DOPP 3.5 mice. As
shown in Figure 5A, integration of cell type-specific micro-
array results with the list of genes increased in control mice
identified 79 candidate GE-specific genes in the adult DOPP
3.5 mouse uterus. Indeed, Lif and Spink3 are expressed solely
in glands of the uterus in mice [16, 42]. Many of those genes
encode secreted proteins (e.g., Lif, Prss28, or Spink3), enzymes
(e.g., Arg2, Lipf, Lyz1, Rdh10), or transporters (e.g., Clcn5,
Slco2a1, Ttr) (Table 3).

DISCUSSION

This work represents a comprehensive discovery of genetic
networks that are active in the uterine epithelia in the
developing neonatal and peri-implantation adult uteri. This
study provides strong support for the idea that each epithelial
compartment has a unique genetic signature that dictates their

TABLE 2. Selected results of DAVID functional annotation clustering for
differentially expressed genes in the GE of the PD 10 and DOPP 2.5 and
3.5 mouse uteri.

Representative functional terms of
overrepresented annotation clustersa

Enrichment
scoreb

PD 10
Morphogenesis of a branching structure (10, 9.8) 6.0
Lung development (6, 6.6); respiratory tube
development (6, 6.5)

3.2

EGF-like calcium-binding (6, 8.9) 3.1
Isoprenoid metabolic process (6, 15.3); retinoid
metabolic process (5, 21.8)

2.7

Concanavalin A-like lectin/glucanase, subgroup (5, 8.9) 2.4
Glycosaminoglycan binding (6, 6.3); carbohydrate
binding (7, 2.6)

2.2

Mesenchymal cell differentiation (4, 9.9) 1.9
Branching involved in ureteric bud morphogenesis (3,
13.0)

1.6

Cell migration 1.2
DOPP 2.5

Cell cycle (26, 2.5) 5.1
Condensed chromosome (7, 3.5) 2.5
Retinoic acid metabolic process (4, 14.1); cellular
hormone metabolic process (4, 4.7)

2.0

Collagen (4, 11.4) 1.9
Alcohol dehydrogenase (3, 18.8) 1.8
Sulfatase (3, 13.9) 1.6
NAD(P)-binding domain (6, 2.3) 1.5
Tight junction (5, 4.9) 1.4
EGF-like 4; calcium-binding (5, 8.9) 1.1

DOPP 3.5
Proteinaceous extracellular matrix (49, 3.4) 13.9
EGF-like calcium-binding, conserved site (18, 4.6) 6.0
Polysaccharide binding (20, 3.5) 5.2
Egf-like domain (26, 2.7) 4.7
Proteinase inhibitor I1, Kazal (11, 5.6) 4.5
Regulation of locomotion (14, 3.0) 2.9
Transmembrane (243, 1.11) 2.6
Regulation of kinase activity (18, 2.2); regulation of
phosphorylation (23, 1.9)

2.4

a Values within parenthess indicate the number of genes and fold
enrichment of the functional term.
b Geometric mean of member’s P values of the corresponding annotation
cluster (in�log

10
scale).

FIG. 4. Genes enriched in the uterine glands of neonatal mice. A) Venn
diagram is presented showing intersection between GE-enriched genes
and genes increased in the uteri of control as compared to PUGKO mice
on PD 10 as determined by microarray analysis. Genes marked in red
were validated by RT-PCR analysis. B) Validation of selected GE-enriched
genes by semiquantitative RT-PCR analysis. Relative mRNA levels of the
indicated genes were measured in the uteri of control and PUGKO mice
on PD 10 (n¼4 mice/day/treatment). Real-time PCR data are presented as
fold change relative to the mRNA level in uteri from control mice.
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differential and synergistic function in the uterus [20]. Thus,
these results significantly extend and fill a gap in our
knowledge of the endometrial epithelial transcriptome [17–
21]. The studies provide new insights into the mechanisms
governing uterine adenogenesis in the neonate and the
biological roles of uterine epithelia in regulation of uterine
receptivity, blastocyst implantation, and stromal cell decidual-
ization. Further, this data can be used to develop mouse models
useful for the epithelial cell-specific modulation of genes to
determine their biological roles in uterine function using the
mouse as a model organism.

In the present study, 65 genes were enriched in LE of both
the neonatal and adult mouse uteri. Those genes are associated
with epithelial cell differentiation (e.g., Wnt7a, Sprr1a) and
innate immune response (e.g., Il18r1, C3). As anticipated,
Wnt7a was found among LE-enriched genes in mouse uterus
[34, 44, 45]. Indeed, Wnt7a is expressed specifically in the LE
of the mouse uterus, and null and conditional Wnt7a deleted
mice lack endometrial glands and are infertile [46]. The Wnt7a
gene encodes a secreted protein, and WNT receptors are
present in all endometrial cell types in the neonatal and adult
mouse uteri [45, 47]. Thus, WNT7A likely acts in an autocrine
and paracrine manner to govern endometrial development and
function. Indeed, epithelial-mesenchymal interactions are
critical for uterine development and function [5, 9, 10]. In
the present study, at least 15 additional secretory protein-
encoding genes (e.g., Cxcl17, Enpp3) were identified as
enriched in the LE of neonatal and adult uteri and thus
represent potential mediators of epithelial-stromal interactions
in the developing and adult mouse uteri. The effect of deleting
most of those novel LE-enriched genes on mouse uterine
development and function has not been reported. Therefore,

future studies are needed to elucidate functional role of those
LE-enriched genes and their products in postnatal uterine
development.

In the neonatal PD 10 mouse uterus, more than 80 genes
were more abundantly or exclusively expressed in the GE.
Those genes are associated with processes important for uterine
gland development including epithelial development (e.g.,
Gja1), growth (e.g., Ihh), and morphogenesis of an epithelial
bud (e.g., Pthlh) [5, 8]. Lymphoid-enhancing factor one (Lef1)
was found among genes specifically enriched in the GE of the
neonatal uterus. LEF1 is a CTNNB1-regulated transcription
factor that is expressed in the uterine stroma as early as PD 3
and then in the uterine GE as they develop after PD 7 [40]. Of
note, LEF1 is essential for normal endometrial gland
development because Lef1-null mice lack endometrial glands
whereas all other uterine cell types appear normal [40]. As
expected, Foxa2 was one of GE-enriched genes that were also
found to be more abundant in the uteri from control rather than
PUGKO mice on PD 10. Immunoreactive FOXA2 is present
specifically in the GE cells of the mouse uterus [12, 15, 28].

FIG. 5. Genes enriched in the uterine glands of adult pseudopregnant
mice. A) Venn diagram is presented showing intersection between GE-
enriched genes and genes increased in the uteri of control as compared to
PUGKO mice on DOPP 3.5 as determined by microarray gene expression
analysis. Genes marked in red were validated by RT-PCR analysis. B)
Validation of selected GE-enriched genes by semiquantitative RT-PCR
analysis. Relative mRNA levels of the indicated genes were measured in
the uteri of control and PUGKO mice on DOPP 3.5 (n ¼ 4 mice/day/
treatment). Real-time PCR data are presented as fold change relative to the
mRNA level in uteri from control mice.

TABLE 3. Partial list of uterine gland-enriched genes that encode
enzymes, secretory proteins, or transport proteins.

Gene symbol Gene description

Encodes a secreted
protein

Acpp Acid phosphatase, prostate
Cxcl15 Chemokine (C-X-C motif) ligand 15
Lif Leukemia inhibitory factor
Lipf Lipase, gastric
Mia2 Melanoma inhibitory activity 2
Gm7298 Murinoglobulin 1; predicted gene 7298
Pla2g10 Phospholipase A2, group X
Pigr Polymeric immunoglobulin receptor
Gm106 Predicted gene 106
Prss28 Protease, serine, 28
Serpina3n Serine (or cysteine) peptidase inhibitor, clade A,

member 3N
Spink3 Serine peptidase inhibitor, Kazal type 3
Prss29 Similar to implantation serine proteinase 2;

protease, serine, 29
Ttr Transthyretin
Wfdc15b WAP four-disulfide core domain 15B

Encodes a transport
protein

Clic6 Chloride intracellular channel 6
Slc12a3 Solute carrier family 12, member 3
Slc39a4 Solute carrier family 39 (zinc transporter),

member 4
Slco2a1 Solute carrier organic anion transporter family,

member 2a1
Sv2b Synaptic vesicle glycoprotein 2 b
Stx18 Syntaxin 18
Ttr Transthyretin

Encodes an enzyme
Arg2 Arginase type II
Degs2 Degenerative spermatocyte homolog 2

(Drosophila), lipid desaturase
Gclm Glutamate-cysteine ligase, modifier subunit
Gulo Gulonolactone (L-) oxidase
Lipf Lipase, gastric
Lyz1 Lysozyme 1
Pla2g10 Phospholipase A2, group X
Prss28 Protease, serine, 28
Prss29 Similar to implantation serine proteinase 2;

protease, serine, 29
Rdh1 Retinol dehydrogenase 1
Rdh9 Retinol dehydrogenase 9
Tdo2 Tryptophan 2,3-dioxygenase
Tmprss11a Transmembrane protease, serine 11a
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Conditional deletion of Foxa2 after birth inhibits endometrial
adenogenesis. Thus, FOXA2 is an important regulator of
endometrial adenogenesis in mice. Other pathways involved in
endometrial gland development in the neonatal mouse uterus
include WNT signaling (canonical CTNNB1 and noncanonical
pathways) as well as cell-cell adhesion (CDH1) [48, 49].
However, deletion of other GE-enriched or -specific genes,
such as Cxcl15 or Ttr, has no effect on endometrial
development [41, 50]. Results of the present studies support
the idea that other genes and pathways are involved in
endometrial adenogenesis and postnatal development of the
mouse uterus. Components of RA signaling, including
aldehyde dehydrogenase 1 (Aldh1a1), Aldh1a3, retinol dehy-
drogenase 1 (Rdh1), and Rdh10, were enriched in the GE of
the neonatal uterus. Further, expression of Aldh1a1 and
Aldh1a3 was much lower in PUGKO than in control mice on
PD 10. Although not investigated in the neonatal mouse, RA is
involved in the patterning and development of a number of
different organs [51]. Mice with null mutation of Aldh1a1 or
Rdh1 are viable and fertile [52, 53]. In contrast, complete
deletion of Rdh10 or Aldh1a3 result in prenatal lethality,
precluding investigation of their role in postnatal organogen-
esis and homeostasis [52, 54, 55]. It is well established that the
biological effects of RA during development and postnatal life
are transduced by two families of nuclear receptors, the RA
receptors (RARs) and the retinoid X receptor (RXRs).
Interestingly, compound null mutations of Rar genes in mice
lead to lethality in utero or shortly after birth and to numerous
developmental abnormalities, including the genitourinary
system [56]. The involvement of RA signaling in postnatal
mouse uterine development and endometrial adenogenesis will
require conditional postnatal deletion models such as the
progesterone receptor Cre (PGR-Cre) [57].

In the peri-implantation mouse uterus, the LE of the uterus
has a number of different biological roles in uterine receptivity
and blastocyst implantation. The LE is the site of trophecto-
derm attachment for implantation after hatching of the
blastocyst from the zona pellucida. Reciprocal interactions
between the LE and the trophectoderm, as well as the adjacent
stroma, are important for early pregnancy success. In the
present study, Irg1 and Scnn1a were LE-enriched in the adult
uterus (DOPP 2.5 and/or 3.5). Immune-responsive gene 1
(Irg1), a progesterone-induced gene, is expressed in the LE of
pregnant uterus between Days 3 and 5. Knockdown of Irg1
impaired embryo implantation, implying that IRG1 is involved
in early events of pregnancy establishment in mice [35].
Sodium channel, nonvoltage-gated 1 alpha (Scnn1a) encodes
amiloride-sensitive epithelial Na

þ
channel (ENaC), and ENaC

protein was predominantly localized to the apical side of both
LE and GE in both mated and unmated uteri, particularly on
Day 3 postmating. Recently, ENaC was found to regulate
prostaglandin E2 production and release for embryo implan-
tation [27, 38]. In agreement, blocking or knocking down
uterine ENaC in mice resulted in implantation failure [38].

Interestingly, genes involved in sterol biosynthetic pathway
(Cyp51, Hmgcr, Insig1, Fdps, Hmgcs1, Idi1, Sc4mol, Nsdhl,
Fdft1) were overrepresented in LE on DOPP 3.5. Cytochrome
P450, family 51 (CYP51) is an essential enzyme in the
biosynthesis of cholesterol [58]. Interestingly, CYP51 was
previously reported in peri-implantation mouse uterus [59].
Estrogen treatment of ovariectomized mice was shown to
induce CYP51 in LE and GE. Interestingly, immunoreactive
CYP51 was observed in subluminal stroma immediately
surrounding the implanting blastocyst and then in decidual
cells on Days 6 and 8 of pregnancy. Thus, de novo biosynthesis
of cholesterol by CYP51 may increase the production of

progesterone and/or estrogen to promote embryo implantation
and the establishment of pregnancy [59]. Indeed, a recent study
indicated that estrogen is synthesized de novo in the
decidualizing mouse uterus [60]. Expression of farnesyl
diphosphate synthetase (Fdps) was previously reported in the
uterine epithelium of nonpregnant mouse [61]; however, its
functional role is unknown. In addition, null mutation of
Hmgcr, Nsdhl, or Fdft1 are embryonic lethal. Thus, future
studies using conditional gene targeting approaches are
necessary to determine the precise nature of LE-enriched
genes associated with steroid biosynthesis.

The present study indicated numerous genes (e.g., Ihh and
Klf5) coordinately expressed by LE and GE. Indian hedgehog
(IHH), a major effector of PGR action in the uterus, acts as a
paracrine signal for epithelial-stromal interaction for achieving
uterine receptivity and implantation [14]. Ihh is expressed in
the uterine LE and GE with an expression peak right before the
time of implantation. Ihh-deficient female mice are infertile
[24]. The uteri of these mice are unable to support embryo
implantation and fail to undergo the artificially induced
decidualization [62]. Kruppel-like factor 5 (KLF5) is a zinc
finger-containing transcription factor. In mice, KLF5 is present
in LE and GE until decidualization is initiated on Day 5. In the
present study, KLF5 was identified as LE-enriched gene on
both DOPP 2.5 and 3.5. KLF5 is a steroid hormone-
independent factor that is indispensable for normal implanta-
tion in mice [63]. Mice with uterine deletion of Klf5 are
severely subfertile as a result of defective implantation.

Uterine epithelia are responsible for secretion of bioactive
substances (e.g., amino acids and glucose) into the uterine
lumen and their transport from the lumen to stromal
compartment, and thus they establish an adequate uterine
environment that is a prerequisite for embryo implantation.
Amino acid (leucine and arginine) activation of mTORC1 is an
important aspect of blastocyst activation, in particular for
induction of motile, invasive behavior in the trophectoderm
[11]. Of particular note, numerous amino acid transporters
(Slc1a5, Slc7a4, Slc1a4, Slc7a5), facilitated glucose transport-
ers (Slc2a1, Slc2a3, Slc2a12), and sodium/glucose cotrans-
porters (Slc5a1, Slc5a11) were expressed in adult uterine LE
and/or GE in the present study. In addition, glucose
metabolism is important for the preparation of the epithelium
and stroma for embryo implantation during early pregnancy
(for a review, see [64]). For example, SLC2A1 is expressed in
the LE, GE, and stroma of rodent uterus, and its basolateral
localization in epithelial cells likely facilitates transport of
glucose into the decidualizing stroma [65, 66].

In contrast to the biological roles of genes expressed in the
LE and stroma of the peri-implantation mouse uterus, relatively
little is known about genes enriched in the uterine glands [9,
10, 20]. Notably, endometrial gland secretions (e.g., LIF) play
vital biological roles in regulating uterine receptivity blastocyst
implantation and stromal cell decidualization [12, 15]. Lif
expression is first induced in the GE in response to the
preovulatory E2. LIF binds to its receptor LIFR present in LE,
which partners with coreceptor gp130 (I16st) to activate
downstream signaling via signal transducer and activator of
transcription 3 (STAT3) [67]. As a result, LIF induces
expression of LE-enriched genes, including Hegf1, Coch,
Igfbp3, and Irg1, that are associated with uterine receptivity
(for a review, see [68]). Furthermore, a recent study found that
conditional ablation of Stat3 causes implantation failure
because of defective uterine receptivity and decidual response
[69]. Strikingly, knowledge about the function of adult GE-
specific genes other than Lif is limited [9, 10]. Therefore, the
GE transcriptome analysis conducted here for the prereceptive
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(DOPP 2.5) and receptive (DOPP 3.5) uteri is novel and
provides a foundation for future studies on the role of GE genes
in uterine function. In the adult pseudopregnant uterus, a large
number of genes (6975 on DOPP 2.5 and 8067 on DOPP3.5)
were expressed in the GE as determined by LCM and
microarray analysis; many of them (6% on DOPP 2.5 and
11% on DOPP 3.5) are abundantly or exclusively expressed in
the GE. In addition, GE-expressed genes were identified in
microarray analysis of the uteri of control and gland-containing
and aglandular PUGKO uteri in the present study. The lack of
uterine glands appears to be the key defect that underlies the
infertility and lack of blastocyst implantation and stromal cell
decidualization defect in the uterus of PUGKO mice [12].
Numerous genes encoding enzymes (e.g., Lyz1, Gulo, Prss28)
and secretory (e.g., Pigr, Spink3) and transport proteins (e.g.,
Slco2a1, Ttr) were found to be GE-specific with reduced or
absent expression in the adult PUGKO uteri. Interestingly,
secreted tryptases Prss28 and Prss29 are secreted together into
the uterine lumen at peri-implantation period of pregnancy
where they likely promote blastocyst activation and invasion
[70, 71]. Spink3 mRNA is expressed only in the endometrial
GE of the mouse uterus; however, SPINK3 protein is present in
the LE and decidual cells as well as uterine glands [42]. Thus,
SPINK3 is secreted in both an apical and basal manner, as
found for many other proteins secreted by polarized epithelia.
Novel GE-markers identified in the present study included
polymeric immunoglobulin receptor (Pigr) and solute carrier
organic anion transporter family, member 2a1 (Slco2a1). The
PIGR is a transmembrane secretory component that was shown
to regulate extracellular transport of secretory immunoglobu-
lins A and M in the gut epithelium [72]. Deletion of Pigr is
associated with the leakage of serum-derived proteins into the
intestinal lumen [72]. Further studies will be necessary to
determine whether PIGR controls transport of serum proteins
across the GE in the adult mouse uterus. SLCO2A1 was
identified as a major carrier for prostaglandin transport in
mouse and human [73, 74]. Here, Slco2a1 was identified as a
GE-enriched gene on DOPP 3.5 with decreased expression in
the absence of uterine glands. Thus, uterine glands might
contribute to synthesis and transport of prostaglandins that are
essential for blastocyst implantation and decidualization [27].
The novel set of GE-expressed, -enriched, and -specific genes
discovered in the present study provide a framework for future
investigations into the biological roles of endometrial glands
and their secretions in uterine function, homeostasis, and
pregnancy.

Our previous study using pseudopregnant PUGKO mice
found no differences in patterns of steroid receptor expression
and steroid hormone-regulated genes (Igf1, Muc1, Hand2,
Hoxa10, Il13ra2) [12]. In the present study, the expression of
29 genes, including Tbx18 and Stc1, was increased in the uteri
of aglandular PUGKO as compared with control mice on
DOPP 3.5. T-box transcription factor 18 (TBX18) was shown
to be expressed in prospective ureteral mesenchyme and
regulate the development of the ureteral mesenchyme [75].
Mice carrying a null allele of (Tbx18) die shortly after birth,
thus, its role in postnatal uterine morphogenesis or adult
function is unknown [75]. Stanniocalcin (STC1) expression
was found to shift from the uterine LE to the mesometrial
decidua during implantation in mice [76]. Collectively, these
results support the idea that endometrial glands and their
products play a biological role in the function of other cell
types in the uterus, particularly the endometrial LE and stroma,
and may be necessary for overall homeostasis of the uterus.
Thus, the lack of proper endometrial gland generation and

regeneration may have multiple impacts on uterine function
and early pregnancy.

The development of the Cre/loxP system provided the
means to conditionally ablate genes and determine their
biological role in many organs, including the uterus [57].
Although several Cre mouse models (Amhr2-mesenychme;
Wnt7a, Krt8, and Sprr2f-epithelium; Myh11-myometrium;
Pgr-postnatal epithelium, stroma, and myometrium) can be
used to conditionally delete genes in the uterus, none are
specific for the endometrial glands. Thus, there is a distinct
need for new Cre models exhibiting uterine compartment
specificity that would facilitate investigation of important
questions concerning morphogenesis and adult function of the
uterus [14]. Of particular note, the present study identified
numerous genes with spatially and temporally restricted
expression patterns in the uterine epithelia. For example,
Bpibf5, Cxcl15, and Gas6 are enriched in GE as early as PD 10.
In contrast, Spink3 and Prss29 expression is restricted to adult
GE with Prss29 expressed uniquely on DOPP 3.5. Therefore,
knowledge gained from this work can be utilized to generate
novel Cre mouse lines for cell-specific and time-dependent
gene targeting in the mouse uterus.

Collectively, this work strongly supports the idea that LE
and GE exhibit distinct genetic signatures not only in the adult
uterus but also in the neonatal mouse uterus. These studies
along with others provide a foundation for mechanistic
investigations into the biology of epithelia development and
function in the uterus using the mouse as a model system.
Endometrial gland secretions play vital biological roles in
regulating uterine receptivity and stromal cell decidualization
[8, 12, 15]. Indeed, deficient glandular activity described as a
secretory-phase defect is linked to early pregnancy failure in
humans. Thus, a better understanding of endometrial LE and
GE at the molecular level could advance diagnosis and
treatment of women infertility. A better understanding of the
epithelial transcriptome should advance discovery of novel
biomarkers of uterine competency for pregnancy useful to
diagnose and treat infertility in humans and domestic animals.
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