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Members of the Wnt family of signaling molecules are impor-
tant in cell specification and epithelial-mesenchymal inter-
actions, and targeted gene deletion of Wnt-7a in mice results
in complete absence of uterine glands and infertility. To as-
sess potential roles of the Wnt family in human endometrium,
an endocrine-responsive tissue, we investigated in the prolif-
erative and secretory phases of the menstrual cycle, endome-
trial expression of several Wnt ligands (Wnt-2, Wnt-3, Wnt-4,
Wnt-5a, Wnt-7a, and Wnt-8b), receptors [Frizzled (Fz)-6 and
low-density lipoprotein receptor-related protein (LRP)-6], in-
hibitors [FrpHE and Dickkopf (Dkk)-1], and downstream ef-
fectors (Dishevelled-1, glycogen synthase kinase-3�, and
�-catenin) by RT-PCR, real-time PCR and in situ hybridiza-
tion. No significant menstrual cycle dependence of the Wnt
ligands (except Wnt-3), receptors, or downstream effectors,
was observed. Wnt-3 increased 4.7-fold in proliferative com-
pared with secretory endometrium (P < 0.05). However, both
inhibitors showed dramatic changes during the cycle, with

22.2-fold down-regulation (P < 0.05) of FrpHE and 234.3-fold
up-regulation (P < 0.001) of Dkk-1 in the secretory, compared
with the proliferative phase. In situ hybridization revealed
cell-specific expression of different Wnt family genes in hu-
man endometrium. Wnt-7a was exclusively expressed in the
luminal epithelium, and Fz-6 and �-catenin were expressed in
both epithelium and stroma, without any apparent change
during the cycle. Both FrpHE and Dkk-1 expression were re-
stricted to the stroma, during the proliferative and secretory
phase, respectively. These unique expression patterns of Wnt
family genes in different cell types of endometrium and the
differential regulation of the inhibitors during the prolifera-
tive and secretory phase of the menstrual cycle strongly sug-
gest functions for a Wnt signaling dialog between epithelial
and stromal components in human endometrium. Also, they
underscore the likely importance of this family during endo-
metrial development, differentiation and implantation.
(J Clin Endocrinol Metab 88: 3860–3866, 2003)

HUMAN ENDOMETRIUM IS a complex tissue that
develops in response to ovarian hormones and un-

dergoes dynamic reorganization during the menstrual cy-
cle in preparation for implantation. Cyclic remodeling of
the endometrium is regulated by specific local mesenchy-
mal-epithelial interactions, as well as circulating steroid
hormones (1), although the precise mechanisms and me-
diators of these interactions have not been completely
defined. Recent microarray analyses from our group and
others (2– 4) of human endometrial gene expression in the
window of implantation demonstrate expression and reg-
ulation of select members of the Wnt family, raising the
question of the function of this family in endometrial de-
velopment and function.

Secreted Wnt proteins comprise a family of highly con-
served glycoproteins that exhibit pivotal roles in cell prolif-
eration and differentiation, epithelial-mesenchymal commu-
nication, and embryogenesis (5–7). They bind and act
through cell surface receptors known as Frizzled (Fz), a large

family of seven membrane-spanning domain receptors (8).
Wnt/Fz interactions at the cell surface activate Dishevelled
(Dvl) leading to the inactivation of glycogen synthase ki-
nase-3� (GSK-3�) by phosphorylation. When activated,
GSK-3� phosphorylates adenomatous polyposis coli and
Axin, increasing their binding activities for �-catenin, mark-
ing it for degradation by N-terminal phosphorylation (9–11).
GSK-3� inactivation, in response to Wnt, dissociates this
complex formation subsequently leading to cytoplasmic
�-catenin accumulation and entry into the nucleus where it
regulates gene transcription (12–14). Recent studies have
identified several families of inhibitors of Wnt signaling.
Secreted frizzled-related proteins share structural similari-
ties to the Frizzled receptor family of proteins and antagonize
Wnt actions at the level of receptor-ligand binding (15, 16).
Another inhibitor, Dickkopf (Dkk), binds to low-density li-
poprotein receptor-related protein-6 (LRP-6), a coreceptor
for Wnt, and inhibits the Wnt signaling pathway. Recent
work suggests that Dkk interacts with the coreceptors
LRP5/6 and inhibits signaling by disrupting the binding of
LRP6 to the Wnt/Fz ligand-receptor complex (17, 18). Some
of the target genes for Wnt signaling, including Hoxa-10,
Hoxa-11, cyclooxygenase-2, and peroxisome proliferator
activated receptor-�, (http://www.stanford.edu/�rnusse/

Abbreviations: Ct, Threshold cycle; Dkk, Dickkopf; Dvl, Dishevelled;
Fz, frizzled; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
GOI, gene of interest; GSK, glycogen synthase kinase; LRP, low-density
lipoprotein receptor-related protein; RT, reverse transcription.
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pathways/targets.html) are known to be important in de-
cidualization of the endometrium and in implantation in the
mouse (19–21).

Wnt genes are responsive to circulating sex steroids in
several steroid-responsive organs including the female re-
productive tract. In adult mouse, Wnt-7a is exclusively ex-
pressed in the uterine luminal, but not glandular, epithelium
and acts to regulate the boundaries of expression of other
Wnt ligands to establish the correct developmental axis of the
uterus (22). Wnt-7a�/� mice are infertile and have complete
absence of uterine glands. In human endometrium, Wnt-2,
Wnt-3, Wnt-4, Wnt-5a, Wnt-7a, and Wnt-7b are constitu-
tively expressed throughout the menstrual cycle, and down-
regulation of Wnt-2, Wnt-3, Wnt-4, and Wnt-5a has been
observed in endometrial carcinoma (23). These observations,
in addition to several microarray studies including a previ-
ous report from our laboratory (2–4), indicate regulation of
Wnt family genes in human endometrium during the men-
strual cycle. Herein, we examine the expression of several
Wnt ligands, receptors, inhibitors, and downstream effectors
in human proliferative and secretory phase endometrium.
Our results on the cell-specific expression and cycle-depen-
dent regulation of select members of the Wnt family in hu-
man endometrium suggest important roles in mediating
mesenchymal-epithelial interactions during endometrial dif-
ferentiation and possibly implantation.

Materials and Methods
Tissue specimens

Endometrial biopsies were obtained from normally cycling women
after informed consent, under an approved protocol by the Stanford
University Committee on the Use of Human Subjects in Medical Re-
search, and the Human Subjects Committees at the University of North
Carolina and the University of California, San Francisco. All specimens
were obtained in accordance with the Declaration of Helsinki. A total of
12 biopsy samples was obtained from two time points of the menstrual
cycle: six in the mid- to late proliferative phase (peak circulating estradiol
levels) and six in mid-secretory phase (peak estradiol and progesterone).
Due to limitation in tissue availability, six of the samples (three in the
mid- to late proliferative and three in the mid-secretory phase endo-
metrium) were used for RT-PCR and real-time PCR studies, whereas six
additional samples were used for in situ hybridization. All subjects in the
age group between 28 and 39 yr had regular menstrual cycles (26–35 d),
were documented not to be pregnant, had no history of endometriosis,
and had not been on hormonal treatment for at least 3 months before
biopsy.

RNA extraction and reverse transcription (RT)

Total RNA from endometrial tissue (in the proliferative and secretory
phases of the cycle) was isolated using Trizol (Invitrogen, Carlsbad, CA)
following the manufacturer’s protocol. Isolated total RNA was then
treated with deoxyribonuclease and purified by RNeasy Spin Columns
(QIAGEN, Valencia, CA). RNA integrity was verified by agarose gel
electrophoresis/ethidium bromide staining and by OD260/280 absorp-
tion ratio greater than 1.95. Total RNA (1 �g) was reverse transcribed
using Omniscript kit (QIAGEN) according to the manufacturer’s in-
structions with a 1:1 ratio of oligo (deoxythymidine)16–18 and random
hexamers (Invitrogen).

PCR

RT products were used in PCRs containing MgCl2 (2.5 mm), de-
oxynucleotide triphosphates (0.1 mm), 1� PCR buffer, Taq polymerase,
or HotStarTaq (QIAGEN) (2.5 U), and specific primer pairs (30 pmol)
using the Eppendorf Mastercycler Gradient (Eppendorf, Hamburg, Ger-
many). Primer sequences (Table 1) were designed from public databases
and synthesized at the Stanford University School of Medicine Protein
and Nucleic Acid (PAN) Facility. Wnt-7a, FrpHE, Fz-6, Dkk-1, and
�-catenin PCR products were subcloned into pDrive Cloning Vectors
(QIAGEN) by TA cloning (using primer pairs from Table 1) to generate
specific probes for in situ hybridization. The identity of each PCR prod-
uct was confirmed by sequencing at the Stanford PAN facility.

Real-time PCR

Primers for target and reference genes were designed using the PCR
design software at http://labtools.stratagene.com and synthesized by
QIAGEN (Table 2). Real-time PCRs were performed in quadruplicates
using the QuantiTect SYBR Green PCR Kit (QIAGEN) following the
manufacturer’s instructions and carried out in the Mx4000 Q-PCR sys-
tem (Stratagene, La Jolla, CA). All assays were optimized for primer
concentration and PCR product specificity based on melting curve anal-
ysis and gel electrophoresis. Each real-time PCR was comprised of 250
ng of template cDNA and optimized primers at the concentrations of
50–250 nm. The thermal cycling conditions included an initial activation
step at 95 C for 10 min, followed by 40 cycles of denaturation, annealing
and amplification (95 C for 30 sec, 60 C for 1 min, 72 C for 30 sec). PCR
products were analyzed by thermal dissociation (55–95 C) with a flu-
orescence measurement at every 1-degree increment. For each assay, a
no-template and no-RT controls were included to verify the quality and
cDNA specificity of the primers. Reactions were verified by agarose gel
electrophoresis of PCR products and showed single correctly sized
bands for each sample or no products for the negative controls. The PCR
amplification efficiency of the reactions and correlation coefficients were
determined from serially diluted human endometrial cDNA (250, 62.5,
15.6, and 3.9 ng), using the slope of the best-fit curve for Ct vs. concen-
tration, and were calculated by the Mx4000 software. Investigated tran-
scripts showed high efficiency of amplification and a linear response. No
primer-dimer formation was observed during the 40 PCR amplification

TABLE 1. List of primers used for RT-PCR with corresponding amplicon sizes

Gene Forward primer Reverse primer Amplicon (bp) Accession no.

Wnt-2 5�-ccagccttttggcagggtc-3� 5�-gcatgtcctgagagtccatg-3� 380 NM_003391
Wnt-3 5�-tgaacaagcacaacaacgag-3� 5�-cagtggcatttttccttcc-3� 439 AB067628
Wnt-4 5�-ccttctcacagtcgtttg-3� 5�-cacagccgtcgatggcctt-3� 429 NM_030761
Wnt-5a 5-�gggaggttggcttgaacata-3� 5�-gaatggcacgcaattacctt-3� 141 NM_003392
Wnt-7a 5�-gctgcctgggccacctctttctca-3� 5�-cccggtggtacaggccttgcttct-3� 411 D83175
Wnt-8b 5�-atgtctttggggttggttcctag-3� 5�-ttgctaggaggaagaaggtcag-3� 272 Y11094
GSK-3� 5�-ggtcgccatccaagccagt-3� 5�-gtgccctatagtaccgagacac-3� 431 NM_002093
�-Catenin 5�-ggtgggctgcagaaaatggtt-3� 5�-gatggcaggctcagtgatgtcttc-3� 567 X87838
Fz-6 5�agtcttcagcggcttgtatcttgt-3� 5�-gctccgtccgctttcacctct-3� 561 AF072873
FrpHE 5�-ccgtgctgcgcttcttcttctgtg-3� 5�-gcgggacttgagttcgagggatgg-3� 461 AF026692
LRP-6 5�-catcctcgtctttcactcatc-3� 5�-ggctcgaggtctgtcctgct-3� 550 NM_002336
Dkk-1 5�-aggcgtgcaaatctgtctcg-3� 5�-tgcatttggatagctggtttagtg-3� 502 AF177394
Dvl-1 5�-cggggcggacgtggtggactg-3� 5�-ctggccggccggacgctctc-3� 532 AF006011
GAPDH 5�-accacagtccatgccatc-3� 5�-tccaccacctgcgctg-3� 452 BC001601
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cycles. No significant difference was observed in the expression of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) between prolifera-
tive and secretory phases using the same starting amount of template,
indicating that this is an appropriate reference gene.

The corresponding efficiency of amplification (E) during the exponential
phase was calculated according to the equation E � 10[�1/slope] � 1 (24),
where the slope term corresponds to the slope of the least squares fit of Ct
values relative to the logarithm (base 10) of the amount of RNA used.
Quantitative analysis was based on the relative quantification of each gene
of interest (GOI) in the secretory phase relative to the proliferative phase
tissues. This ratio was corrected by the corresponding ratio of the reference
gene (GAPDH). The relative expression ratio (R) of the gene of interest was
calculated based on the corresponding efficiencies of amplification for each
gene and the differences in threshold cycle values (�Ct) using the following
mathematical model (25):

R �
(1 � EGOI)�Ct

GOI
(proliferative-secretory)

(1 � ERef)�Ct
Ref

(proliferative-secretory)

In this equation, R represents the ratio at which a given gene of interest
is expressed in secretory (n � 3) relative to proliferative (n � 3) phase
endometrium, when normalized by a reference gene or normalizer. EGOI
and ERef correspond to the measured amplification efficiencies of the
respective gene of interest and the normalizer (GAPDH). �CtGOI and
�CtRef are the differences in threshold values between proliferative and
secretory phase samples for the gene of interest and the normalizer. Ct
values were calculated by the Mx4000 software based on fluorescence
intensity values after normalization with an internal reference dye and
baseline correction.

Statistical analysis of the real-time data were done using a comparison
(z-test of the difference between two means) of the corrected Ct means
for the three specimens in the proliferative and three specimens in the
secretory phases for each gene (26).

In situ hybridization

Out of thirteen different genes studied by RT-PCR and real-time
PCR, five genes were randomly chosen for in situ hybridization. In
situ hybridization of endometrial frozen sections (three in the mid-
late proliferative and three in the mid-secretory phase endometrium)
was conducted with 35S-UTP-labeled (DuPont NEN Life Science
Products, Boston, MA) sense and antisense riboprobes for: Wnt-7a
(ligand), Fz-6 (receptor), FrpHE, and Dkk-1 (inhibitors) and �-catenin
(downstream modulator), as described previously (27) with minor
modifications. Briefly, 10-�m frozen sections of endometrium were
fixed in 4% paraformaldehyde in PBS, treated with pronase E (0.125
�g/�l) in 50 mm Tris (pH 7.5) and 5 mm EDTA, and postfixed in 4%
paraformaldehyde. Then the endometrial sections were acetylated
with 0.25% acetic anhydride/0.1 m triethanolamine (pH 8.0), dehy-
drated through an ascending series of alcohols, and were incubated
at 55 C overnight (16 h) in the hybridization solution containing the
appropriate concentration of the sense and antisense probe (105 cpm/
�l). After hybridization all slides were treated with RNase A, washed,
and dehydrated in an ascending series of alcohols. The slides were

coated with NTB2 autoradiographic emulsion (Eastman Kodak,
Rochester, NY), stored at 4 C for 10 d, developed in d-19 (Eastman
Kodak), and lightly counterstained with hematoxylin.

Results
Expression of Wnt family genes in human endometrium

RT-PCR experiments using specific primers (Table 1 in
Materials and Methods) demonstrate (Fig. 1) the expression of
Wnt-2, Wnt-3, Wnt-4, Wnt-5a, Wnt-7a, Wnt-8b, Fz-6, LRP-6,
FrpHE, Dkk-1, Dvl-1, GSK-3�, and �-catenin in human en-
dometrium. Wnt-2, Wnt-4, Wnt-5a, Wnt-7a, GSK-3�, �-cate-
nin, LRP-6, Fz-6, and Dvl-1 were equally expressed in pro-
liferative and secretory phase endometrium. However,
Dkk-1 expression was dramatically increased during the se-
cretory phase, and there was consistent increase in FrpHE
expression in most of the samples during the proliferative
phase (Fig. 1). Placenta was used as a positive control for
Wnt-2, Wnt-3, Wnt-4, Wnt-5a, Wnt-7a, GSK-3�, �-catenin,
LRP-6, Fz-6, and Dvl-1 and as a negative control for FrpHE.
The integrity and relative amounts of these mRNAs were
confirmed using GAPDH as a constitutively expressed
marker.

TABLE 2. List of primer used for real-time PCR with corresponding amplicon sizes

Gene Forward primer Reverse primer Amplicon (bp) Accession no.

Wnt-2 5�-actctcaggacatgctggct-3� 5�-acgaggtcatttttcgttgg-3� 161 NM_003391
Wnt-3 5�-tgtgaggtgaagacctgctg-3� 5�-aaagttgggggagttctcgt-3� 207 AB067628
Wnt-4 5�-catgcaacaagacgtccaag-3� 5�-aagcagcaccagtggaattt-3� 121 NM_030761
Wnt-5a 5-�gggaggttggcttgaacata-3� 5�-gaatggcacgcaattacctt-3� 141 NM_003392
Wnt-7a 5�-ggagggtccttttcctgggt-3� 5�-atattgctgtgatgaggccc-3� 190 D83175
Wnt-8b 5�-ttcccaagaatcttgaatgc-3� 5�-actccagagctccctcttcc-3� 142 Y11094
GSK-3� 5�-aactgcccgactaacaccac-3� 5�-attggtctgtccacggtctc-3� 253 NM_002093
�-Catenin 5�-tgcagttcgccttcactatg-3� 5�-actagtcgtggaatggcacc-3� 162 X87838
Fz-6 5�-atgagagaggtgaaagcgga-3� 5�-tcagatacactgcctgcctg-3� 143 AF072873
FrpHE 5�-ggacagcctatgtcaggcca-3� 5�-tctgtaccaaagggcaaacc-3� 155 AF026692
LRP-6 5�-cccatgcccctggttctact-3� 5�-ccaagccacagggatacagt-3� 114 NM_002336
Dkk-1 5�-catcagactgtgcctcagga-3� 5�-ccacagtaacaacgctggaa-3� 145 AF177394
Dvl-1 5�-ccaccctgaacctcaacagt-3� 5�-ccttcactctgctgactccc-3� 202 AF006011
GAPDH 5�-cgaccactttgtcaagctca-3� 5�-aggggtctacatggcaactg-3� 228 BC001601

FIG. 1. RT-PCR products showing expression of selected genes rel-
evant to the Wnt signaling pathway during the mid- to late prolif-
erative (n � 3) and mid-secretory (n � 3) phase of endometrium and
in placenta (pl). Placental total RNA was used as a positive or negative
control for expression of different Wnt genes. GAPDH was used as a
constitutively expressed marker to show integrity and relative
amounts of RNA in each sample.
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Quantitative estimation of Wnt family genes

Regulation of expression of Wnt family members in hu-
man endometrium in the proliferative and secretory phases
was quantified using real-time RT-PCR. The data confirmed
that all studied Wnt members are expressed in human en-
dometrium. Specificity of each RT-PCR product was docu-
mented using gel electrophoresis (data not shown) and re-
sulted in a single product with appropriate length (Table 2
in Materials and Methods). Melting curve analysis was per-
formed after every run and resulted in a single pro-

duct for each target gene. Mean Ct values (n � 3 for mid- to
late proliferative phase and n � 3 for mid-secretory phase
run in quadruplicates) with corresponding sds are shown in
Table 3.

Among the thirteen genes analyzed, all were expressed in
both secretory and proliferative endometrium, and there
were no statistically significant differences in expression lev-
els of Wnt-2, Wnt-4, Wnt-5a, Wnt-7a, Fz-6, LRP-6, Dvl-1,
GSK-3�, and �-catenin between the two phases. However,
the expression levels of FrpHE and Wnt-3 were significantly
higher in the proliferative than in the secretory phase by a
factor of 22.2 and 4.7, respectively (P � 0.05), whereas Dkk-1
was significantly up-regulated in secretory endometrium by
a factor of 234.3 (P � 0.001). Wnt-8b was found to be up-
regulated in the proliferative phase by a factor of 16.3, al-
though this difference was not statistically significant due to
high variability among tissue replicates (Fig. 2).

Cellular localization of Wnt family genes in
human endometrium

Wnt-7a is expressed exclusively by luminal epithelial cells in hu-
man endometrium. In situ hybridization data (Fig. 3, A–D),
using a 411-bp antisense riboprobe for the Wnt-7a cDNA
fragment, reveal localization of Wnt-7a expression exclu-
sively to the luminal epithelium of the endometrium. Wnt-7a
is not expressed by glandular epithelium or stroma in normal
human endometrium, and there is no noticeable difference in
expression between proliferative and secretory endome-

TABLE 3. Real-time PCR data showing mean Ct values in the
proliferative and secretory phase endometrium with corresponding
standard deviations for different Wnt genes

Gene Proliferative (n � 3)
Mean Ct 	 SD

Secretary (n � 3)
Mean Ct 	 SD

GAPDH 16.46 	 0.29 15.74 	 0.34
Wnt-2 23.31 	 0.23 23.47 	 0.31
Wnt-3 29.66 	 0.50 31.25 	 0.39
Wnt-4 23.45 	 0.23 22.04 	 0.21
Wnt-5a 23.41 	 0.46 24.69 	 0.55
Wnt-7a 23.74 	 0.27 24.56 	 0.26
Wnt-8b 32.95 	 1.44 36.20 	 1.66
GSK-3� 22.00 	 0.33 21.49 	 0.56
�-Catenin 23.46 	 0.43 23.76 	 0.37
Fz-6 23.82 	 0.34 23.91 	 0.34
FrpHE 17.75 	 0.40 21.55 	 0.44
LRP-6 23.94 	 0.26 24.20 	 0.33
Dkk-1 28.05 	 0.42 19.91 	 0.45
Dvl-1 25.82 	 0.27 25.57 	 0.23

FIG. 2. Relative expression ratios of different Wnt genes showing relative changes in secretory (n � 3) compared with proliferative (n � 3) phase
endometrium after normalization to GAPDH. Dkk-1 is significantly up-regulated (P � 0.001), and FrpHE and Wnt-3 are significantly
down-regulated in the secretory phase. Asterisks (**, P � 0.001; *, P � 0.05) indicate significant changes in expression during secretory compared
with proliferative phase endometrium the glands and stromated in the secretory phase.
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trium. The sense probe did not show any signal in any of the
cell types (data not shown).

FrpHE is abundantly expressed by proliferative endometrium. By
using an antisense riboprobe derived from the cloned 461-bp
cDNA fragment of FrpHE, its expression was detected in
stromal cells, with no evidence of expression by glandular
cells. The pattern of expression was dependent on the phase
of the menstrual cycle, with abundant expression in prolif-
erative endometrium, whereas secretory endometrium
showed little or no signal (Fig. 3, E–H), consistent with the

RT-PCR and quantitative PCR data. The sense probe did not
show any specific signal (data not shown).

�-Catenin, Dkk-1, and Fz-6 expression. �-Catenin was found to
be expressed in glandular, as well as stromal cells, and is
abundant during both the proliferative and secretory phases
of endometrial cycle (Fig. 3, I–L), consistent with the PCR
data. Dkk-1 was highly expressed by stromal cells in the
secretory phase of the cycle, with no or little expression in the
proliferative phase, also consistent with the PCR data. Low
expression of Dkk-1 was found in glandular cells (Fig. 3,

FIG. 3. Representative photomicrographs showing cellular localization of Wnt-7a (A–D), FrpHE (E–H), �-catenin (I–L), Dkk-1 (M–O), and Fz-6
(Q–T) mRNA expression by in situ hybridization in the proliferative and secretory phase endometrium. Column 1 (A, E, I, M, and Q) and column
3 (C, G, K, O, and S) represent the dark-field images during proliferative and secretory phase endometrium, respectively; and column 2 (B, F,
J, N, and R) and column 4 (D, H, L, P, and T) represent the corresponding bright-field images. Note that Wnt-7a (A and C) is exclusively expressed
in the luminal epithelium (Le) and FrpHE (E) in the stroma; Dkk-1 and Fz-6 are predominantly expressed in the stroma and glands respectively;
and �-catenin is expressed in both the glands and stroma. Le, Luminal epithelium; Gl, glands; St, stroma; Original magnification, �120.
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M–P). Frizzled-6 expression is predominantly located in
glands, compared with stromal cells, in both proliferative
and secretory endometrium. There was no appreciable dif-
ference between the proliferative and secretory phases (Fig.
3, Q–T). No signal was observed with the sense probes for all
the studied genes (data not shown).

Discussion

The data presented herein demonstrate dynamic regula-
tion and unique cellular expression of Wnt family members
in human endometrium. Our finding of Wnt-7a expression
exclusively in the luminal epithelium raises important ques-
tions regarding the function of this Wnt ligand in epithelial
function, epithelial-stromal interactions, and during embry-
onic attachment to the epithelium during implantation. In
mice, Wnt-7a is exclusively expressed in luminal, but not
glandular epithelium (6), consistent with restricted expres-
sion found in adult human endometrium in the current
study. Mutant mice lacking Wnt-7a do not form uterine
glands and are infertile (6). The uterine epithelium in ho-
mozygous null animals (�/�) becomes stratified and dem-
onstrates a lack of responsiveness to uterine mesenchyme,
suggesting an important role for Wnt-7a in these interactions.
These animals have loss of Hoxa-10 and Hoxa-11 expression
in the stroma, further demonstrating that Wnt-7a in luminal
epithelium is required for maintenance of stromal hoxa
gene expression (22). Because Hoxa-10 and Hoxa-11 are up-
regulated in human endometrium during endometrial stromal
decidualization (28, 29), and targeted disruption of Hoxa-10 or
Hoxa-11 genes in mice results in implantation failure and poor
decidualization, it is possible that Wnt-7a signaling from the
luminal epithelium maintains factors that are important in glan-
dular functions and stromal decidualization.

We did not find significant regulation of Wnt-2, Wnt-4,
Wnt-5a, and Wnt-7a mRNA expression in proliferative and
secretory phase endometrium, which is consistent with an-
other study in human endometrium (23). In contrast, we
observed significant up-regulation of Wnt-3 (4.7 fold, P �
0.05) in proliferative endometrium that was not found in a
previous study (23), likely due to different experimental
methods for detection with different sensitivities. Some Wnt
ligands are involved in reproductive processes and partici-
pate in mesenchymal-epithelial interactions in mouse endo-
metrium. Wnt-4 is crucial for sex-specific development of the
female reproductive tract (30). Wnt-5a is expressed in the
uterine mesenchyme but not in the epithelium, and tissue
recombinant experiments demonstrate that expression of the
homeobox-containing gene Msx1 in the epithelium depends
on expression of Wnt-5a in the underlying mesenchyme of
uterine origin (31). In turn, Wnt-5a expression in the stroma
is maintained by expression of Wnt-7a in the luminal epi-
thelium. These studies together indicate that Wnt signaling
plays important roles in mediating mesenchymal-epithelial
interactions in the endometrium. Furthermore, Msx1 is
highly expressed in mouse uterine epithelial cells that un-
dergo pronounced changes in morphology in response to
embryo implantation during early pregnancy, suggesting a
possible role of Wnt signaling in this process. Whether these

mechanisms are operational in human endometrium is cur-
rently under investigation in our laboratory.

Reports on the expression and regulation of Wnt recep-
tors and downstream effectors are very limited in repro-
ductive tissues, and to our knowledge this is the first study
on the pattern of mRNA expression and regulation of these
molecules in the endometrium. There was no significant
change in the expression of studied Wnt receptors (Fz-6
and LRP-6) and the downstream effectors (Dvl-1, GSK-3�,
and �-catenin) in proliferative and secretory phase human
endometrium, suggesting that their expression is not di-
rectly regulated by ovarian steroid hormones in this tissue.
�-catenin, which can be found in the plasma membrane,
in the cytoplasm and the nucleus, is a key mediator of Wnt
signaling and has an important role as a cell-cell adhesion
molecule allowing association of cadherins with gap junc-
tion proteins (32). In the cytoplasm, �-catenin can associate
with the adenomatous polyposis coli-axin-complex, lead-
ing to its degradation (33), whereas the free, unbound, and
nonphosphorylated form of �-catenin enters the nucleus
and activates Wnt target genes. Our data showing no
statistically significant difference in �-catenin expression
between the proliferative and secretory phase of the cycle
are consistent with the status of �-catenin phosphoryla-
tion, rather than the intracellular protein levels per se, as
the key variable in activating downstream transcription
(34), although mechanistically the actions of Wnt signaling
and �-catenin in endometrial function remain to be
elucidated.

Inhibitors of the Wnt signaling pathway are important in
regulating Wnt actions (5, 6). Our results are in agreement
with those from a previous study (35), and studies on global
gene profiling of human endometrium from our laboratory
(3) and others (2, 4) that indicate dramatic changes in ex-
pression of FrpHE and Dkk-1 during the cycle. In the current
study, there was 22.2-fold down-regulation of FrpHE and
234.3 fold up-regulation of Dkk-1 in the secretory phase (Fig.
2), suggesting that progesterone stimulates Dkk-1 expression
while inhibiting FrpHE expression in human endometrium
and/or that estrogen up-regulates FrpHE. Supporting this
are observations that FrpHE is markedly up-regulated in
estrogen-dependent endometrial and breast carcinomas, but
not other cancers (35). These observations are consistent with
a role for FrpHE in endometrial proliferation and overex-
pression with neoplastic development in estrogen-respon-
sive tissues. Down-regulation of FrpHE and up-regulation of
Dkk-1 in the secretory phase are associated with concomitant
endometrial differentiation and preparing the endometrium
for receptivity to embryonic implantation. Recent studies
suggest that Dkk-1 interacts with the coreceptors LRP5/6
and inhibits Wnt signaling by disrupting binding of LRP5/6
to the Wnt/Fz ligand-receptor complex (16) and that FrpHE
inhibits Wnt action by competitive binding to Wnt ligand(s)
(15). However, the precise mechanisms of how the two in-
hibitors differentially regulate endometrial function, as well
as mechanisms underlying Wnt regulation and action in
human endometrium, are not well understood and are cur-
rently under investigation in our laboratory.
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