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ABSTRACT

There is considerable evidence that implicates oxidative stress
in the pathophysiology of human pregnancy complications.
However, the role and the mechanism of maintaining an
antioxidant prosurvival uterine environment during normal
pregnancy is largely unresolved. Herein we report that the
highly active uterine unfolded protein response plays a key role
in promoting antioxidant activity in the uterine myocyte across
gestation. The unfolded protein response (UPR) senses the
accumulation of misfolded proteins in the endoplasmic reticu-
lum (ER) and activates a signaling network that consists of the
transmembrane protein kinase eukaryotic translation initiation
factor 2 alpha kinase 3/PKR-like-ER kinase (EIF2AK3), which acts
to decrease protein translation levels, allowing for a lowered
need for protein folding during periods of ER stress. However,
independent of its translational regulatory capacity, EIF2AK3-
dependent signals elicit the activation of the transcription factor,
nuclear factor erythroid 2-like 2 (NFE2L2) in response to
oxidative stress. NFE2L2 binds to antioxidant response elements
in the promoters of a variety of antioxidant genes that minimize
the opportunities for generation of reactive oxygen intermedi-
ates. Our analysis demonstrates that in the absence of EIF2AK3,
the uterine myocyte experiences increased levels of reactive
oxygen species due to decreased NFE2L2 activation. Elevated
levels of intracellular reactive oxygen species were observed in
the EIF2AK3 null cells, and this was associated with the onset of
apoptotic cell death. These findings confirm the prosurvival and
antioxidant role of UPR-mediated EIF2AK3 activation in the
context of the human uterine myocyte.

oxidative stress, pregnancy, unfolded protein response, uterus

INTRODUCTION

During pregnancy, the uterus adapts to many endogenous
and exogenous stimuli, including increased exposure to
elevated reactive oxygen species (ROS) associated with
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increasing gestational length [1]. As apoptotic cell death is
the consequence of an unresolved oxidative stress (OS), a
phenomenon that the pregnant uterus actively avoids [2, 3], we
aimed to identify the adaptive mechanisms facilitating the
resolution of uterine OS challenges during pregnancy.
Recently, our group demonstrated that activation of the uterine
endoplasmic reticulum (ER) unfolded protein response (UPR)
allows the uterine myocyte to maintain a quiescent phenotype
during potential tocolytic challenges [4]. In this study, we
reveal that the uterine UPR also acts as a critical mediator in
the myometrial antioxidant response.

Several events during pregnancy, such as hypoxia, implan-
tation, angiogenesis, and parturition, generate excessive free
radicals and thus lead to OS. An array of uterine antioxidant
systems promotes the myocyte’s ability to avoid disruption of
the redox balance, which affects multiple physiological
processes, including pregnancy, normal parturition, and
preterm labor [1, 5-8]. Furthermore, nonenzymatic antioxidant
levels are decreased in women with pregnancy complications,
such as preterm birth, pre-eclampsia, and small-for-gestational-
age neonates [9]. Despite the evidence indicating that an
effective antioxidant response is very important during
pregnancy, little is known about the active mechanism
regulating the uterine myocyte antioxidant response. Numerous
studies have defined active cross talk between the UPR and
OS. Locally, within the ER, the maintenance of redox
homeostasis is critical for folding and modification of
transmembrane and secreted proteins. The protein-folding
process requires an oxidized environment, which is provided
by the ER to allow appropriate disulfide bond formation [10].
However, elevated ER stress has been described to give rise to
increased intracellular ROS production as a by-product of
accelerated oxidative protein folding, further highlighting the
association between the maintenance of ER homeostasis and
generation of ROS [11-13]. ROS and OS have also been
demonstrated to be upstream regulators of the UPR, where it
has been demonstrated that increased exposure to extracellular
ROS activates the UPR [14]. During the activation of the UPR,
the eukaryotic translation initiation factor 2 alpha kinase 3
(EIF2AK3) mediates attenuation of protein translation, reduc-
ing the ER protein load and thereby allowing luminal
homeostasis to be regained [15, 16]. EIF2AK3 also directly
activates the antioxidant response. EIF2AK3, through the site-
specific phosphorylation of the transcription factor, nuclear
factor erythroid 2-like 2 (NFE2L2/NRF2) [17], promotes its
nuclear translocation and its action as the master regulator of
the antioxidant response [13]. Phosphorylated NFE2L2
(pPNFE2L2) acts as a transcription factor that binds to the
antioxidant response elements on the promoters of antioxidant
genes, such as NAD(P)H quinone dehydrogenase 1 (NQOI1).
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Consequently, in the absence of EIF2AK3, cells experience
constitutive OS and cell death [18, 19].

Briefly, our analysis demonstrates in both the pregnant
mouse and the human uterus that there is an elevation in local
antioxidant activity associated with an increase in the UPR-
mediated EIF2AK3 activation. In vitro analysis of the uterine
myocyte hTERT-HM cell line revealed that in the absence of
EIF2AK3, activation of NFE2L2 was ablated, as was its
downstream antioxidant target NQOI1, resulting in increased
ROS accumulation and cell death. These data demonstrate that
the uterine myocyte utilizes the UPR in an adaptive prosurvival
manner to modulate its antioxidant responses in order to avoid
ROS accumulation and apoptotic cell death.

MATERIALS AND METHODS
Cell Culture

The human telomerase immortalized uterine myometrial cell line (W\TERT-
HM) derived from premenopausal nonpregnant uterine tissue was utilized as
our in vitro cell culture model system [20]. Cells were cultured in DMEM/F12
(Invitrogen) with 10% (vol/vol) fetal bovine serum (FBS; Invitrogen)
supplemented with antibiotic/antimycotic (10000 U/ml; Invitrogen) at 37°C
in a 5% CO, incubator. All h\TERT-HM experiments and analyses represent a
minimum of three individual experiments performed on separate occasions (n =
3).

Mice and Uterine Tissue Collection

All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of Wayne State University. Timed-pregnant female CD-1
mice (6-8 wk old) were obtained from Charles River and housed according to
TACUC guidelines. Uterine tissues (n = 3 for each gestational time point) were
harvested between 0800 and 1000 h on E1, E2, E3, E4, ES, E6, ES8, E10, El11,
El12, E13, El5, E16, E17, E18, and E19 as described previously [4] and flash
frozen in liquid nitrogen and stored at —80°C. The flash-frozen pellets were
utilized for subsequent mRNA and protein analyses.

Human Subjects and Tissue Acquisition

Myometrial tissues were collected from pregnant women undergoing
cesarean hysterectomy (Institutional Review Board [IRB] protocol no.
PRO07040011, approval date/14 January 2014). Informed consent was
obtained in writing from each woman before surgery using protocols approved
by the University of Pittsburgh’s IRB. The tissues are acquired through the
Department of Obstetrics and Gynecology at the University of Pittsburgh
Medical Center.

Myometrial biopsy specimens were collected from two groups of subjects:
pregnant nonlaboring women who underwent scheduled cesarean hysterectomy
between 32 and 34 wk of gestation due to the presence of placenta accreta with
no evidence of infection and pregnant nonlaboring women who underwent a
scheduled elective cesarean between 39 and 42 wk of gestation. Myometrial
smooth muscle was dissected from each biopsy specimen, flash frozen in liquid
nitrogen, and stored at —80°C for subsequent protein analysis.

siRNA Transfection

The hTERT-HM cells were reverse transfected [2] on a six-well plate using
Lipofectamine 2000 (Invitrogen). Briefly, 5 nM of scrambled (#4390893) or
EIF2AK3 siRNA (CAACAAGAAU AUCCGCAAALt) from Ambion silencer
(#4390824) select (Life Technologies) and 6 pl of Lipofectamine 2000 was
used per well of a six-well dish. Control cell groups consisted of the
untransfected (U), mock transfected (M), and scrambled siRNA transfected (S).

Tunicamycin Treatment

Tunicamycin (TM) purchased from Calbiochem (catalog no. 654380) was
dissolved in 20 pl of 10 M sodium hydroxide. DMEM-F12 medium with 10%
FBS was added to obtain a concentration of 1 pg/ul. For the EIF2AK3
knockdown experiments, h"TERT-HM cells were treated with 5 pg/ml of TM or
vehicle in DMEM-F12 medium with 10% FBS for 1 h after 24 h of transfection
with siRNA. The medium was replaced after 1 h of treatment, and cells were
harvested after 36 h for Western blotting and quantitative PCR (qPCR)
analysis.

Whole Cell Extracts. Whole cell extracts were made in RIPA buffer (150
mM NaCl, 1% TritonX-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM
EDTA, 50 mM Tris [pH 8.0], and protease and phosphatase inhibitors). Protein
estimation was performed using the BCA method, and equal amounts of protein
were used for Western blotting.

Nuclear and Cytosol Fractionation from Cells and Tissues

Cytoplasmic and nuclear protein extracts were prepared from frozen mouse
and human uterine tissues. Briefly, myometrial tissue was pulverized in liquid
nitrogen and homogenized in ice-cold NE1 buffer (10 mM Hepes [pH 7.5], 10
mM MgCl,, 5 mM KCL, and 0.1% TritonX-100) and protease/phosphatase
inhibitor cocktail using an IKA homogenizer (IKA Works Inc.). For extraction
from hTERT-HM cells, the cells were pelleted at 1000 X g for 3 min, and the
cell pellet was suspended in NE1 buffer and passed 15 times through a 23-
gauge needle. The homogenate (both cells and tissue) was centrifuged at 2600
X g for 10 min at 4°C, and the supernatant was retained as the cytoplasmic
fraction. The nuclear pellet was washed once in NEI and then resuspended in
ice-cold NE2 buffer (25% glycerol, 20 mM HEPES [pH 7.9], 500 mM NaCl,
1.5 mM MgCl,, and 0.2 mM EDTA [pH 8.0]) with protease/phosphatase
inhibitor cocktail through vigorous mixing. The resuspended fraction was
incubated at 4°C with vigorous shaking for 15 sec at 1400 rpm every 5 min on
an Eppendorf thermomixer for 1 h. The nuclear extract was then centrifuged at
10600 X g for 10 min at 4°C to remove nuclear debris. The supernatant was
retained as the nuclear fraction. The endogenous cellular localization of
proteins examined in this study dictated the cellular compartment isolated and
assessed by immunoblotting.

Nuclear receptor coactivator (NCOA3) and protein disulfide isomerase
family a, member 2 (PDIA2), were utilized to ensure equal loading and purity
of the isolated fractions. Previous analysis from our laboratory has determined
that PDIA2 and NCOA3 expression levels in the cytosolic and nuclear fraction,
respectively, in the pregnant mouse and human uterine tissues isolated from
multiple gestational time points and the hTERT cell under all conditions
examined to date retain stable expression levels relative to subcellular protein
concentrations [4, 21].

Immunoblotting and Densitometric Analysis

NuPAGE precast 4%—12% gradient gels (Life Technologies) were used for
electrophoresis, and protein was transferred onto Hybond-P polyvinylidene
fluoride (PVDF) membranes (Millipore). The PVDF membrane was blocked in
3% nonfat dried milk prepared in Tris-buffered saline with 0.1% Tween-20 for
1 h at room temperature and then incubated with the primary antibodies
overnight at 4°C. This was followed by incubation with horseradish peroxidase-
conjugated secondary antibodies diluted in 5% nonfat dried milk-TBS-T buffer.
Immunoreactive bands were visualized using an ECL detection system
(ThermoScientific). The concentrations of primary antibodies and their sources
are as follows: 78 kDa glucose regulated protein (GRP78; 1:1000, #CST-9271)
growth arrest and DNA damage inducible protein 152 (GADD153; 1:500,
#CST-5554), caspase 3 (CASP3; 1:200, #CST-9662), poly ADP ribose
polymerase (PARP; 1:200, #CST-5625), EIF2AK3 (1:250, #CST-3192),
pEIF2AK3 (1:250, #CST-3179), CL.CASP3 (1:500, #CST-9664), NFE2L2
(1:250, #CST-12721), NQO1 (1:5000, #CST-3187), NF kappa B p65 subunit
(p65; 1:500 #CST-3034), and PDIA2 (1:10000, #3501), were obtained from
Cell Signaling Technology. NCOA3 (1:5000, #PA-1845) was obtained from
ThermoFisher Scientific, and pNFE2L2 (1:250, ab76026) was obtained from
Abcam. The immunoreactive bands were quantified using ImageJ software and
normalized to NCOA3 and PDIA2 for nuclear and cytosolic fractions,
respectively.

Measurement of ROS Production

2',7’-Dichloro fluorescein diacetate (DCFDA) (#D6883) purchased from
Sigma-Aldrich was used for measuring ROS in the hTERT-HM cells. Briefly,
cells were reverse transfected with 5 nM siRNA for 24 h and then treated with
TM (5 pg/ml) or vehicle for 1 h in DMEM-F12 medium with 10% FBS. After
TM treatment, the cells were left in fresh medium for 24 h. Cells were then
treated with DCFDA (5 pM) in Locke solution (154 mM NacCl, 5.6 mM KCl,
3.6 mM NaHCO3, 2.0 mM CaClz, 10 mM d-glucose, 5 mM HEPES [pH 7.4])
for 45 min. After treatment, the cells were washed twice with Locke solution
and then lysed with ice-cold RIPA buffer in the dark for 20 min. The lysate was
spun for 10 min at 10600 X g to remove cell debris, and the supernatant was
used to measure fluorescence of oxidized dichlorofluorescein at an excitation
wavelength of 480 nm and an emission wavelength of 535 nm.
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Forward primer sequence Reverse primer sequence

TABLE 1. Human and mouse qPCR primers.
GenBank Forward Reverse

Gene (species) accession no. primer start primer start
RPLPO (mouse) NM_007475.5 525 624
NRF2 (mouse) NM_010902.4 932 992
NQOT (mouse) NM_008706.5 668 797
NRF2 (human) NM_001313902.1 672 803
NQOT1 (human) NM_000903.2 373 456

acctccttcttccaggcettt cccaccttgtctccagtcttt

cctcgctggaaaaagaagtg ggagaggatgctgctgaaag
ttctgtggcttccaggtctt aggctgcttggagcaaaata
cagtcagcgacggaaagagt ggctggctgaattgggagaa
aggaccctgcgaactttcag gcggcttccagcttcttttg

RNA Isolation cDNA Synthesis and gPCR

RNA was isolated from uterine tissues and hTERT-HM cells using the
RNeasy Mini Kit (Qiagen Inc.) according to the manufacturer’s instructions.
Total RNA was converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Life Technologies) Primers were designed using MacVector
to obtain amplicons from 80 to 150 bp. (See Table 1 for detailed primer
information.) Real-time qPCR was performed on the CFX384 Touch Real-
Time System (BioRad Laboratories Inc.) using a SYBR Green PCR Master
Mix (Life Technologies). For each reaction, 10 ng of cDNA and a final primer
concentration of 300 nM were used. Rplp0 was used as a housekeeping gene
for mouse tissue and human tissues and cells [2, 21]. Samples were assayed in
triplicate (n =3 for each gestational time point) for mice; for humans, we used n
=5 for term and n = 7 for preterm samples. Expression data were analyzed
using the AACt method.

Methylthiazolyldiphenyl-Tetrazolium Assay

A 5-mg/ml stock of methylthiazolyldiphenyl-tetrazolium (MTT) purchased
from Sigma-Aldrich (#M5655) was made in pure distilled water. The hTERT-
HM cells were untransfected, mock transfected, and reverse transfected with
scrambled or EIF2AK3 siRNA for 24 h and treated with TM for 1 h. After 24
and 36 h, 0.5 mg/ml of MTT was added to the cells and incubated in the dark
for 3 h. After 3 h, the MTT crystals were dissolved in 0.5 ml of a DMSO/
isopropanol (1:1) mixture, and the absorbance was read at 570 nm. The
readings were normalized to the untreated control values to get the graph.

A

o

TUNEL Staining

The hTERT-HM cells were grown on chamber slides and fixed with 4%
paraformaldehyde for 25 min at room temperature and stored in PBS at 4°C.
Cells were permeabilized with 0.2% Triton-X in PBS and stained with a
fluorometric TUNEL assay as per the manufacturer’s instructions (#G3250;
Promega).

Statistical Analyses

Values are expressed as mean *= SEM. Student t-test was utilized to
ascertain the significance of comparison between two groups on the variables
(TM addition) tested, while one-way ANOVA, followed by Bonferroni post
hoc analysis, was used to determine the significance between multiple groups.
P < 0.05 was considered to indicate statistical significance.

RESULTS

EIF2AK3 Inhibition Suppresses the Human Uterine
Myocyte UPR

The ability of the uterine myocyte to respond to an ER
stress-mediated event in the absence or presence of EIF2AK3
was examined. The siRNA transfection of the telomerase
immortalized human uterine myocyte cell line "\TERT-HM was
utilized to abolish EIF2AK3 signaling. As can be observed in
Figure 1A, siRNA mediated EIF2AK3 knockdown was
confirmed by Western blot analysis in both the presence and
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FIG. 1.

EIF2AK3 knockdown suppresses the uterine myocyte UPR. A) Western blot analysis of the human uterine myocyte hTERT-HM cell line

demonstrates successful siRNA-mediated EIF2AK3 ablation (Pi) in comparison to untransfected (U), mock-transfected (M), and scrambled siRNA-
transfected (S) cells. In the presence of a TM-induced ER stress, phosphorylated levels of nuclear EIF2AK3 were diminished in the absence of EIF2AK3, as
were the UPR mediators GRP78 and GADD153. PDIA2 and NCOA3 act as cytoplasmic and nuclear protein loading controls, respectively. B) Relative
optical density (ROD) was analyzed for each protein and normalized to its respective loading control. All experiments were performed in triplicate (n=3).
Student t-test was used for statistical comparison between the S and Pi = TM samples. *P < 0.05, **P < 0.001.
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EIF2AK3 knockdown promotes ER stress-induced apoptotic CASP3 activation. A) Western blot analysis of the EIF2AK3 null human uterine

myocyte hTERT-HM cell line (Pi) demonstrates robust activation of CASP3 and PARP cleavage in the presence of a TM-induced ER stress. In the presence
of endogenous EIF2AK3 (U, M, S), minimal CASP3 activation and PARP cleavage was observed. PDIA2 and NCOA3 act as cytoplasmic and nuclear
protein loading controls, respectively. B) Relative optical density (ROD) was analyzed for each protein and normalized to its respective loading control.
All experiments were performed in triplicate (n = 3). Student t-test was used for statistical comparison between the S and Pi = TM samples. **P < 0.001.

the absence of TM. TM exposure in the U-, M-, and S-
transfected hTERT-HM cells hosted the expected UPR with the
appearance of an 80-fold elevation in GADD153 and GRP78
levels when compared to those cells not exposed to TM.
However, in the absence of EIF2AK3, the UPR was
compromised, as indicated by an approximate 50-fold decline
in GRP78 and ablation of GADD153 levels in comparison to
the TM-treated mock and scrambled siRNA-treated hTERT-
HM cells (Fig. 1B).

EIF2AK3 Acts as a Mediator of Prosurvival Signaling in the
Human Uterine Myocyte

In the presence of TM, hTERT-HM cells devoid of
EIF2AK3 displayed increased levels of CASP3 activation, as
indicated by the appearance of cleaved active CASP3 proteins
observed at 17 and 14 kDa (Fig. 2). TM-activated CASP3 in
the absence of EIF2AK3 was also associated with apoptotic
consequences, as indicated by the elevated levels of PARP
cleavage. U-, M-, S-, and EIF2AK3 siRNA-treated hTERT-
HM cells in the absence of TM and U-, S-, and M-transfected
hTERT-HM cells in the presence of TM demonstrate no
significant increase in CASP3 activation or PARP cleavage. A
colorimetric MTT assay for assessing changes in TM-treated
hTERT-HM cell metabolic activity, reflecting the number of
remaining viable cells, was performed in the presence or
absence of EIF2AK3. As can be observed in Figure 3, the TM-
treated hTERT-HM cells demonstrated an approximate 18%
and 58% decrease in cell viability in the absence of EIF2AK3
24 and 36 h post-TM exposure in comparison to the mock and
scrambled siRNA-treated hTERT-HM cells. TUNEL analysis
further confirmed increased apoptotic cell death in the TM-
treated hTERT-HM cells in the absence of EIF2AK3

(Supplemental Figure S1; Supplemental Data are available
online at www.biolreprod.org).

Decreased Antioxidant Responses in the Human Uterine
Myocyte upon EIF2AK3 Knockdown

The uterine myocyte ER stress-induced antioxidant response
was examined in the hTERT-HM cell in the absence of
presence of EIF2AK3. As can be observed in Figure 4, A and
B, in the presence of TM, NFE2L2, which acts as a master
regulator of antioxidant gene expression, is highly activated, as
is indicated by the increased levels of pNFE2L2 in the nuclear
fraction of the hTERT-HM cell in comparison to the vehicle-
treated hTERT-HM cells. However, in the absence of
EIF2AK3, NFE2L2 fails to be activated post-TM exposure.
NQOI, a key antioxidant enzyme and a direct downstream
target for NFE2L2, is also upregulated on TM exposure;
however, in the absence of EIF2AK3, NQO1 remains at basal
levels. The mRNA analysis was performed on the TM- and
vehicle-treated hTERT-HM cells in the absence and presence
of EIF2AK3. As can be observed in Figure 4C, in the absence
of EIF2AK3 transcript levels, NFE2L2 and NQOI1 were
reduced in the absence and presence of TM exposure.
Interestingly, basal levels of NF-xB activation were found to
be increased in the absence of EIF2AK3, though this was not
enhanced by exposure to TM (Supplemental Figure S2).

Increased OS Associated with EIF2AK3 Ablation in the
Human Uterine Myocyte

Utilizing a DCFDA assay, live cells were assayed for
hydroxyl, peroxyl, and other ROS activity within the hTERT-
HM devoid of EIF2AK3 in the absence or presence of TM-
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FIG. 3. Decreased cell viability is associated with ER stress in the

absence of EIF2AK3. Colorimetric MTT assay demonstrated decreased
numbers of viable cells in the TM-treated EIF2AK3 null hTERT-HM cell; 24
and 36 h post-TM exposure, cell viability had decreased by approximately
18% and 58%, respectively, in comparison to U-, M-, or S-treated hTERT-
HM'’s and those cells not exposed to TM. All experiments were performed
in triplicate (n = 3). Student t-test was used for statistical comparison
between the S and Pi = TM samples. ***P < 0.0001

induced ER stress 24 and 36 h post-TM treatment. As can be
observed in Figure 5, DCFDA fluorescence demonstrates a
40% and 100% increase in ROS accumulation in the absence of
EIF2AK3 at 24 and 36 h, respectively, post-TM exposure, in
comparison to U-, M-, and S-, and siRNA-transfected hTERT-
HM cells, where an intact antioxidant response observed in
Figure 4 allows for appropriate resolution of TM-induced ROS
accumulation (Fig. 5).
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FIG.5. Increased OS associated with ER stress in the absence of EIF2AK3
action. DCFDA fluorescence in the EIF2AK3 null hTERT-HM cells (Pi)
demonstrates a 40% and 100% increase in ROS accumulation at 24 and
36 h, respectively, post-TM exposure. The U, M, and S hTERT-HM cells
did not demonstrate a significant increase in ROS accumulation in the
absence or presence of TM. Relative DCFDA fluorescence was measured
at excitation of 480 nm and emission of 535 nm (n=5 for each condition).
Student t-test was used for statistical comparison between S and Pi hTERT-
HM cells exposed to TM. ***P < 0.0001.

Uterine pEIF2AK3 and Nuclear NFE2L2 Levels Are
Activated Toward Term in the Pregnant Mouse and Human
Uterus

Nuclear and cytosolic proteins isolated from uterine tissues
of pregnant mice from Gestation Day (E) 1 to term (E19) were
examined for total EIF2AK3 and phosphorylated EIF2AK3
and nuclear NFE2L2 levels. As can be identified in Figure 6, A
and B, total uterine EIF2AK3 levels are abundantly expressed
across gestation after E2. In contrast, phosphorylated EIF2AK3
indicating activation of the UPR occurs during early gestation
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FIG. 4.

EIF2AK3 knockdown impairs the uterine myocyte antioxidant response. A) Western blot analysis of nuclear levels of pNFE2L2 and cytoplasmic

levels of NQOT1 were examined in the U-, M-, S-, and Pi-treated hTERT-HM cell line = TM exposure. On TM exposure, elevated levels of the antioxidant
genes pNFE2L2 and NQO1 were observed in the U, M, and S uterine myocytes. In the absence of endogenous EIF2AK3 (Pi) TM exposure, the uterine
myocyte failed to host an antioxidant response, as indicated by the basal levels of pNFE2L2 and NQO1. PDIA2 and NCOA3 act as cytoplasmic and
nuclear protein loading controls, respectively. B) Relative optical density (ROD) was analyzed for each protein and normalized to its respective loading
control. All experiments were performed in triplicate (n = 3). Student t-test was used for statistical comparison between the S and Pi = TM samples. *P <
0.05. C) gPCR analysis of the mRNA transcripts for NFE2L2 and NQOT1 revealed, in the absence of endogenous EIF2AK3, an approximate 50% decline in
transcript levels in the absence or presence of TM. RPLPO was utilized as the housekeeping gene, and each experiment was performed in triplicate (n=3).
Student t-test was used for statistical comparison between the S and Pi = TM samples. **P < 0.001.
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FIG. 6. Increased antioxidant signaling in the pregnant mouse and human uterus toward term. A) Western blot analysis was performed on pregnant

mouse uterus tissue from E1 to term (E19). Elevated pEIF2AK3 and pNFE2L2 levels were observed as term approached. PDIA2 and NCOA3 acted as
cytoplasmic and nuclear protein loading controls, respectively. B) Relative optical density (ROD) was analyzed for each protein and normalized to its
respective loading control. Three gestational series were examined (n =3 for each gestational time point). One-way ANOVA was performed to determine
statistical significance, and the Bonferroni post hoc test was used to compare E1 with other gestational age-groups. *P < 0.05, **P < 0.001. C)
Immunohistochemical analysis of NFE2L2 at ET0 demonstrates abundant cytoplasmic NFE2L2 in both the endometrium (En) and the myometrium (M),
which translocated to the nuclear fraction with increasing gestational age, as demonstrated at E16. Nuclear translocation of NFE2L2 is isolated largely to
the myometrial compartment and can be observed at E16, where endometrial NFE2L2 remain principally cytoplasmic. D) gPCR analysis of NFE2L2 in
human myometrium isolated from pregnant nonlaboring women during their third trimester versus those at term demonstrates a significant increase
toward term. RPLPO was utilized as the housekeeping gene (n =7 myometrium isolated from nonlaboring women during their third trimester and n =5
from nonlaboring women at term). Student t-test was used for statistical comparison between the 32- to 34-wk and the 39- to 42-wk myometrium. *P <
0.05. The qPCR analysis of Nfe2/2 in pregnant mouse uterus from E6 to term (E19) demonstrates a significant increase toward term. Rp/po was utilized as
the housekeeping gene (n =3 for each gestational time point). One-way ANOVA was performed to determine statistical significance, and the Bonferroni
post hoc test was used to compare E8 with other gestational age groups. *P < 0.05, **P < 0.001.

significant increase in NFE2L?2 at the level of transcription in
both preterm and term nonlaboring human myometrial samples
was observed (Fig. 6D). Similarly, in the pregnant mouse
uterus, an increase in NFE2L.2 transcripts was observed toward
term, suggesting in the pregnant mouse and human uterus a

from E2 to E8 and from E11, reaching maximal levels at term.
Nuclear translocation of NFE2L2 was significantly upregulated
from E15 to term.

Immunohistochemical analysis of NFE2L2 in the pregnant
mouse uterus at E10 and E16 demonstrate its activation and

consequent translocation to the nuclear fraction at E16. Nuclear
translocation of NFE2L2 is isolated to the myometrial muscle
bundles. Endometrial NFE2L2 was detectable throughout
gestation, though it remains cytoplasmic and does not
translocate to the nuclear compartment, suggesting that the
endometrium and myometrium, though adjacent tissues,
experience independent tissue-specific OS and antioxidant
responses during pregnancy (Fig. 6C).

The mRNA analysis of NFE2L2 levels was examined in
myometrial tissue isolated from pregnant nonlaboring women
between 32 and 34 wk of gestation and at term between 39 and
42 wk of gestation and pregnant mice from E8 to term. A

similar gestational profile of the myometrial antioxidant
response that increases toward term.

DISCUSSION

We propose that the uterine myocyte across gestation
utilizes the resident myometrial UPR to activate appropriate
antioxidant responses in the face of ROS generation.
Generation of ROS is a vital component and by-product of
the aerobic metabolic processes of every normal healthy cell,
and multiple lines of investigation have determined during
pregnancy that there are elevated levels of ROS produced with
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increasing gestational length [1]. Generation of ROS, however,
can be toxic, resulting in OS-induced cell damage that occurs
as a result of increased production of free radicals in the
context of an insufficient antioxidant defense. Serial measure-
ments of OS markers in longitudinal studies during pregnancy
has helped delineate the etiology of OS-related processes
associated with spontaneous preterm birth (sPTB); for
example, uterine heme oxygenase 1 activity increases across
gestation and peaks at term [22]. In addition, 8-isoprostane,
another stable marker of OS, has been examined in the urine
and maternal plasma and serum of numerous studies, and its
presence at higher levels has been associated with a significant
trend for decreased gestational length, pre-eclampsia, preterm
premature rupture of membranes, and sPTB [23].

Previous studies have determined that UPR activation is a
critical component in the antioxidant response [17]. Our
analysis is the first to examine the cross talk between the
antioxidant response and the UPR during pregnancy and in the
uterine myocyte. Activation of the uterine myocyte UPR
signifies the detection of ER stress [24-28]. The ER allows for
increased folding and processing of newly synthesized proteins
required to accommodate the cellular adaptation to biochem-
ical, hormonal, and mechanical stimuli. ERS signifies the stage
when the protein-folding capacity of the ER has been
overwhelmed and it can no longer maintain the required
protein processing capacity due to prolonged or excessive
provocations. The UPR alters transcriptional and translational
profiles, allowing for adaptation to the accumulation of
unfolded and misfolded proteins that accumulate in the ER
due to ER stress, allowing homeostasis to be regained [16, 29—
32]. Recently, we have described how activation of the uterine
UPR occurs in the pregnant uterus in a gestationally regulated
fashion [4]. We demonstrated that appropriate activation of the
pregnant uterine UPR is key in determining an appropriate
gestational length. In this study, we examined if the activation
of the uterine myocyte UPR also regulates the adaptive process
to increasing and accumulating levels of OS during pregnancy
through regulation of the myometrial antioxidant response.

The UPR is comprised of three distinct though interacting
networks that function in concert to deplete unfolded proteins
from the lumen of the ER in order to regain homeostasis. With
the accumulation of misfolded and unfolded proteins, the
chaperone protein GRP78 is released from three transmem-
brane receptors, inositol-requiring 1 alpha (IREla), activating
transcription factor 6 (ATF6), and EIF2AK3, to aid in proper
protein folding. On release of GRP78, IREla, ATF6, and
EIF2AK3 are activated, initiating the signal transduction
pathways collectively termed the UPR [16, 29-33]. In this
context, we have examined the role of EIF2AK3 in regulating
uterine myocyte OS, as it has been previously been
demonstrated in various other cell types to activate cellular
antioxidant responses [17, 18, 34].

In order to determine the effects of the UPR on the
myometrial antioxidant response, we utilized an in vitro siRNA
approach to knock down uterine myocyte EIF2AK3 (Fig. 1).
The hTERT-HM in vitro model afforded us the ability to
examine the isolated uterine myocyte responses to in vitro UPR
modulation; however, we do recognize that oxidative stress
responses are regulated by the modality of the stress being seen
by the cell and cell type. While the myometrium is composed
primarily of uterine myocytes, there are a number of other cell
types, including infiltrating macrophages and neutrophils,
endothelial cells of the vasculature, and a variety of additional
cell types. Therefore, we recognize that utilizing an in vitro
model has its limitations, as any cell-to-cell interaction that
may combat or enhance an oxidative stress response is lost.

However, in the context of the hTERT-HM uterine
myocyte, EIF2AK3 siRNA was found to significantly reduce
the levels of EIF2AK3. On exposure to a TM-induced ER
stress, the EIF2KA3 null myocytes demonstrate repressed
pEIF2AK3, GRP78, and GADDI153 levels, signifying the
inability of the uterine myocyte to host an appropriate UPR in
the absence of EIF2AK3 (Fig. 1). The consequences of an
inappropriate UPR are highlighted in Figure 2, which
demonstrates that when the uterine myocyte is exposed to an
ER stress in the absence of an intact UPR apoptotic, cell death
ensues, as evidenced by increased CASP3 activation, PARP
cleavage, and decreased cell viability in the absence of
EIF2AK3 (Fig. 3). We speculated that apoptotic cell death in
the ER-stressed EIF2AK3 null cell was likely due to a limited
antioxidant response, resulting in elevated ROS and an
unresolved OS. As can be clearly observed in Figure 4,
NFE2L2, the master regulator of antioxidant responses and a
direct substrate for pEIF2AK3, failed to accumulate in the
nuclear fraction in the absence of EIF2AK3 (Pi), resulting in
the incapacitation of the antioxidant response, as indicated by
decreased protein and mRNA levels of the downstream target
of NFE2L2, the antioxidant enzyme NQOI1 (Fig. 4). As we
hypothesized, a failure to host an appropriate UPR resulted in
the accumulation of ROS, as demonstrated in Figure 5, limited
only to the EIF2AK3 (Pi) null myocytes.

Evidence that the UPR-mediated mechanism of antioxidant
activity in the uterine myocyte is physiologically relevant with
respect to pregnancy is highlighted in Figure 6. In vivo, we
observed evidence of a coordinated increase in both the UPR
(pEIF2AK3) and the antioxidant response (pNFE2L2) in the
pregnant mouse uterus toward term, suggesting that elevated
oxidative stress-inducing events are associated with increasing
gestational length. As observed in the pregnant uterus, both
NFE2L2 protein and mRNA levels increase and become
largely nuclear, indicating their activation of the myometrial
antioxidant response toward term in the pregnant mouse uterus.
In the human myometrium, an increase in NFE2L2 mRNA
levels was also observed to term (Fig. 6D). Interestingly,
NFE2L2 phosphorylation, activation, and consequent translo-
cation to the nuclear fraction are isolated to the myometrial
muscle bundles, suggesting that the uterine myocyte experi-
ences increasing OS toward term in a tissue-specific manner.
The endometrium of the pregnant uterus has detectable
NFE2L2 throughout gestation, though it remains cytoplasmic
and does not translocate to the nuclear compartment,
suggesting that the endometrium and myometrium, though
adjacent, experience tissue-specific OS and antioxidant re-
sponses (Fig. 6C). In previous studies, parturition and
infection-mediated preterm labor are linked to increased OS.
In the context of the myometrium, elevated levels of ROS have
been demonstrated to modify the cellular function with respect
to myometrial contractility, where elevated ROS levels are
associated with a decreased propensity for contractility. ROS
production has been associated with reperfusion-ischemic
episodes during labor, which have in part explained during
difficult, prolonged labors the depression of contraction
characteristic of myometrial dysfunction [35].

It is also important to note that increasing evidence suggests
that the signaling network that regulates protein folding,
oxidative stress, and ER stress are tightly linked and induce cell
death or survival through cross talk directly with the
mitochondria. Transfer of calcium from the ER to the
mitochondria is important in maintaining control over the
prosurvival/proapoptotic signaling pathways [36, 37]. We
speculate that understanding the cross talk between the ER
and mitochondria with respect to prosurvival signaling will
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FIG. 7. The relationship between ROS, UPR, antioxidant response, and
uterine quiescence during pregnancy.

facilitate therapeutic strategies to overcome the problems
associated with increased oxidative stress in the context of
pregnancy, term, and preterm labor.

In conclusion, this study has demonstrated that EIF2AK3 is
likely an important regulator of antioxidant responsiveness in
the uterine myocyte. Several publications have highlighted the
role of EIF2AK3 in regulating OS in various cell types [18,
34]. The cross talk between the ER stress response and the OS
response has previously been shown to be important in
regulating various pathological states, such as Alzheimer’s
[38], myocardial ischemia and reperfusion injury [39], and type
2 diabetes [40]. Elevated OS during pregnancy can be caused
by various factors, such as infection, obesity, cigarette
smoking, malnutrition, and alcohol consumption, and has been
implicated in causing preterm delivery and has been shown to
cause DNA damage to the amnion, fetal senescence, enhanced
inflammation, and apoptosis in the uterus [41]. Inflammation
along with OS has been proposed to be involved in key
signaling events that can lead to preterm delivery [42]. LPS-
induced preterm delivery has been shown to be caused by
increased OS in the myometrium due to macrophage
infiltration [42]. Furthermore, antioxidants, such as glutathione
and N acetyl cysteine, have been successfully used to partially
rescue LPS-induced preterm delivery in mice and rats. Several
large randomized controlled clinical trials were performed to
assess the use of antioxidant supplements targeting primarily
pregnancy outcomes; however, minimal success was achieved
[50-53]. As a result, the means by which the local pregnant
uterine redox homeostasis is maintained across gestation
remain unresolved. Although cross talk between OS and the
UPR has been established in other cell types, as outlined above,
this study is the first to demonstrate that the local UPR
mediated through EIF2AK3 activation is an important
regulator of OS management in the uterine myocyte through
activation of the antioxidant response, as outlined in Figure 7.
We have also demonstrated that a coordinated UPR and
antioxidant response occurs in both the pregnant mouse and the
human uterus. We speculate that uncovering the UPR as a
central mechanism in the regulation of pregnancy-associated
ROS management in the uterine myocyte will allow for
alternate and novel therapies for the maintenance of gestation-
ally activated uterine myocyte OS. We also speculate that uteri
that have a reduced capacity to accommodate an appropriate

UPR may be more susceptible to OS-induced pregnancy
complications.
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