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Abstract

The differentiation of endometrial stromal cells into decidual cells, termed decidualization, is
an integral step in the establishment of pregnancy. The mitogen-activated protein kinase ho-
molog, WNK lysine deficient protein kinase 1 (WNK1), is activated downstream of epidermal
growth factor receptor during decidualization. Primary human endometrial stromal cells (HESCs)
were subjected to small interfering RNA knockdown of WNK1 followed by in vitro decidu-
alization. This abrogated expression of the decidual marker genes, insulin like growth factor
binding protein 1 (IGFBP1) and prolactin (PRL), and prevented adoption of decidual cell mor-
phology. Analysis of the WNK1-dependent transcriptome by RNA-Seq demonstrated that WNK1
regulates the expression of 1858 genes during decidualization. Gene ontology and upstream reg-
ulator pathway analysis showed that WNK1 regulates cell migration, differentiation, and prolif-
eration. WNK1 was required for many of the gene expression changes that drive decidualiza-
tion, including the induction of the inflammatory cytokines, C-C motif chemokine ligand 8 (CCL8),
interleukin 1 beta (IL1B), and interleukin 15 (IL15), and the repression of transforming growth
factor-beta (TGF-beta) pathway genes, including early growth response 2 (EGR2), SMAD fam-
ily member 3 (SMAD3), integrin subunit alpha 2 (ITGA2), integrin subunit alpha 4 (ITGA4), and
integrin subunit beta 3 (ITGB3). In addition to abrogating decidualization, WNK1 knockdown
decreased the migration and proliferation of HESCs. Furthermore, mitogen-activated protein
kinase 7 (MAPK7), a known downstream target of WNK1, was activated during decidualization
in a WNK1-dependent manner. Small interfering RNA knockdown of MAPK7 demonstrated that
MAPK7 regulates a subset of WNK1-regulated genes and controls the migration and proliferation of
HESCs. These results indicate that WNK1 and MAPK7 promote migration and proliferation during
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decidualization and regulate the expression of inflammatory cytokines and TGF-beta pathway
genes in HESCs.

Summary Sentence

WNK1 and MAPK7 signaling are required for multiple decidual cell functions, including prolifera-
tion, migration, induction of inflammatory cytokines, and repression of TGF-beta pathway genes.

Key words: kinases, signal transduction, cytokines, extracellular matrix, endometrium, cell culture.

Introduction

Decidualization, the process by which endometrial stromal cells dif-
ferentiate into specialized decidual cells, is a critical step in the estab-
lishment of pregnancy. In humans, decidualization begins with the
proliferative expansion of endometrial stromal cells during the mid-
secretory phase of the menstrual cycle [1]. After undergoing mitotic
expansion, these cells differentiate into decidual cells, which serve
multiple functions during early pregnancy, including supporting the
developing embryo, modulating maternal immunity, and regulating
trophoblast invasion [2]. The process of decidualization involves a
morphological transformation, as elongated stromal cells become
epithelioid, adopting the characteristic cobblestone appearance of
decidual cells [3]. This transformation is a hallmark of decidual cell
differentiation and correlates with the induction of decidual cell se-
cretory functions [4]. Decidual cells are highly secretory, producing
a variety of growth factors, cytokines, and hormones that regulate
maternal and embryonic processes. During early decidualization,
endometrial stromal cells secrete an assortment of cytokines that
contribute to the recruitment of uterine natural killer (uNK) cells,
while during later pregnancy the secretions of these cells are pre-
dominantly anti-inflammatory [5]. Decidual cells play a dual role in
the regulation of trophoblast invasion, as they both promote tro-
phoblast migration and prevent excessive invasion of trophoblast
into maternal tissue [6]. Furthermore, decidual cells display migra-
tory and invasive behavior, which is enhanced near implantation
sites and contributes to the organization of multicellular branches
of decidual and trophoblast cells [7,8]. The successful execution of
these functions is critical for maternal and fetal health throughout
the course of pregnancy. Early defects in decidualization can con-
tribute to pathologies during later stages of pregnancy, including
preeclampsia, intrauterine growth restriction, and placenta accreta
[2]. As such, understanding the molecular signaling pathways that
facilitate successful decidualization is critical to promoting healthy
pregnancies.

Kinase signaling regulates many of the molecular changes that
occur during decidualization. Several signaling kinases, such as pro-
tein kinase B (PKB/AKT) and extracellular-signal-regulated kinase
1/2 (ERK1/2), have been shown to coordinate cellular functions
during the process of decidualization [9,10]. In addition, receptor
tyrosine kinases act as mediators that facilitate the complex cell–
cell communications that occur during the peri-implantation period.
For instance, epidermal growth factor receptor (EGFR; previously
known as ERBB) is required for stromal cell decidualization and
activates multiple downstream signaling pathways in endometrial
stromal cells [11]. One of the downstream targets of EGFR signal-
ing in stromal cells is the mitogen-activated protein kinase (MAPK)
homolog, WNK lysine deficient protein kinase 1 (WNK1; previously
known as HSN2, PRKWNK1), which is activated by phosphoryla-
tion downstream of EGFR [11].

WNK1, a member of the WNK kinase family, is a uniquely struc-
tured kinase known for its roles in regulating ion homeostasis, pro-
liferation, and cell migration [12]. Similar to other MAPK pathway

proteins, WNK1 can be activated downstream of receptor tyrosine
kinases. In human embryonic kidney cells, WNK1 is activated down-
stream of AKT in the EGFR and insulin like growth factor 1 (IGF1)
signaling pathways [13,14]. WNK1 is a positive regulator of pro-
liferation in multiple cell types, including prostate carcinoma and
neural progenitor cells [15,16]. In addition to promoting prolifera-
tion, WNK1 regulates cell migration and invasiveness in a variety of
contexts. WNK1 positively regulates tumor cell migration in triple-
negative breast cancer, glioma, and pancreatic ductal adenocarci-
noma cell lines and promotes metastasis in xenograft models of hep-
atocellular carcinoma and prostate adenocarcinoma [15,17–20]. In
vivo, WNK1 plays a critical role in angiogenic processes such as vas-
cular remodeling and endothelial sprouting [21]. WNK1 is expressed
throughout the cardiovascular system during murine embryogenesis,
including in the developing heart, as well as in the placenta and yolk
sac [22]. In the mouse, Wnk1 deletion results in embryonic lethal-
ity due to defects in the development of the cardiovascular system
[21]. While it is known that WNK1 regulates diverse cellular func-
tions, including proliferation, ion channel expression and activity,
and immune cell migration, its role in the endometrium has not been
explored [15,23].

Several of the downstream effects of WNK1 are the result of
its participation in MAPK signaling cascades. Notably, WNK1 ac-
tivates mitogen-activated protein kinase 7 (MAPK7, also known as
ERK5) in a variety of cell types [13,16]. In many cases, MAPK7 has
been found to mediate the proproliferative and promigratory effects
of WNK1. MAPK7 promotes migration and invasiveness in mul-
tiple cancer cell lines, including osteosarcoma, mesothelioma, and
prostate cancer [24–26]. WNK1/MAPK7 signaling also promotes
tumor growth and metastasis in vivo in prostate cancer xenograft
models [15,24]. Similar to WNK1, MAPK7 has been shown to reg-
ulate angiogenesis in the mouse [27]. Mapk7 knockout results in
embryonic lethality at day 10.5, with obvious defects in placenta-
tion and angiogenesis [27]. In addition, MAPK7 has been impli-
cated in promoting angiogenesis in human umbilical vein endothe-
lial cells, suggesting conservation of this function in human systems
[28]. Given the role of WNK1/MAPK7 signaling in regulating cel-
lular proliferation, migration, and angiogenesis in other systems, it
is possible that this pathway controls similar functions during the
decidualization of endometrial stromal cells.

To define the role of WNK1 in stromal cell decidualization, we
investigated the effect of small-interfering RNA (siRNA) knockdown
of WNK1 on the ability of primary human endometrial stromal cells
(HESCs) to decidualize in vitro. WNK1 was required for the decidu-
alization of HESCs, and RNA sequencing (RNA-Seq) demonstrated
that WNK1 regulates inflammation and transforming growth factor-
beta (TGF-beta) signaling in decidualizing stromal cells. In addition,
MAPK7 was activated during decidualization in a WNK1-dependent
manner. MAPK7 regulated HESC proliferation and migration and
modulated the expression of a subset of WNK1-regulated genes,
suggesting that the WNK1/MAPK7 signaling axis regulates multiple
decidual cell functions.
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Materials and methods

Primary human endometrial stromal cell culture
HESCs were isolated from proliferative phase endometrial biopsies
obtained from healthy volunteers of reproductive age with regu-
lar menstrual cycles and no history of gynecological malignancy,
according to a human subjects protocol approved by the Institu-
tional Review Board of Baylor College of Medicine. HESC isolation
was performed as previously described [29]. Briefly, endometrial
biopsies were washed with Hanks balanced salt solution containing
100 U/mL penicillin and 100 μg/mL streptomycin. Biopsy samples
were mechanically digested for 20 min, and then subjected to fur-
ther digestion by incubation with 25 mg collagenase (C-130; Sigma)
and 5 mg deoxyribonuclease I (DN25; Sigma) and filtration through
a 0.2 μm filter for 90 min. Stromal cells were isolated by filtering
digested samples through a 40 μm filter. Isolated stromal cells were
cultured in HESC medium (DMEM/F12 supplemented with 10% fe-
tal bovine serum and penicillin/streptomycin). All experiments were
conducted in HESC cultures of less than 10 passages and repeated
in cell cultures derived from three individual patients.

Small-interfering RNA knockdown and in vitro
decidualization
HESCs were transfected with 60 nM nontargeting siRNA (siNT),
siRNA targeting WNK1 (siWNK1), or siRNA targeting MAPK7
(siMAPK7) (ON-TARGETplus SMARTpool; Dharmacon). Trans-
fection was performed using Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s instructions. Following 48-h trans-
fection, cells were cultured in OPTI-MEM supplemented with 2%
charcoal-stripped fetal bovine serum and penicillin/streptomycin
and treated with control vehicle (Veh treatment) or 10 nM 17
beta-estradiol (E1024; Sigma), 1 μM medroxyprogesterone acetate
(MPA) (M1629; Sigma), and 100 μM 2’-O-dibutyryladenosine-3’,
cAMP (db-cAMP) (D0627; Sigma) to induce decidualization (EPC
treatment). HESCs were subjected to Veh or EPC treatment for 3 or
6 days, with media and hormone replacement every 48 h.

RNA sequencing
RNA isolation was performed using the Qiagen RNeasy Mini kit
as per manufacturer’s instructions, and cDNA libraries were gen-
erated using the TruSeq RNA library prep kit v2 (Illumina) with
polyA selection per manufacturer’s instructions. RNA sequenc-
ing was performed on EPC siNT- and EPC siWNK1-treated cells
from three individual patients, with EPC siNT- and EPC siWNK1-
treated samples from the same patient treated as paired samples
for statistical analysis. Raw reads were trimmed and resultant pair-
ended reads were mapped to the human genome (hg19) using
TopHat [30]. Read duplicates were removed using Picard tools
(https://broadinstitute.github.io/picard/) to account for PCR biases,
and HTseq was used to quantify reads falling in known genes [31].
Differential gene expression was determined using edgeR using a
false discovery rate (FDR)-adjusted P-value cutoff of <0.01 [32].
An FDR-adjusted P-value cutoff of <0.01 was similarly applied to
an RNA-Seq dataset comparing Veh- and EPC-treated HESCs to
identify overlapping genes with the WNK1 RNA-Seq dataset [33].
Differentially expressed genes were analyzed using DAVID to iden-
tify clusters of enriched gene ontology (GO) terms [34,35]. Ingenuity
Pathway Analysis (IPA) was utilized to identify enrichments for up-
stream regulator pathways. Fold change values from the WNK1
RNA-Seq dataset were used as input for determination of activation

Z-scores by IPA. Activation Z-score indicates that regulatory path-
ways are activated (positive Z-score) or inhibited (negative Z-Score)
by WNK1 knockdown [36].

Quantitative reverse transcriptase PCR
Gene expression changes identified by RNA-Seq were validated by
reverse transcription real-time quantitative PCR (RT-qPCR). Fol-
lowing siRNA transfection and EPC treatment, RNA was extracted
using TriZOL (Invitrogen) according to the manufacturer’s instruc-
tions and cDNA was synthesized using Moloney murine leukemia
virus reverse transcriptase (Invitrogen) as per the manufacturer’s in-
structions. Messenger RNA (mRNA) expression was determined by
RT-qPCR using SYBR Green master mix (Roche Diagnostics) and
oligonucleotide primers synthesized by Sigma-Aldrich (Supplemen-
tary Table S1). Relative mRNA expression was determined using
the delta delta CT method and normalized to expression of 18S
rRNA [37]. Expression data were analyzed by one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons adjustment
(MCA) using the GraphPad Prism software.

Western blot
Following siRNA transfection and EPC treatment, cells were washed
and lysed in protein lysis buffer containing 10 mM Tris, pH 7.4; 150
mM NaCl; 2.5 mM EDTA; and Nonidet P-40 supplemented with
cOmplete Mini EDTA free protease inhibitor cocktail (Roche Diag-
nostics) and PhosSTOP phosphatase inhibitor cocktail (Roche Di-
agnostics). Denatured protein samples were loaded on Bis-Tris Nu-
PAGE 4%-12% gels (Invitrogen) and separated by electrophoresis.
Protein bands were transferred to polyvinylidene difluoride mem-
branes (BioRad) in transfer buffer containing 25 mM Tris, 192 mM
glycine, and 20% methanol (BioRad). Membranes were blocked for
1 h at room temperature in 5% blotting grade nonfat milk (Bio-
Rad) in PBS containing 0.1% Tween 20 (PBS-T). Membranes were
incubated with primary antibody suspended in 5% blotting grade
nonfat milk in PBS-T overnight at 4◦C (Supplementary Table S2).
Membranes were washed in PBS-T and then incubated with sec-
ondary antibody (antirabbit or antigoat peroxidase) for 1 h at room
temperature. Membranes were washed in PBS-T, followed by PBS,
and treated with Amersham ECL Western blotting system reagents
(GE Healthcare) according to the manufacturer’s instructions for
luminol-based band detection. Quantification of protein bands was
performed using the Image J software to measure band density. Rel-
ative phosphorylation of MAPK7 was calculated as the ratio of
phospho-MAPK7 to total MAPK7, normalized to beta-actin, and
relative to the level of MAPK7 phosphorylation observed in Veh
siNT-treated cells.

Migration assay
HESC migration was assessed by in vitro scratch assay [38]. Briefly,
cultured cells were transfected with siRNA for 48 h. Following the
transfection period, a pipette tip was used to create a scratch across
the surface of the culture plate. After formation of the scratch,
cells were washed in culture medium to remove debris and sub-
sequently cultured in EPC treatment medium. The scratch area was
photographed at 0 and 24 h, and the distance by which the leading
edge of cells migrated into the scratch area was used to quantify
cell migration. Results were analyzed by two-tailed t-test using the
GraphPad Prism software.

https://broadinstitute.github.io/picard/
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Proliferation assay
HESC proliferation was assessed using the CellTiter 96 AQueous
One Solution cell proliferation assay (Promega) according to the
manufacturer’s instructions. Briefly, cells underwent siRNA trans-
fection for 48 h. Following transfection, cells were plated in 96-well
culture plates at a concentration of 1000 cells per well. Cells were
allowed to adhere for 24 h, and then treated with EPC treatment
medium for 6 days. Absorbance at 490 nm was corrected and nor-
malized to EPC siNT-treated cells to determine the relative number
of viable cells at each time point. Results at each time point were
analyzed by two-tailed t-test using the GraphPad Prism software.

Microscopy
HESC morphology was assessed by fluorescence microscopy using
CellMask Deep Red Plasma membrane Stain (ThermoFisher Sci-
entific). HESCs were cultured in 12-well culture plates containing
poly D-Lysine-coated coverslips. Cells were subjected to 48-h siRNA
transfection followed by 3-day treatment with vehicle control or
EPC medium. At the conclusion of treatment, the coverslips were re-
moved and stained with CellMask according to the manufacturer’s
instructions. Briefly, coverslips were submerged in CellMask stain-
ing solution for 10 min at 37◦C, fixed in 3.75% formaldehyde for
10 min at 37◦C, and imaged immediately.

Results

WNK1 is required for human endometrial stromal cell
decidualization
The role of WNK1 in stromal cell decidualization was investigated
by examining the effects of WNK1 knockdown on cultured primary
HESCs. HESCs were transfected with siNT or siWNK1. Following
48-h siRNA transfection, HESCs were treated with a combination
of 17 beta-estradiol, MPA, and db-cAMP (EPC) for 72 h to induce
decidualization; vehicle-treated (Veh) cells were used as a nondecidu-
alized control. As demonstrated in Figure 1A, WNK1 was expressed
in both Veh- and EPC-treated HESCs. Transfection with siWNK1
resulted in decreased expression of WNK1 mRNA. The expression
of total WNK1 protein was similar in both Veh siNT- and EPC siNT-
treated HESCs (Figure 1B). Phosphorylation of WNK1 was induced
by EPC treatment, indicating activation of WNK1 during decidu-
alization. Expression of WNK1 protein was abolished in HESCs
transfected with siWNK1.

To confirm previous observations that WNK1 is required for the
induction of insulin like growth factor binding protein 1 (IGFBP1;
previously known as IBP1) and prolactin (PRL), HESC decidualiza-
tion was evaluated by examining expression of the decidual marker
genes, IGFBP1 and PRL [11,39,40]. IGFBP1 and PRL were ro-
bustly induced following 3-day EPC treatment in siNT-treated cells
(Figure 1C). In contrast, HESCs transfected with siWNK1 displayed
decreased induction of IGFBP1 and PRL despite EPC treatment.
These results supported previous findings that WNK1 is required
for the induction of IGFBP1 and PRL [11]. To further evaluate
the effect of WNK1 knockdown on decidualization, CellMask stain-
ing of plasma membranes was used to visualize the morphological
transformation of decidual cells following EPC treatment (Figure
1D). Veh-treated cells retained the elongated, fibroblastic morphol-
ogy of nondecidualized stromal cells, while EPC treatment induced
a morphological change to the polygonal, cobblestone appearance
that is characteristic of decidual cells. In contrast, HESCs transfected
with siWNK1 failed to adopt the cobblestone morphology of decid-

ual cells despite EPC treatment. These findings demonstrated that
WNK1 is critical for the decidual cell transformation, evidenced by
the loss of induction of decidual markers and failure to adopt the
cobblestone morphology characteristic of decidual cells following
WNK1 knockdown.

WNK1 regulates 1858 genes during decidualization
To identify WNK1-dependent transformations in decidual cells, an
unbiased analysis of gene expression was performed using RNA-Seq
following WNK1 knockdown in EPC-treated HESCs. EPC siNT-
treated cells were compared to EPC siWNK1-treated cells to identify
WNK1-dependent changes in gene expression during decidualiza-
tion. WNK1 knockdown altered the expression of 1858 genes in
decidualizing HESCs, leading to upregulation of 1208 genes and
downregulation of 650 genes (Supplementary Table S3). The 1858
genes regulated by WNK1 were categorized into clusters of enriched
GO terms using DAVID (Figure 2A). Enrichment statistics for all
GO terms in each cluster and complete lists of WNK1-regulated
genes belonging to each GO term are detailed in Supplementary Ta-
bles S4 and 5. Notably, the top WNK1-regulated gene ontologies
included cell migration, signal transduction, cell differentiation, cell
proliferation, hormone response, and female pregnancy. To high-
light gene expression changes that are relevant to the process of
decidualization, the WNK1 RNA-Seq dataset was compared to an
RNA-Seq dataset examining gene expression changes between Veh-
and EPC-treated HESCs [33]. Overlaying the 1858 genes regulated
by WNK1 (WNK1 RNA-Seq) with the 2974 genes regulated by EPC
treatment (EPC RNA-Seq) produced 752 genes that are regulated
by both WNK1 and decidualization (Figure 2B). Analysis of these
752 genes demonstrated that WNK1 knockdown reversed the di-
rection of gene expression change in 80% of genes, indicating that
siWNK1-treated cells failed to undergo many of the gene expression
changes that define decidualization (Supplementary Table S6). This
dataset was further analyzed using IPA to identify upstream regulator
pathways that are regulated by WNK1 during decidualization (Fig-
ure 2C, Supplementary Table S7). IPA demonstrated that WNK1
regulates genes involved in a multitude of signaling pathways, in-
cluding TGF-beta, beta-estradiol, tumor necrosis factor (TNF), and
interleukin 1 beta (IL1B). Notably, WNK1 knockdown led to up-
regulation of the TGF-beta, TNF, tumor protein p53 (TP53), and
glucocorticoid receptor (NR3C1) pathways, and downregulation of
the beta-estradiol, IL1B, and lipopolysaccharide (LPS) pathways.

The effect of decidualization and WNK1 knockdown on expres-
sion of WNK1 target genes was validated by RT-qPCR. IPA indi-
cated that WNK1 knockdown led to downregulation of the inflam-
matory IL1B and LPS pathways (Figure 2C). To evaluate the ef-
fect of WNK1 knockdown on expression of inflammation pathway-
associated genes, RT-qPCR was used to validate the expression
changes of the cytokines, C-C motif chemokine ligand 8 (CCL8;
previously known as SCYA8), IL1B, and interleukin 15 (IL15). In
siNT-treated cells, EPC treatment induced the expression of CCL8,
IL1B, and IL15 (Figure 2D). In contrast, the induction of CCL8 and
IL15 was significantly reduced in siWNK1-treated cells. Induction
of IL1B was abolished in siWNK1-treated cells, with expression
levels equivalent to those of Veh siNT-treated cells. These results
supported the results of RNA-Seq and suggested that WNK1 signal-
ing is required for the induction of inflammatory cytokines during
decidualization.

In addition, RNA-Seq analysis indicated that WNK1 regulates
genes involved in TGF-beta signaling, which may regulate the
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Figure 1. WNK1 knockdown inhibits expression of decidual marker genes and prevents adoption of decidual cell morphology. (A) WNK1 mRNA relative to Veh
siNT. Bars indicate mean values and SEM. ∗∗∗ P < 0.001, ANOVA with Tukey’s MCA. (B) Western blot for total and phosphorylated WNK1 proteins. (C) Relative
mRNA expression of decidual marker genes, IGFBP1 and PRL. Different letters denote significantly different means (P < 0.05, ANOVA with Tukey’s MCA). (D)
CellMask staining (red) of HESC plasma membranes.

proliferation and differentiation of decidualizing stromal cells. The
expression of several TGF-beta pathway genes, including early
growth response 2 (EGR2; previously known as KROX20), inte-
grin subunit alpha 2 (ITGA2; previously known as CD49B), integrin
subunit alpha 4 (ITGA4; previously known as CD49D), integrin sub-
unit beta 3 (ITGB3; previously known as GP3A), and SMAD family
member 3 (SMAD3; previously known as MADH3), was validated
by RT-qPCR. EPC treatment of siNT-treated cells led to repres-
sion of several TGF-beta pathway genes, including EGR2, SMAD3,
and the integrin subunits ITGA2 and ITGA4 (Figure 2D). WNK1
knockdown reversed the repressive effect of EPC treatment on the
expression of EGR2, SMAD3, ITGA2, and ITGA4. In addition,
siWNK1 treatment upregulated the expression of ITGB3, an inte-
grin family member that is unaltered during normal decidualization.

Taken together, these results suggest that WNK1 expression is re-
quired for the repression of multiple TGF-beta pathway genes during
decidualization.

WNK1 regulates human endometrial stromal cell
migration and proliferation
Unbiased ontological analysis of WNK1-dependent gene expression
changes demonstrated that WNK1 regulates cell migration and pro-
liferation in decidual cells (Figure 2A). The effect of WNK1 knock-
down on these cellular functions was evaluated by examining the
migratory and proliferative capacities of decidual cells. HESC mi-
gration was evaluated by scratch migration assay, in which wells of
cultured cells were scratched with a pipette tip and monitored for
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Figure 2. Analysis of WNK1-regulated functions and signaling pathways by RNA-Seq. (A) Identification of enriched GO terms among 1858 WNK1-regulated
genes using DAVID. Top GO term clusters (ranked by enrichment P-value) are shown along with WNK1 target genes belonging to each ontological cluster.
Genes in red are upregulated by WNK1 knockdown; genes in blue are downregulated by WNK1 knockdown. (B) Overlap between EPC RNA-Seq (comparing
Veh- and EPC-treated HESCs) and WNK1 RNA-Seq. (C) IPA of 752 genes regulated by WNK1 and decidualization to identify enrichments for upstream regulator
pathways. Activation Z-score indicates that regulatory pathways are activated (positive Z-score, red) or inhibited (negative Z-Score, blue) by WNK1 knockdown.
(D) Relative mRNA expression of CCL8, IL1B, IL15, EGR2, SMAD3, ITGA2, ITGA4, and ITGB3. Bars indicate mean values and SEM. Different letters denote means
that are significantly different (P < 0.05, ANOVA with Tukey’s MCA).

subsequent migration into the scratch area. Cell movement into the
scratch area was monitored over 24 h and quantified as distance mi-
grated into the scratch area. WNK1 knockdown decreased migration
of HESCs into the scratch area over a 24-h period (Figure 3A and
B). Cell proliferation was examined by the MTS assay, in which the
metabolic activity of viable cells was measured at 0, 3, and 6 days of
EPC treatment. WNK1 knockdown decreased proliferation during
decidualization at both 3 and 6 days of EPC treatment (Figure 3C).

These results indicated that WNK1 is required for optimal migration
and proliferation of HESCs during decidualization.

MAPK7 is activated downstream of WNK1
Given that WNK1 promotes cell migration and proliferation by ac-
tivating MAPK7 in multiple contexts, MAPK7 was hypothesized
as a downstream mediator that drives the transcriptional effects of
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Figure 3. WNK1 promotes HESC migration and proliferation during decidualization. (A) Cell migration into the scratch area at 0 and 24 h. Leading edges (dotted
lines) were identified as the most medial line intersecting at least three cells. (B) Quantification of distance migrated into the scratch area relative to EPC
siNT-treated cells. Bars indicate mean values and SEM. ∗∗∗ P < 0.001, two-tailed T-test. (C) Relative proliferation of HESCs measured by the MTS assay. Points
indicate mean values and SEM. ∗∗ P < 0.01, ∗∗∗ P < 0.001, two-tailed t-test.

WNK1 in decidual cells [15,16]. MAPK7 is activated by dual phos-
phorylation at Thr218 and Tyr220 [41]. To determine if MAPK7
is activated during decidualization, the expression and phosphoryla-
tion status of MAPK7 were examined by western blot (Figure 4A).
In siNT-treated HESCs, EPC treatment induced phosphorylation of
MAPK7 protein relative to Veh-treated cells, resulting in a 2.3-fold
increase in MAPK7 phosphorylation. Importantly, the induction of
MAPK7 phosphorylation did not occur in siWNK1-treated cells, de-
spite the expression of total MAPK7 protein at a level similar to
that of siNT-treated cells. WNK1 knockdown resulted in a 3.3-fold
decrease in MAPK7 phosphorylation relative to EPC siNT-treated
cells. Furthermore, the level of MAPK7 phosphorylation was slightly
lower than that observed in Veh siNT-treated cells, suggesting that
WNK1 may contribute to the baseline phosphorylation of MAPK7
in addition to driving MAPK7 phosphorylation during decidualiza-
tion. The loss of MAPK7 phosphorylation in siWNK1-treated cells

despite EPC treatment suggested that MAPK7 phosphorylation is
WNK1 dependent. This indicated that WNK1 induces phosphory-
lation of the downstream mediator MAPK7 during decidualization,
consistent with observations in other cell types [13,15,16].

To elucidate the role of MAPK7 in mediating the effects of WNK1
signaling in the context of decidualization, siMAPK7 was utilized
to knock down MAPK7 expression during the decidualization of
HESCs. MAPK7 mRNA was expressed at similar levels in both
Veh- and EPC-treated stromal cells that were transfected with siNT
(Figure 4B). MAPK7 mRNA expression was slightly upregulated in
siWNK1-treated cells, although this did not translate to an increase
in MAPK7 protein expression (Figure 4C). Treatment with siMAPK7
resulted in reduction of MAPK7 mRNA expression and expression
of MAPK7 protein was undetectable by western blot. RT-qPCR was
used to evaluate the role of MAPK7 in mediating WNK1-dependent
changes in gene expression. Similar to WNK1 knockdown, MAPK7
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Figure 4. MAPK7 regulates a subset of WNK1-regulated genes and promotes HESC migration and proliferation. (A) Western blot for total (MAPK7) and
phosphorylated (pMAPK7) MAPK7 proteins. Quantification of MAPK7 phosphorylation is listed above the pMAPK7 band, expressed as the ratio of pMAPK7 to
total MAPK7, normalized to beta-actin and relative to Veh siNT-treated cells. (B) Relative expression of MAPK7 mRNA. (C) Western blot for MAPK7 protein. (D)
Relative mRNA expression of IGFBP1, PRL, CCL8, IL1B, IL15, EGR2, SMAD3, ITGA2, ITGA4, and ITGB3. Bars indicate mean values and SEM. Different letters
denote means that are significantly different (P < 0.05, ANOVA with Tukey’s MCA). (E) Cell migration into the scratch area at 0 and 24 h. (F) Quantification
of distance migrated into the scratch area relative to EPC siNT-treated cells. Bars indicate mean values and SEM. ∗∗∗ P < 0.001, two-tailed t-test. (G) Relative
proliferation of HESCs measured by the MTS assay. Points indicate mean values and SEM. ∗∗ P < 0.01, ∗∗∗ P < 0.001, two-tailed t-test.
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knockdown resulted in decreased induction of the decidual marker
gene, IGFBP1 (Figure 4D). Knockdown of MAPK7 did not have an
effect on the expression of PRL, suggesting that WNK1 regulates
PRL expression via an alternative mechanism. Induction of the in-
flammatory cytokines, CCL8, IL1B, and IL15, was diminished by
MAPK7 knockdown, as seen in siWNK1-treated HESCs. Similarly,
MAPK7 was required for decidualization-dependent changes in the
expression TGF-beta pathway genes, as MAPK7 knockdown caused
decreased repression of EGR2, ITGA2, and ITGA4. MAPK7 knock-
down did not have an effect on the expression of SMAD3 or ITGB3,
suggesting that WNK1 represses these genes via an alternate signal-
ing pathway. Together, these results indicated that WNK1 induces
phosphorylation of MAPK7 during decidualization and that MAPK7
drives a subset of the WNK1-regulated transcriptional changes in de-
cidual cells.

To further understand the role of MAPK7 as a downstream me-
diator of WNK1 during decidualization, HESC migration and pro-
liferation were examined following MAPK7 knockdown. Similar to
WNK1 knockdown, MAPK7 knockdown led to decreased migration
on scratch migration assay (Figure 4E and F). Small-interfering RNA
targeting MAPK7 treatment also decreased proliferation of HESCs
during decidualization (Figure 4G). However, decreased prolifera-
tion in siMAPK7-treated cells was not observed at 3 days of EPC
treatment. In addition, the reduction of proliferation in siMAPK7-
treated cells was less pronounced than the decreased proliferation
observed in siWNK1-treated cells, suggesting that alternative down-
stream mediators may contribute to the proproliferative effects of
WNK1 in decidual cells. Nonetheless, these results indicated that
WNK1 promotes the migration and proliferation of HESCs in part
through MAPK7. Coupled with the WNK1-dependent activation of
MAPK7 during decidualization, these results suggested that MAPK7
acts as a downstream mediator of WNK1 in decidual cells and that
WNK1/MAPK7 signaling regulates decidual cell migration, prolif-
eration, cytokine induction, and TGF-beta signaling pathway gene
repression.

Discussion

Multiple decidual cell functions, including proliferation, migra-
tion, and cytokine induction, are dependent on the expression of
WNK1 and MAPK7. Importantly, MAPK7 was activated during
decidualization in a WNK1-dependent manner, suggesting that the
WNK1/MAPK7 signaling axis that has been described in other cell
types is active in endometrial stromal cells [13,16]. Knockdown of
either WNK1 or MAPK7 resulted in decreased HESC migration
and proliferation, highlighting the role of these proteins in support-
ing these functions during decidualization. Furthermore, MAPK7
regulated the expression of a subset of WNK1-regulated genes, in-
cluding IGFBP1, CCL8, IL1B, IL15, EGR2, ITGA2, and ITGA4.
MAPK7 likely acts as a downstream mediator of WNK1 in driving
these changes in gene expression during decidualization. Like other
MAPK family proteins, MAPK7 can induce transcriptional changes
by phosphorylating and modulating the activity of nuclear transcrip-
tion factors. Previous studies have demonstrated that MAPK7 regu-
lates the activity of several transcription factors, including myocyte
enhancer factor family member proteins, MYC proto-oncogene (c-
Myc), and cAMP response element binding protein [42–46]. In addi-
tion, MAPK7 can directly regulate transcription via a transcriptional
activation domain [47,48]. Thus, some of the WNK1-dependent
changes in decidual gene expression may be directly regulated by
MAPK7. It would be informative to study the mechanism by which

MAPK7 regulates gene expression during decidualization by exam-
ining its interactions with other transcription factors and inves-
tigating its DNA-binding activity. Fully elucidating the targets of
MAPK7 in endometrial stromal cells and the mechanism by which
MAPK7 exerts control over these targets would further inform our
understanding of the complex signaling pathways that orchestrate
decidualization.

Global gene expression analysis by RNA-Seq highlighted the crit-
ical role of WNK1 in regulating diverse signaling pathways during
stromal cell decidualization. Interestingly, knockdown of WNK1
resulted in dysregulation of 752 genes that are specific to the decidu-
alization of endometrial stromal cells. WNK1 knockdown reversed
the direction of change in gene expression for 80% of these overlap-
ping genes, indicating that siWNK1-treated cells failed to undergo
many of the gene expression changes that define decidualization. The
regulation by WNK1 of 25% of all genes altered during decidual-
ization further underscores the importance of WNK1 in driving the
differentiation of decidual cells. Ontological analyses indicated that
WNK1 regulates the expression of genes involved in diverse signal-
ing pathways. In particular, WNK1 was required for the induction
of multiple inflammatory cytokines and for the repression of several
TGF-beta pathway genes.

The induction of cytokines downstream of WNK1/MAPK7 could
be of critical importance during decidualization and the maintenance
of pregnancy. Previous studies have demonstrated the role of secreted
cytokines in promoting decidualization and modulating the recruit-
ment of immune cells, including uNK cells and macrophages, to the
decidua [5]. In particular, IL15 is known to promote the prolifer-
ation of uNK cells [49]. Knockout of Il15 in female mice leads to
a lack of uNK cells and failure of spiral artery remodeling, under-
scoring the importance of this cytokine in the maintenance of preg-
nancy [50,51]. IL1B is secreted by decidual cells and preimplantation
embryos and promotes both embryo implantation and stromal cell
decidualization [3,52]. In baboons, IL1B promotes the secretion
of matrix metalloproteases (MMPs) from the decidua, suggest-
ing a possible role in extracellular matrix remodeling and tro-
phoblast invasion [53]. Furthermore, IL1B promotes the expression
of additional cytokines, including C-C motif chemokine ligand 2
(CCL8; previously known as SCYA2), C-C motif chemokine ligand
5 (CCL5; previously known as D17S136E, RANTES, SCYA5), C-
X-C chemokine ligand 2 (CXCL2; previously known as GRO2),
C-X-C chemokine ligand 3 (CXCL3; previously known as GRO3),
and C-X-C chemokine ligand 8 (CXCL8; previously known as IL8),
which enhance macrophage recruitment [54]. Thus, the impaired in-
duction of these cytokines following WNK1 knockdown could result
in abnormal immune cell recruitment in addition to contributing to
defects in stromal cell decidualization.

The induction of TGF-beta target genes following WNK1 knock-
down is consistent with previous findings [55]. WNK1 depletion in
HeLa cells leads to increased SMAD2/3-dependent transcriptional
activity, suggesting that WNK1 plays an inhibitory role in TGF-
beta/SMAD signaling in multiple cell types [55]. In the mouse, ge-
netically engineered models have suggested that intact TGF-beta sig-
naling is required for uterine function during the establishment and
maintenance of pregnancy [56]. Uterine deletion of transforming
growth factor beta receptor 1 (Tgfbr1) in the mouse causes abnor-
mal implantation, in addition to defects in uNK cell recruitment and
spiral artery remodeling [57]. In addition, deletion of the TGF-beta
pathway mediator, Smad3, leads to compromised decidualization in
mice [58]. Studies utilizing human cells have demonstrated a more
complex role for TGF-beta signaling in decidualization that remains
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to be fully elucidated. Multiple studies have shown upregulation of
transforming growth factor beta 1 (TGFB1) during stromal cell de-
cidualization [59,60]. However, treatment of human decidual cells
with TGFB1 leads to repression of the progesterone receptor and
attenuation of the production and secretion of IGFBP1 and PRL
[61,62]. The repression of TGF-beta signaling by WNK1 could serve
several functions in decidual cells, as TGF-beta regulates diverse cel-
lular processes, including proliferation, differentiation, migration,
and cell death. TGB-beta signaling antagonizes cellular proliferation
in a multitude of cell types, including first trimester trophoblast cells
[63,64]. The TGF-beta pathway may also repress proliferation dur-
ing decidualization, which could contribute to the decreased prolif-
eration observed following WNK1 knockdown. TGF-beta signaling
may also influence the activity of immune cells in the decidua, as
TGF-beta signaling can induce the differentiation of uNK cells [65].

The TGB-beta pathway is also known as a global regulator of
extracellular matrix proteins. Overexpression of TGF-beta can lead
to fibrosis in multiple tissue types; in the uterus, increased TGF-beta
signaling has been associated with excessive extracellular matrix pro-
duction in uterine fibroids [66,67]. TGF-beta signaling can regulate
the expression of integrins, which are heterodimer proteins that me-
diate cellular adhesion by binding to ligands and proteins within the
extracellular matrix. These proteins likely mediate the interaction
between the implanting embryo and the decidua, and their expres-
sion is therefore tightly regulated during the window of implantation
[68]. Integrin alpha-V beta-3, considered a marker of uterine recep-
tivity, is expressed in both the endometrial epithelium and stroma
[69–72]. Integrin alpha-V beta-3 is upregulated during the window
of receptivity, and expression of the beta-3 component is reduced in
secretory phase endometrium of women with unexplained infertility
[69–72]. ITGA4 is also expressed in the endometrium and demon-
strates variations in expression with the menstrual cycle [72,73].
Similar to ITGB3, decreased expression of ITGA4 has been found
in women with fertility problems [69]. In trophoblast cells, siRNA
knockdown of ITGA4 leads to decreased trophoblast invasion activ-
ity [74]. In vivo models also suggest a role for ITGA4 in pregnancy,
as treatment with an anti-ITGA4 immunoglobulin antibody leads
to decreased fertility in female guinea pigs [75]. While these studies
have examined the effects of deficient integrin signaling on repro-
ductive function, the effects of excessive integrin expression on the
endometrium have yet to be investigated. Given the tight control
of integrin expression that is displayed during the menstrual cycle
and early pregnancy, the overexpression of multiple integrin family
members following WNK1 or MAPK7 knockdown could lead to
adverse effects on maternal–embryo adhesion.

The contribution of other potential downstream mediators of
WNK1 signaling in endometrial stromal cells also merits further
study. In functional assays, the decreases in cellular proliferation and
migration following MAPK7 knockdown did not fully explain the
more dramatic decreases in proliferation and migration observed fol-
lowing WNK1 knockdown. This observation suggests that WNK1
may activate other downstream targets in addition to MAPK7 dur-
ing decidualization, which could contribute to the proproliferative
and promigratory effects of WNK1. For instance, oxidative stress
responsive 1 (OXSR1; previously known as OSR1) has been shown
to regulate cell migration downstream of WNK1 in human um-
bilical vein endothelial cells [76]. Thus, it is possible that WNK1
activates both MAPK7 and OXSR1 in endometrial stromal cells to
promote cell migration. Similarly, WNK1 activates the prosurvival
protein, serum/glucocorticoid regulated kinase 1 (SGK1; previously
known as SGK), in HEK293 cells via a phosphorylation-independent

mechanism [77]. Loss of activation of SGK1, which promotes cell
survival and inhibits apoptosis, might contribute to the severe de-
crease in proliferation observed following WNK1 knockdown [78].
Another possibility is that WNK1 may directly impact cell prolifer-
ation by regulating mitosis. In HeLa cells, WNK1 localizes to the
mitotic spindle and is required for successful mitosis, indicating that
WNK1 may play a direct role in permitting stromal cell proliferation
[79]. In addition, the changes in PRL and SMAD3 expression that
occur downstream of WNK1 are not MAPK7 dependent, suggest-
ing that WNK1 may interact with other cellular signaling pathways
to drive these transcriptional responses. The transcriptional regula-
tion of PRL expression during decidualization has been well studied
and suggests many potential nodes through which WNK1 signaling
might modulate transcriptional activity. Importantly, PRL induc-
tion involves the integration of cAMP and progesterone signals to
culminate in the expression of this decidual marker gene [3]. PRL
is induced downstream of protein kinase A (PKA) signaling, in re-
sponse to CCAAT/enhancer binding protein (C/EBP) activity [80].
Progesterone agonists act synergistically to enhance PRL expression
in the context of elevated cAMP, as unliganded PR transcriptionally
represses PRL [29]. The induction of PRL requires additional tran-
scription factors, including homeobox A11 (HOXA11; previously
known as HOX1, HOX1I) and forkhead box O1 (FOXO1; previ-
ously known as FKHR, FOXO1A). HOXA11, which represses PRL
transcription in the absence of the decidual stimulus, becomes a PRL
inducer when co-expressed with FOXO1 [81]. This complex regu-
latory system suggests multiple signaling nodes that might be modu-
lated downstream of WNK1 signaling, independent of MAPK7. For
instance, SGK1, a downstream target of WNK1 in HEK293 cells,
is known to phosphorylate and induce nuclear export of FOXO1
[82]. However, overexpression of SGK1 represses the induction of
PRL as a consequence of the nuclear export of FOXO1 [82]. Thus,
this signaling pathway cannot explain the abrogation of PRL induc-
tion following WNK1 knockdown. It is possible that WNK1 might
activate an intermediate involved in the transduction of PKA sig-
naling, or modulate the activities of the C/EBP family, HOXA11,
or FOXO1 transcription factors, although these possibilities remain
to be investigated. Interactions between WNK1 signaling and these
transcription factors would likely have profound effects on decidu-
alization and female fertility, underscoring the importance of fully
elucidating the complex signaling pathways that regulate stromal cell
decidualization.

The functions of WNK1 and MAPK7 on female fertility and
the maintenance of pregnancy also warrant further investigation.
The interaction between WNK1/MAPK7 signaling in decidual cells
and signaling pathways in other tissue compartments could inform
our understanding of the molecular regulators that orchestrate em-
bryo implantation, decidualization, and placentation. In particular,
WNK1 and MAPK7 signaling may contribute to the regulation of
trophoblast invasion and maternal vascular remodeling by decid-
ual cells. WNK1 and MAPK7 were required for the induction of
multiple cytokines that are known to regulate trophoblast invasion
in vitro. IL1B enhances the invasion of cultured trophoblasts by
inducing the expression of MMPs. In addition, IL-15 induces ma-
trix metallopeptidase 1 (MMP1) expression in human choriocarci-
noma cell lines and exhibits aberrant expression in patients with
recurrent miscarriage [6]. Failure to induce these cytokines could
also lead to reduced recruitment of uNK cells and subsequent de-
fects in spiral artery remodeling. Furthermore, the aberrant expres-
sion of integrins in the absence of WNK1 signaling could lead to
abnormal adhesion between the implanting embryo and maternal
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decidua. These alterations in the extracellular matrix of the decidua
could also contribute to aberrant invasion by trophoblast cells. The
decreased migratory capacity of decidual cells following WNK1 or
MAPK7 knockdown might prove detrimental to the establishment
of pregnancy and subsequent trophoblast invasion. Decidual cells
are actively invasive and exhibit increased migration in response to
blastocyst implantation, suggesting a possible role for decidual cells
in surrounding the implanting blastocyst [7]. In co-culture models,
decidual cells contribute to the formation of multicellular bridges of
decidual and trophoblast cells, indicating that the migratory capacity
of decidual cells may play a role in trophoblast invasion [8]. Thus,
WNK1 and MAPK7 may contribute to the critical role of decidual
cells in balancing trophoblast invasion during the establishment of
pregnancy.

These findings may also inform our understanding of uterine re-
ceptivity and clinical assessments of endometrial function. The criti-
cal roles of WNK1 and MAPK7 during decidualization suggest that
these proteins are required for proper endometrial function during
early pregnancy. In the future, assessments of WNK1 and MAPK7
phosphorylation could be used to evaluate endometrial function.
Pharmacological modulation of WNK1 or MAPK7 activity might be
employed to enhance or inhibit female fertility. WNK1, in particular,
has the potential to be modulated by highly specific activating or in-
hibitory drugs due to the unique structure of its kinase domain [83].
More generally, this work highlights the importance of kinase sig-
naling in regulating endometrial function. While many studies have
characterized the transcriptional signatures that define the window
of receptivity, many questions remain regarding the expression and
post-translational modification status of important signaling pro-
teins at this critical time period [84–89]. Both WNK1 and MAPK7
do not display alterations at the level of mRNA expression during
decidualization despite their essential role in driving this differen-
tiation process. Thus, future studies of the protein expression and
post-translational modification status of signaling proteins in the en-
dometrium will be highly informative. In conclusion, the findings
that WNK1/MAPK7 signaling regulates decidual cell proliferation,
migration, cytokine induction, and TGF-beta pathway gene repres-
sion underscore the critical importance of kinase signaling activity in
coordinating the decidual transformation and highlight the necessity
of investigating kinase signaling pathways as orchestrators of the
molecular changes that establish and maintain pregnancy.
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