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Immunophilin FK506-binding protein 52 (FKBP52) is a cochaperone that
binds to the progesterone receptor (PR) to optimize progesterone (P,)-
PR signaling. We recently showed that Fkbp52-deficient (Fkbp52~'")
mice have reduced uterine PR responsiveness and implantation failure
which is rescued by excess P, supplementation in a genetic back-
ground-dependent manner. This finding led us to hypothesize that
FKBP52 has functions in addition to optimizing PR activity. Using pro-
teomics analysis, we found that uterine levels of peroxiredoxin-6
(PRDX6), a unique antioxidant, are significantly lower in Fkbp52~'~
mice than in WT and PR-null (Pgr~’") mice. We also found that
Fkbp52~'~ mice with reduced uterine PRDXG6 levels are susceptible to
paraquat-induced oxidative stress (OS), leading to implantation failure
even with P, supplementation. The same dose of paraquat did not
interfere with implantation in WT mice. Moreover, treatment with
antioxidants a-tocopherol and N-acetylcysteine (NAC) attenuated
paraquat-induced implantation failure in P,-treated Fkbp52~/'~ mice.
Functional analyses using mouse embryonic fibroblasts show that
Fkbp52 deficiency associated with reduced PRDX6 levels promotes
H,0,-induced cell death, which is reversed by the addition of NAC or
by forced expression of PRDX6, suggesting that Fkbp52 deficiency
diminishes the threshold against OS by reducing PRDX6 levels. These
findings provide evidence that heightened uterine OS in Fkbp52~/~
females with reduced PRDX6 levels induces implantation failure even
in the presence of excess P;. This study shows that FKBP52-PRDX6
signaling protects pregnancy from overt OS.
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nfertility is a global social and economic concern. It is estimated

that by 2050 15% of couples worldwide will be childless because
of infertility. Although many causes of infertility have been
overcome by the application of in vitro fertilization and embryo
transfer (IVF-ET), implantation failure is still a major obstacle
for optimal pregnancy outcome. Pregnancy rates remain low in
patients undergoing IVF-ET because of the transfer of embryos
into a nonreceptive uterus, resulting in implantation failure (1).
Heterogeneous uterine cell types respond differentially to estro-
gen and progesterone (P,) to prepare the uterus to the receptive
state. For successful implantation to occur, the uterus must be
transiently receptive to implantation-competent blastocysts. P,
signaling is an absolute requirement for implantation and preg-
nancy maintenance in most mammals studied (2). P, acts via the
nuclear progesterone receptor (PR) to activate transcription of
genes involved in ovulation, uterine receptivity, implantation,
decidualization, and pregnancy maintenance (3).

We recently found that the immunophilin FK506-binding pro-
tein 52 (FKBP52) serves as a cochaperone to govern normal PR
function in the mouse uterus, where its expression overlaps with
that of PR. Immunophilins are so named because they bind to
certain immunosuppressive drugs to mediate their actions. They
are grouped into two families, FKBP and cyclosporin A-binding
(cyclophilin, CyP) proteins. Some FKBP and CyP family members
have a tetratricopeptide repeat (TPR) domain that targets binding
to the conserved C terminus of Hsp90. FKBP52 is one such TPR-
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containing cochaperone that influences steroid hormone receptor
function (4). The mature PR complex bound to FKBP52 binds to
P4 with high affinity and efficiency, although some basal PR re-
sponsiveness to P, is retained in the absence of FKBP52. In ad-
dition, FKBP52 plays a role in immunoregulation and basic cellular
processes involving protein stability, folding, and trafficking (5-7).

We found that Fkbp52~'~ females on both C57BL6/129 mixed
and CD1 backgrounds have implantation failure with normal ovu-
lation (8, 9). However, P, supplementation rescues implantation
and decidualization in CD1, but not in C57BL6/129, Fkbp52_/_
females. In CD1 Fkbp52’/ ~females, P, at higher-than-normal levels
confers PR signaling sufficient for implantation, but even higher
levels of P, are required to rescue full-term pregnancy (9). How P,
overcomes reduced PR responsiveness to allow implantation in
CD1 Fkbp52~'~ mice is still unknown. Because FKBP52 positions
PR in optimal conformation for binding to P4, one possibility is that
excess P, in the absence of FKBP52 increases the probability of
random binding of P, to the PR complex even in its less optimal
configuration. Alternatively, FKBP52 may influence other pathways
along with PR signaling, because exogenous P, cannot rescue im-
plantation in C57BL6/129 Fkbp52~~ mice and significantly higher
P4 levels are necessary to restore implantation and full-term preg-
nancy in CD1 Fkbp527~ females (9). Moreover, Fkbp52 also is
expressed in the placenta with no detectable PR expression (9),
implying that FKBP52 has other functions in addition to its role in
optimizing PR activity. Our present study, using proteomics anal-
ysis, found that FKBP52 regulates oxidative stress (OS) by regu-
lating the levels of a unique antioxidant, peroxiredoxin-6 (PRDX6),
which operates independently of other peroxiredoxins and antiox-
idant proteins (10-12). Here we show that uterine FKBP52-
PRDXG6 signaling is a major player in countering the adverse effects
of OS during early pregnancy.

Results

PRDX6 Levels Are Reduced in Fkbp52~'~ Uteri. To explore down-
stream targets of FKBP52 independent of PR, we used proteo-
mics approaches. Ovariectomized WT, Fkbp52~'~, and PR-null
(Pgr™") mice on the C57BL6/129 background were treated with
P4 (2 mg/d) for 2 d, and uteri were collected 24 h after the second
injection. Uterine protein lysates were subjected to 2D difference
in gel electrophoresis (2D-DIGE) analysis with detection limits
from 10- to 150-kDa proteins (pH 4-7) (Fig. 14). Among the
differentially expressed proteins, we found that PRDX6 levels
are markedly down-regulated in Fkbp52~'~ uteri compared with
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Pgr~'~ and WT uteri, with the exception of FKBP52, serving as an
internal control (Table S1 and Fig. 1B). This finding led us to
focus on PRDXG6 as a potential downstream mediator of FKBP52
function, independent of its PR cochaperone activity, and to as-
sess uterine expression of Prdx6 in early pregnancy. Notably, we
found that levels of six proteins increased in Fkbp52~'~ “uteri
compared with WT uteri, but no differences were detected
between WT and Pgr~/~ uteri (Table S2). We confirmed down-
regulated PRDX6 protein levels in Fkbp52~'~ uteri compared
with Pgr~"~ and WT uteri by Western blotting (Fig. 1 C and D) and
immunohistochemistry (Fig. 1E). In addition, both stromal and
epithelial localization of PRDX6 was reduced in ovariectomized
Fkbp52~'~ uteri treated with P, (Fig. 1E).

To examine the effects of ovarian hormones on Prdx6 expres-
sion in mouse uteri, we performed Northern and in situ hybrid-
ization using uteri from ovariectomized WT mice. Neither P, nor
estradiol-17f (E,) significantly altered Prdx6 expression levels
(Fig. S14), but P4 changed the expression domain from the epi-
thelium to the stroma (Fig. S1B).

PRDXG6 Is Aberrantly Expressed in Fkbp52~'~ Uteri. On day 4 of preg-
nancy the uterus is under the influence of P, produced by the
newly formed corpus luteum. PRDXG6 is localized in both the
stroma and epithelium in WT CD1 mice on day 4 of pregnancy
(Fig. 1F). In contrast, in Fkbp527/~ uteri PRDXG6 is restricted
primarily to the epithelium but is localized in the subluminal
stroma after P, supplementation (Fig. 1F). These results suggest
that FKBP52 deficiency attenuates PRDXG6 levels in the stroma
that are compensated to some extent by P,.

PRDX6 Is Differentially Expressed in Uteri During Early Pregnancy.
The uterus is under the influence of preovulatory estrogen with
increased epithelial cell proliferation on day 1 of pregnancy. On
day 4, the uterus is exposed to heightened P, levels along with
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a small amount of estrogen, resulting in epithelial cell differen-
tiation with stromal cell proliferation. The first molecular and
physical interaction between the blastocyst and receptive uterus is
observed on the evening of day 4, and the attachment process
continues through day 5. The attachment reaction coincides with
increased stromal vascular permeability solely at the site of the
blastocyst and can be demarcated by distinct blue bands along the
uterus after i.v. injection of a blue dye solution (13). The pro-
liferating stromal cells surrounding the implanting blastocyst
start to differentiate to decidual cells in the afternoon of day 5.
Differentiating stromal cells in the immediate vicinity of the
implanting blastocyst begin to form the primary decidual zone
(PDZ) at this time. The PDZ is well formed on day 6 with the
beginning of a proliferating secondary decidual zone (SDZ). Al-
though cell proliferation ceases in the PDZ, it continues in the
SDZ. The PDZ progressively degenerates as pregnancy pro-
gresses. On day 8, the implantation process is well advanced with
maximal decidualization. We assessed Prdx6 expression on days 1,
4,5, and 8 of pregnancy by in situ hybridization. We found that
Prdxo6 is detected mostly in the luminal epithelium on day 1 (Fig.
2A4). On day 4, the expression is restricted to the stroma (Fig. 24).
Prdx6 expression on these days closely resembles that of Fkbp52
(14). On day 5, Fkbp52 and Prdx6 are expressed in a similar
fashion in the decidualizing stroma surrounding the implanting
blastocyst (Fig. 2.4 and B). This overlapping expression of Fkbp52
and Prdx6 surrounding the implanting blastocyst suggests that the
process of implantation may regulate these two molecules. On
day 8, Prdx6 is expressed primarily in the SDZ cells and in the
embryo. PRDX6 protein levels also are up-regulated in uteri on
days 5 and 8 of pregnancy (Fig. 2 C and D). In the placenta,
Fkbp52 and Prdx6 showed a similar expression pattern in the
labyrinth layer (Fig. 2B), with undetectable levels of PR (9). The
similar localization of FKBP52 and PRDX6 in the deciduum and
placenta suggests their PR-independent roles in these tissues.
Furthermore, pull-down assays show that FKBP52 is physically
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Fig. 1. PRDX6 expression is reduced in
uteri of Fkbp52"‘ mice. (A) A represen-
tative DIGE gel comprising protein
extracts from WT and Fkbp527~ uteri
& shows proteins of isoelectric points be-
) tween pH 4-7 and apparent molecular
mass between 10-150 kDa. a, FKBP52; b,
PRDX6. (B) Decreased protein levels of
PRDX6 and FKBP52 in Ps-treated uteri of
Fkbp52~'"~ ovariectomized mice (n = 4)
compared with WT (n = 3) and Pgr"‘ (n=
3) ovariectomized mice on a C57BL6/129
background. Values are mean + SEM. *P <
0.05 compared with Fkbp52~'~ mice. (C
and D) Decreased PRDX6 protein levels in
P,-treated uteri of Fkbp52~~ ovariecto-
mized mice compared with WT and Pgr~~
ovariectomized females as determined by
Western blotting. Band intensities are
normalized against actin and expressed as
relative ratios compared with WT samples
on the C57BL6/129 background. Values
are mean + SEM of two or three in-
dependent samples. *P < 0.05 compared
with WT mice. (E) Differential expression
patterns of PRDX6 protein in P4-treated
ovariectomized mouse uteri of WT and
Fkbp52~"~ mice on the C57BL6/129 back-
ground. (Scale bar, 200 pm.) (F) Differen-
tial expression patterns of PRDX6 protein
in day 4 uteri of WT and Fkbp52~"~ mice
on a CD1 background. (Scale bar, 200 pm.)
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Fig. 2. Uterine PRDX6 is expressed differentially during early pregnancy. (A)
In situ hybridization showing spatiotemporal expression of Prdx6 in WT CD1
uteri on days 1, 4, 5, and 8 of pregnancy. Arrowheads indicate implanting
embryos. AM, antimesometrial pole; ge, glandular epithelium; le, luminal
epithelium; M, mesometrial pole; s, stroma. (Scale bar, 200 um.) (B) Over-
lapping expression of Fkbp52 and Prdx6 in CD1 WT uteri on days 5 and 12 of
pregnancy. Arrowheads indicate implanting embryos. le, luminal epithelium;
pl, placenta; s, stroma. (Scale bars, 200 pm.) (C and D) Levels of uterine
PRDX6 protein during early pregnancy as determined by Western blotting.
Band intensities of PRDX6 were normalized against actin. Two independent
samples from different mice were examined in each group. Data are
expressed as mean + SEM. *P < 0.05 compared with day 1 uteri.

associated with PRDXG6 in the deciduum (Fig. S2), suggesting that
FKBP52 influences PRDX6 status through this interaction.

In the human endometrium, both PRDX6 and FKBP52 are
expressed in epithelial cells during the proliferative phase and in
both epithelial and stromal cells in the secretory phase (Fig. S34).
The higher levels of Prdx6 in the secretory (receptive) phase
suggest that uterine PRDXG6 also plays antioxidant roles in human
implantation (Fig. S3B).

Fkbp52~'~ Uteri Are More Prone to Overt 0S During Implantation.
Because PRDXG6 levels are reduced in Fkbp52~~ uteri on day 4
of pregnancy, especially in the stroma (Fig. 1F), we speculated that
Fkbp52~~ uteri are more susceptible to OS during implantation.
We have shown previously that P, levels are comparable in WT and
Fkbp52~'~ mice. However, excess P4 supplementation that mark-
edly elevates circulating P, levels is required for implantation in
Fkbp527'~ females (9). Although P, supplementation rescues im-
plantation failure in CD1 Fkbp52~'~ mice (9), concomitant ad-
ministration of the OS-inducing agent paraquat (15 or 20 mg/kg)
prevented this rescue (Table 1 and Fig. 34). In contrast, similar
doses of paraquat failed to affect implantation in WT mice (Table 1

and Fig. 34). To minimize the detrimental effects of paraquat on
embryo growth and activation, we also performed embryo-transfer
experiments. Day 4 WT blastocysts were transferred into day 4 WT
or P,-treated Fkbp52~'~ recipients that received paraquat 7 h be-
fore the embryo transfer. Again, Fkbp52~'~ mice had reduced
numbers of implantation sites, whereas WT recipients showed
normal implantation when examined on day 5 (Table 2). It is in-
teresting that even a smaller dose of paraquat (2 mg/kg) inhibited
implantation in P-treated Fkbp52~'~ mice (Table 3). These results
suggest that Fkbp52~'~ mice are quite prone to OS in the context of
implantation. More interestingly, a combined treatment of two
antioxidants, N-acetylcysteine (NAC) and a-tocopherol («TCP),
significantly attenuated paraquat-induced implantation failure in
P,-treated Fkbp52~'~ mice (Table 3), indicating the contribution of
OS to implantation failure. Our speculation that Fkbp52~'~ mice
are sensitive to OS is supported by the finding of higher levels of
bound 8-isoprostane, a lipid peroxidation marker, in C57BL6/129
Fkbp527'~ uteri than in WT uteri on day 4 of pseudopregnancy
(Fig. 3B).

Fkbp52~'~ Mouse Embryonic Fibroblasts with Reduced PRDX6 Levels
Are Susceptible to 0S. Because PRDX6 protects cells from mem-
brane damage associated with phospholipid peroxidation, we
speculated that reduced PRDX6 would reduce cell viability if
challenged with overt OS. Indeed, in vitro studies with WT and
Fkbp52~'~ mouse embryonic fibroblasts (MEFs) show that
FKBP52 deficiency is associated with reduced PRDXG6 levels (Fig.
3C) and enhances H,0O,-induced cell death (Fig. 3D). This ad-
verse effect in Fkbp52~'~ MEFs was reversed substantially by
supplementation of NAC (Fig. 3E) and, more importantly, by
forced expression of PRDX6 (Fig. 3 E and F), suggesting that
Fkbp52 deficiency lowers the threshold against reactive oxygen
species (ROS) by reducing PRDXG6 levels. Because PR expression
is undetectable in these MEFs (Fig. S4), these results provide
evidence for FKBP52’s role independent of PR function.

Discussion

The highlight of the present study is that Fkbp52~'~ uteri are sus-
ceptible to OS because of reduced PRDX6 levels. Although further
investigation is warranted to explore the mechanism by which
FKBP52 regulates PRDX6 levels, our observation of physical in-
teraction between FKBP52 and PRDX6 suggests that FKBP52
stabilizes PRDXG6 protein and attenuates its degradation as a func-
tion of its chaperone activity. FKBP52’s roles in protein stability,
folding, and trafficking have been reported previously (5-7).

The reduced tolerance to OS in Fkbp52~~ mice results in
paraquat-induced failure of implantation and higher levels of
ROS generation in the uterus. Because excess P4 cannot prevent
implantation failure in the face of overt OS induced by paraquat
in CD1 Fkbp52~'~ females, we believe that FKBP52 regulates
OS, in addition to its function in optimizing PR activity and other
potential functions. In fact, FKBPs have several physiological
roles, including binding and sequestration of calcineurin, protein
folding and assembly, protein trafficking, and direct regulation of
protein activity (15). Our present study adds another function to
the list of various activities that have been reported for FKBP52.

Table 1. Paraquat adversely affects implantation in Fkbp52~'~ mice

Paraquat No. of mice with IS No. of blastocysts
Genotype (mgrkg) No. of mice (%) No. of IS recovered
WT 15 7 7 (100%) 121+ 1.7 N/A
20 7 7 (100%) 12.0 + 0.7 N/A
Fkbp527~ + P, 0 8 8 (100%) 10.6 + 0.6 N/A
15 7 2 (29%)* 12.0 £ 2.3 25"
20 5 1 (20%)* 5.0 17*

WT and Fkbp52 ~~ females on a CD1 background were mated with CD1 WT fertile males, and the number of implantation sites (IS)
was examined on day 5 of pregnancy. Fkbp52~'~ females were treated with P, (2 mg/d) on days 2-4 of pregnancy. Paraquat was
injected on day 4. Uteri without IS were flushed with saline to recover any unimplanted blastocysts. Values are mean + SEM.

*P < 0.05 compared with WT mice treated with the same dose of paraquat; Student’s t test. N/A = not applicable.

"Twenty-five blastocysts were recovered from five mice.
*Seventeen blastocysts were recovered from four mice.
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Fig. 3. Fkbp52~'~ uteri are more prone to 0S. (A) OS inducer paraquat blocks embryo implantation in Ps-primed CD1 Fkbp52~'~ females on day 5 of
pregnancy, whereas paraquat-treated CD1 WT uteri have normal numbers of implantation sites as demarcated by blue bands. Fkbp52~'~ females were
treated with P4 (2 mg/d) on days 2-4 of pregnancy. Paraquat was injected on day 4. Arrows and arrowheads indicate implantation sites and ovaries, re-
spectively. (B) Increased levels of bound 8-Isoprostane, a lipid peroxidation marker, in C57BL6/129 Fkbp52~'~ uteri on day 4 of pseudopregnancy. Values are
mean + SEM of three independent samples. *P < 0.05 compared with WT mice. (C) Decreased levels of PRDX6 in Fkbp52~'~ MEFs. Actin was used as a loading
control. (D) Heightened sensitivity of Fkbp52~/~ MEFs to H,0,-induced OS. Cells were treated with different concentrations of H,O, for 24 h, and cell viability
was evaluated by MTT assay. Values are mean + SEM of six replicates from three independent experiments. *P < 0.05 compared with WT mice. (E) H,O,-
induced cell death in Fkbp52~'~ MEFs is protected by addition of NAC and forced expression of PRDX6. Cell viability was evaluated by MTT assay. Values are
mean + SEM of six replicates from three independent experiments. *P < 0.05, compared with vehicle-treated cells derived from mice of the same genotype.
**P < 0.05, compared with H,O,-treated cells derived from mice of the same genotype. ***P < 0.05, compared with Fkbp52~'~ cells transfected with pEGFP-C1
control plasmids; ****P < 0.05 compared with H,0,-treated Fkbp52~'~ cells with transfection of pEGFP-C1 control plasmids. (F) PRDX6-GFP fused protein is
induced effectively by transfection of pEGFP-C1-PRDX6 plasmids in Fkbp52~'~ MEFs. pEGFP-C1 is a control plasmid.

PRDXG6 is a unique nonredundant antioxidant that acts in-  of prolactin (PRL)-like protein A (PLP-A), a nonclassical mem-
dependently of other PRDXs and antioxidant enzymes (10-12). A ber of the PRL family expressed in the mouse placenta, has little
recent study shows that Prdx6-deficient (Prdx6 ") mice have effect on female fertility under normal conditions, but PLP-A
normal development, but paraquat-induced OS causes abnormal  mutants show compromised pregnancy when exposed to a stressor
phenotypes such as lower survival rate, again not resulting from  (16). Thus, fertility in Prdx6 '~ females could be compromised if
changes in gene expression and/or activity of other antioxidant PRDX6 deﬁmency is superimposed with OS. Future studies are
enzymes (12). Thus, PRDX6 might be a critical antioxidant warranted to characterize the female fertility phenotype in
against exogenous, OS. Our present finding of increased suscep-  Prdx6~'~ mice in a more systematic manner under normal and OS
tibility of Fkbp52~'~ uteri to OS during implantation because of  conditions. Collectively, our observations suggest that implanta-
reduced PRDX6 levels underscores the importance of uterine tion failure in Fkbp52™~'~ mice not only is caused by the reduced
FKBP52—PRDX6 ) signaling during the periimplantation period. PR activity but also is compounded by increased OS levels.
Although Prdx6~'~ females were reported to be fertile (12), it is There is evidence that smoking and alcohol consumption re-
possible that exposure to OS will impair fertility in these mice.  duce fertility in women by elevating OS (17, 18). Evidence also
Indeed, it is known that certain genes serve critical functions indicates that dietary antioxidant and diet-related exposures to
during physiologically altered conditions. For example, deficiency =~ ROS affect the timing and maintenance of pregnancy (19). These

15580 | www.pnas.org/cgi/doi/10.1073/pnas.1009324107 Hirota et al.


www.pnas.org/cgi/doi/10.1073/pnas.1009324107

L T

/

1\

=y

Table 2. Paraquat inhibits implantation of transferred WT blastocysts in Fkbp52~/~ recipients

No. of No. of
Genotype of Genotype of Paraquat blastocysts No. of No. of mice blastocysts
blastocysts recipients (markg) transferred recipients with IS (%) No. of IS (%) recovered
WT wT 15 77 6 6 (100%) 58/77 (75%) N/A
WT Fkbp52~""+P, 15 60 5 1 (20%) 1/60 (2%) 30*

Day 4 CD1 WT blastocysts were transferred into uteri of CD1 WT or CD1 Fkbp52~'~ recipients on day 4 of pseudopregnancy. Fkbp52~'~ recipients were
treated with P, (2 mg/d) on days 2-4 of pregnancy. Paraquat was injected into the recipients 5 h before embryo transfer on day 4 of pregnancy. Uteri without
IS were flushed with saline to recover any unimplanted blastocysts. N/A, not applicable.

*Thirty blastocysts were recovered from four mice.

findings, together with our observation that commercial rodent
diets influence uterine gene expression and the timing of im-
plantation in mice (20), suggest the possibility of ROS-induced
alterations in uterine functions related to implantation. Because
Prdx6 is expressed primarily in the stroma in WT uterl on day 4 of
pregnancy, the reduction of stromal Prdx6 in Fkbp52~'~ uteri even
with P4 supplementation may attenuate stromal function more
drastically when exposed to OS. Hoxal0 and Ihh are expressed in
the stroma and epithelium, respectively, in day 4 pregnant mouse
uteri (21, 22). Our results show that paraquat down- regulates
Hoxal0 expression without altering Ihh expression in Fkbp5.
uteri (Fig. S5). In this respect, stromal Prdx6 could be more im-
portant in protecting the uterus from overt OS and allowing im-
plantation to proceed. Interestingly, we found a similar expression
pattern of PRDX6 and FKBP52 in human endometrium and
higher expression of Prdx6 during the secretory phase, suggesting
that these proteins may have physiological roles in human endo-
metrium and implantation. It will be interesting to see whether
endometria from patients with recurrent implantation failure
have higher ROS because of low PRDXG6 levels.

During the periimplantation period, embryos are exposed to
low oxygen tension (23). Because preimplantation embryos are
sensitive to OS (24), it is believed that a low oxygen condition is
conducive to normal embryonic growth and development. This
notion is consistent with the finding that antioxidants prevent
ROS-induced abnormal embryo growth in culture (25, 26). Thus,
the embryonic environment facing excess OS interferes with
successful implantation. It also is a distinct possibility that the
uterine environment is hypoxic during the periimplantation pe-
riod to protect embryos from OS. Our findings that WT, but not
Fkbp52~'~, pregnant females treated with paraquat have normal
implantation suggest that the uterus has a built-in protective
system to combat OS to a degree and that PRDXG6 is a critical
player in this system. With increased angiogenesis after implan-
tation, oxygen tension in the uterus and placenta increases,
gradually exposing the developing embryo to higher ROS levels.
Because a major role of the deciduum and placenta is to accom-
modate and protect the growing embryos, our data showing strong
expression of Prdx6 in these tissues in WT mice suggest that de-
cidual and placental PRDX6 has an antioxidant function and
protects embryos against increased oxygen tension at that time.

Endometriosis, the growth of endometrium-like tissues outside
the uterus, is a common gynecological disease often associated with
pelvic pain and infertility (27). Accumulating evidence shows that
OS is associated with the pathogenesis of endometriosis and en-
dometriosis-related infertility including implantation failure (28).

Because our recent study has shown that FKBP52 levels are down-
regulated in endometria of women with endometriosis compared
with women without endometriosis (29), reduced FKBP52 levels
may lead to endometrial PRDX6 deficiency, increasing uterine
susceptibility to ROS, aggravating endometriosis, and adversely
affecting endometrial receptivity in patients with endometriosis.

In conclusion, we show here that uterine FKBP52-PRDX6
signaling is a key player against ROS during pregnancy, an in-
triguing finding regarding a role of FKBP52-PRDX6 in uterine
biology in the context of implantation.

Materials and Methods

Mice. C57BL/6/129 and CD1 Fkbp52”’ mice (9, 30) and C57BL6/129 Pgr”’ mice
(31) were used in this study. FKBP52 and PR mutant mice were originally
obtained from David Smith (Mayo Clinic, Scottsdale, AZ) and Bert O'Malley
(Baylor College of Medicine, Houston, TX), respectively. All protocols for the
present study were reviewed and approved by the Cincinnati Children’s Re-
search Foundation Institutional Animal Care and Use Committee.

Analysis of Implantation and Blastocyst Transfer. Mice were examined for
implantation as described previously (9). WT and Fkbp52~'~ females (2- to 5-
mo-old) were mated with WT fertile males to induce pregnancy (day 1 =
vaginal plug). To supplement Fkbp52~~ females with exogenous P, they
were given an s.c. injection of P4 (2 mg/d, s.c.) on days 2-4 of pregnancy. For
induction of OS, paraquat was given i.p. to WT or Fkbp52~~ mice on day
4 (0900 hours) of pregnancy. For antioxidant treatment, NAC (50 mg/kg
body weight) and oTCP (1g/kg body weight) were given i.p. daily on days
2-4. Pregnant females were killed on day 5 (0900 hours), and implantation
sites were evaluated by i.v. injection of a Chicago blue dye solution. Uteri
without implantation sites were flushed with saline to recover any unim-
planted blastocysts. For blastocyst transfer experiments, pseudopregnant
recipients were generated by mating females with vasectomized males.
Paraquat was injected into recipients 5 h before embryo transfer on day 4
(0700 hours) of pregnancy. Day-4 WT blastocysts were transferred into day 4
uteri of WT or Fkbp52~'~ pseudopregnant recipients (1200 hours), and im-
plantation sites were examined 24 h later (day 5, 1200 hours).

Treatment with P, and/or E,. To assess the effects of ovarian hormones on
uterine Prdx6 expression, CD1 WT females were ovariectomized and rested for
2 wk. They then were given asingle s.c. injection of P4 (2 mg) and/or E; (100 ng)
(32). The control group of mice received only the vehicle (oil). Mice were killed
after 24 h, and uteri were collected for Northern and in situ hybridization.

Human Tissues. Endometrial tissues were obtained from 24 women who had
shown regular menstrual cycles without any hormonal treatment for at least
6 months. Endometrial samples were dated according to the women’s

Table 3. Reversal of paraquat-induced implantation failure by treatment of antioxidants

Paraquat No. of No. of mice with No. of IS No. of blastocysts
Genotype (2 mg/kg) NAC + oTCP mice 1S (%) (mean + SEM) recovered
Fkbp527~ + P, + - 10 1(10%) 13.0 357
+ + 8 5 (63%)* 6.2+ 17 22%

Mice were given an i.p. injection of paraquat on day 4 of pregnancy. P, (2 mg/d) was administrated s.c. into each CD1 Fkbp52~~ mouse on days 2-4. NAC
(50 mg/kg) and a-tocopherol («TCP) (1 g/kg) were injected i.p. on days 2-4. Mice were killed on day 5, and their IS were examined by the blue dye method.
*P < 0.05 compared with Fkbp52~'~ mice treated with the same dose of paraquat, P4; Student’s t test.

"Thirty-five blastocysts were recovered from nine mice.

*Twenty-two blastocysts were recovered from three mice. Dormant-looking blastocysts were recovered from mice in which blue bands were not present or

were very weak.
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menstrual history and standard histological criteria (33). The experimental
procedures were approved by the institutional review board of the Uni-
versity of Tokyo, and signed informed consent for the use of tissues was
obtained from each woman.

2D-DIGE Analysis and Protein Identification. WT, Fkbp52~~, and Pgr~'~ mice on
C57BL6/129 background were ovariectomized, rested for 2 wk, and then
treated daily with P4 (2 mg) for 2 d. Mice were killed 24 h after the second P,
injection, and their ueri were collected and processed for 2D-DIGE. Proteins
were extracted from uterine tissues from three independent WT and Pgr™'~
mice and four Fkbp52~'~ mice, and 2D-DIGE and protein identification were
performed as previously described by us (S/ Materials and Methods) (14).

Immunoblotting. Protein extraction and Western blotting were performed
as described (14). Antibodies to PRDX6, FKBP52 (kindly provided by Marc
B. Cox, University of Texas, El Paso, TX), and actin were used. Actin served as
a loading control.

Immunohistochemistry. Immunostaining of PRDX6 was performed in formalin-
fixed paraffin-embedded sections using a specific antibody to PRDX6 (kindly
provided by Aron B. Fisher, University of Pennsylvania, Philadelphia).

In Situ Hybridization. Paraformaldehyde-fixed frozen sections were hybrid-
ized with 3°S-labeled cRNA probes as described (13).

Northern Hybridization. Northern blotting was performed as described pre-
viously (13). Rpl7 served as a housekeeping gene.

Immunoprecipitation. Decidual cells were isolated as described previously (34).
Protein lysates were immunoprecipitated with an anti-FKBP52 antibody, and
complexes were run on SDS/PAGE and immunoblotted using antibodies
specific to PRDX6 or FKBP52. The control immunoprecipitation was per-
formed by incubating the lysates with rabbit IgG.

Quantitative PCR. Quantitative PCR was performed as previously described
(29). A housekeeping gene Gapdh was used as an internal standard.
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RT-PCR. RT-PCR was performed as previously described (14). Actb served as
a housekeeping gene.

8-Isoprostane Assay. Tissue levels of 8-isoprostane were assayed as described
previously (35).

Isolation and Culture of MEFs. WT and Fkbp52~'~ MEFs (kindly provided by
Marc B. Cox, University of Texas, El Paso, TX) were isolated as described
previously (8). The cells were maintained in DMEM supplemented with 10%
FBS and penicillin/streptomycin.

MTT Assays. MEFs were cultured for 24 h in DMEM containing various con-
centrations of H,0,, and cell viability was determined with MTT assay as
described previously (Promega) (36). To examine the effects of NAC on H,0,-
induced cell damage, MEFs were pretreated with NAC for 24 h and then
were treated with H,0,. To examine the effects of PRDX6 on H,O,-induced
cell damage, Fkbp52~'~ MEFs were transiently transfected with pEGFP-C1
(control vector carrying GFP alone, Clontech) or pEGFP-C1-PRDX6 (carrying
GFP-PRDX6 fusion construct) plasmids (kindly provided by Aron Fisher, University
of Pennsylvania, Philadelphia, PA) by liposome transfection. The cells expressing
GFP or PRDX6-GFP fusion proteins were incubated with H,O, for 24 h.

Statistical Analysis. Statistical analyses were performed using two-tailed
Student’s t test and ANOVA as appropriate. P < 0.05 was considered
statistically significant.
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