EWARDRRE

S B0

BT EAHSAEAESE (HV-403)

BT PC (@), RFUvaRsy b/IavhO—35 (B), @dEm:s (©) T
BEENTVD, BIHFHBORT-Y EICRIETL— M@) EfUESBm(E)

Ztzw U TEHAZETS.

#1 IO ARBHEHBROME

AT s gL
MR R R TN T MR BT
. (re) (1) (%10 mol/s) (c) (%) (pe) (9%)
i I 16 170 0.85£0.01 12 12/16* 67 67/170*
(070 21 12) (75.0) (394)
S 18 175 7 718 41 A1/175
(38.9) (234)

" AR &I L TA S (p<005)

1. # o

CSTBL/6 =7 A & Jellc i viz, M~ A
(8 i) 12 pregnant mare's serum gonadotro-
pin (PMSG) 5IU4%5 L, A3 8142 human
chorionic gonadotropin (hCG) 51U #4545 &
& CTHPEIR =6 Lz, hCG I%5#, HBIZF
FAaDMi< 7 A Llilfg &8, B, ERoOF
ERER L, BB e L~ Y 213 hCG
e l3 90 WM R L, I8 L7 -9 % iR
FTAHIETHZIINL 22, SIMAEL LTS
HEW SR OB E L,
TR AL 2 IR SR TA O A 2 RIS L 72
2. MIREEBIE

< 7 A RS OPIGETENE i, BT
SAb S BP G & G EL U 7 S R P O ) s %
(HV-03: 211, BEaEH:~TF FRIERD % v

1376

T2o WRWEIEWE (ERAM-2 @ BEREMAX 7+ FOT
RKE) T Lz T L — bR~ 4
yag o VNICKZE 27 OfME L7z, T
%, ME7V— b & B LMo R 57— ki
ey ML, =06V vs Ag/AgCLOWHMZERIL
OB AR (B ITE  2~3 um) C, L
ti 2 RTINS 4 [EAR (31.0 #m/sec, 160 zm)
L7z 4 5hARiEtds L A ofERITE
FER DA B, R WBILG AT e T
DEELT P (EETE) 28 L7,
3. EBIEEER

S RITNE N i FE N 0T X 2 IR S LR O A %)

P BES D H I C, IR MR 2 9206 L 70 (%

1), WEWZIGHE 0.70 % 10 "mol/s ML 1. IEdElla %
ML, BHE3 1 HoLis~ A (ICR) @
FEPNS, 1VE Y7 h ORI E0T 10 ik &
DX ICBILE GUER) . #itif 17 0H
(i X O R A kAR L7 MR E 2 FY



Vol. 58 Na. @ 2010

IS & YIRS & W Lk e £ 4. FIRBEYEER

WL 7= 3 EETE, 18 Loy 48R~ 7 ALCANT AU BB T & A IR PRI o4 4
175 fil s & AE N L 224G, 7 TIEA%53 460 (389%) P2 BEET A FC, RRHGUERTH & 7o
L. &bl ot 2147 OF1-4 1 234%). F-DFBUOFAT % 20 U Fzo MEF OEIERORE D
-5, METETlE 16 LoD G727 A2 al F¥gix, ANEREC 155002 g, isERET 151
V70 MA@ FEHi L2z #h L, 12 Lt L (599 0.0d o CAHE R L, TOHROETIEMTD
a1 75.0%), AR 67 PEORET A b (BT r%ﬁu.wbﬂ&mof(wmcit,CM

6 304%), MITE & Mol U TR T & ¥R & B Yeta kb (14 3) 2 2das O,
AL W, R, TR, OFFI, BRI DRRE, OIRE, K

UG, SR, RN OHUERSENHTS, o
(@) I ERFIC B R RO O hd o
2 Feo F7m AFENIRME ( -QEEENTE - BIAE - B0

&

ki

s =
tmmﬂi ff*?'?l(-’j‘

07 T o 28w a2 o i WY s
H i &4 Jl‘]ﬁ?ﬁ&]/ﬁ@’\"jl
H2 &z PEREARE, 5 X TOWNEERZEM U
$# 042 HOFBEE(LZRY . B, VWINOURTHYERENICHE > H SN
(IS5— -3 aE L TERRE) ghorc.

o

f”; 91 ¥ oy g4 M8 8 3 B8 gp

1 2 3 4 5

1 2 3 4 5
) A . # . 3 - a
S5 B4 Sa tf S b4 scl68 AR AR 0F ec 2 65

2 5 € T *

5 Ao S v : 44| g 7 8 9 10 11 12

6 7 8 9 10 11 12 |

- s, . . o0 RY fa 8¢ Le B2 ase
=y 6L As 5 s 43 RN, 14 15 16 17 18

13 14 15 16 17 18
o 4 3 e e ”

A _ | 19 20 20 22 X

19 20 20 22 X Y
e S o

KEV'HI [#= 5 x]

B3 HefdeRth (G RE)
BRI DR (0[L : ffE 12, 18 ML) TATH 2n=40 DIEELFHBEH LTLI.

1377



EWAHORM

SHOES

LOBBRELTE =T v 74—=VFFRADM,
i) - RHOBRBRE LTH—F Y AR~ K
KT AL, 2 - 2 - DI ORER
ELTAEBERFA MBIV TO—-TF R
F) #ERLER, WTFRAOFAMIBVTYH
HRELNUEROT Y ATERZEBDONE
Dofze B0, WRBOETFIERMEIC K%
MR EEHL, 2&< 54400 T TidaE
FEBEMENZHALTVAZEDHE S A
(18 4) 5

0 E R

HEORNERREBOBME &b iI2E KTk
BOHMLTD, bHEEITE, LAMLEGR
o TRET B IKEREBL EEL T LA
BETHLEL, 2007 4 3 HiT 3 HALAPES
K8 [ZIRERNLE D7D ORBHIRRT A K
4 7] %, 200844 Hic HAREBAR %A
A [EARBIIESI 354 5 S EEERES - 193
LR EERL TR, WThoNEd, i
B XUHRRE - H4: Rokkeh B4 % RS
ZPEN S, B RUTORFIM T BIEHIC
BT, BT ofz NFRILE] &9
HIEWRENTWAD, 72, Veleva HY1,
B~ EDOBFEH L THH B2 K
U, GEREE, ERDTEEABBIE (2 ) B#o
BE LB L TR EER WS E & iy
LTwa, Shbpaleds, ERmMIRNS
B E CEBRIE, 4% WLWERKOS
BEHLTETEFTHECL - TL B[ fENER
Exbhb,

B -BBHCBTAROFMICRDENE S
LW, TELTKBRE, HHBOHGHIE
T, BHICHT 204 00T % FikC &
fih - BNFBZETHD. SO LBITHEED
B LG T, Wik - BERDETFICLD
Lhb. A4E, FRFMDEROERUBOLE
1, Veeck®% Gardner 65”24LE LA MR®
MEFIEERIL TV D, SNSOFiA:
X, EORREPLRIERIERE LTS, BR

1378

T, BRLMECHNETETHD, LaLE
Ao, I, BN RIEOBRBHIRLEd 5,
R R 2 e B | 37 R 3 A o B A ¥
TCRAELT IS TREVIEXBHBBINTY
299, F7:, WEMIELEC X B HET TR,
BREO LS EE S A, A
ROBRBHEICREMATR S,

— T, REECHEA L 2 HIPIHRE e
ek, MADERORKHRRERMBILTEDL
O, FERMICRON - BRIAMTETH L. &
WRTE, BFEIDHT 9 A»LBORE
% (D BmAY N O A CEEML 220 (I
B) & @ MR A TG & S MmAEE
VAR LR (UETRE) W TR L8R,
SURERF iR & b U IR, P
BICLRI2C LRIl WHoOMRE
i, v EMeREEHRARIIBNTIROH
Twa"Y, SoICANRTH, #ohlE
D LRI VT H A LRI HHFL, 1T
itk ilE L2 BRL T, ZoE I
RB@ASREW E 2R LI T, &
NHOEYED S, RO MRk BRE
MR A&, PEROBEMELD AT

DHELDOHEA L HIETHY, BRZOHD

WS EADRBWN L L WREEL FETHD S
EATRR S iz,
SHOHRE T ARV OTHY,
t MRICBT A48 BREECOWCTESH
DMUTH L, LBALENG, oo
FHTRENBEROGIHMEER (I b2/ FY
THRIE) XL TWD oL Thdb, I hIY
K7 1T TOBEEARIS s LT
WAHAIRADNGE ThH S, - T, KAFECH
LN AOFEHREE L FAUBEITCE BT
v E bbbt EL Twd,

HEHO I

ARFETH, YIAREFVIMELT, %
RSP ERE O L R T RIEL
oo ZTORE, WPRISTEE RS LTIROMA

B



ZFHET 5 2 & T, BHE#ON LARD 50
720 EHIC, BONLEFIIRETRIALN
Lholze CNOHOFRMG, BWHILENLRK
OWERBRER R, BRI 5 0M
PR & LTHAPDORETH B Z EARIEE
hize 52, € MECBUIAHEE +HCEAR
HEE b, EOVRRIENEE 2R (EKR) &0
WBREZALAHNL LT, ELICHLERH
WD LIENTEDLLEEZTWD, LR
o, WRNRUN S HAT B & TP AV E RN D)
BUIBEREAAN2LMo T T2 ML
Twao

¥ ® )

1) Shiku H, Shiraishi T, Ohya H, et al : Oxygen
consumption of single bovine embryvos probed
by scanning electrochemical microscopy. Anal
Chem, 73 : 3751-3758, 2001

2) Shiku H, Shiraishi T, Aovagi S, et al : Respiration
activity of single bovine embryos entrapped in a
cone-shaped microwell monitored by scanning
electrochemical microscopy. Anal Chim Acta,
522 : 51-58, 2004.

3) Abe I Shiku H, Yokoo M, ¢t al : Evaluating the

Vol. 59 No. 8 2010

quality of individual embryos with a non-
invasive and highly sensitive measurement of
oxygen consumplion by scanning electrochemi-
cal microscopy. ] Reprod Dev, 52 (supple): s55-
s64, 2006.

4) Abe IT: A non-invasive and sensitive method for
measuring cellular respiration with a scanning
electrochemical microscopy to evaluate embryo
quality. ] Mamm QOva Res, 24 : 70-78, 2007.

5) Veleva Z, Vilska S, Hydén-Granskog C, et al :
Elective single embryo transfer in women aged
36~39 years. Hum Reprod, 21 : 2098-2102, 2006.

6) Veeck LL : Atlas of the human oucytes and early
conceptus, Williams & Wilkins, 2. 151-153,
Baltimore, 1991.

7) Gardner DK, Lane M, Stevens ], et al : Blastocyst
score affects implaniation and preguancy out-
come : towards a single blastocyst transfer,
Fertil Steril, 73 : 11551158, 2000.

8) MioY, Maeda K : Time-lapse cincmatography of
dynamic changes occurring during tn vitro
development of human embryos. Am J Obstet
Gynecol, 660 : e]-5, 2008.

9) Okitsu O : Human embryo grading. ] Mamm
Ova Res, 25 : Y0-97, 2008,

10) Morivasu S, Hirayama H, Sawai XK, et al .
Relationship between the respiratory activity
and the pregnancy rate ol bisected bovine,
Reprod Fertil Dev, 19 : 219, 2007.

1379



B OMABRE X

MY Y TIREEETRS X o TH ST
IO T ROV F — 2 GH$ B BEA M 83
HTHY, TOFUAERELIERIBTF ORI
JMTR 7 28 ) T A AHEOH D7edRbEE 2B, L
3o T, MWED S OHITITEENLE, o
W& 7 2 ) 7 4 R R AR BEIERT L & Do
TIERBERIEH &R B, '

AT, @RI « Jep BRIy L ATLTAT 2 3
WY B EMNTE DML W % B L
o TSI E R L, S B E N
FAE DR ERTERFAT & 2 4 ) 7 4 SHGiEC oW
TR D,

| BRILEEAEE
| AR

WEALFEM ML, 7o — 7HHIC £ 2Nk
MBS EMM L, R EEIC BT 5 A4 OS5
2L R TN T & 2R et th
Thsh. BROBIENMERIDNT A2~ A4 2 0
e 7a— 783 5E 48R SR
(SECM) 225 Z £C, HilfaAy ¥4 5/
HEIERWAICINET ST EATE S,

Z 0 SECM % ~X— Z 2RO IFN kit o 72
DDYRATHELT, “THIPIFITLNE R A
PAFE ST 2 0 CoOllEY A7 AiE. 47
PEEgE (A1Q). v 4 7 oli@otiie -
BRI TAETF Yy a Ry v b (B3,
4 7oA s Y P u—F—
(E1®). HEMTHELHEIZHHTLY
HOBFTY 7 2P LA /- o Ya—
F(E1@D) WKLk shTwa, # v

26301343

WEEO AT — I LicE, 7 , Y4y
LM BTt ﬂTm;é:’J‘% XYZ A 57—

YHkMsShTsh, [SHEHZWET 520

ODMENF % ¥ 23—-DEH LW TH 5.

| EOREAE

e TR L 0 s % i 7 H o 70 M B s b
1k, BYSIKIED T 4 Ay M4 yulikk (&
2a), WHoOZHEMNTE 7V — b &z i
Wa . BEENET L — MaileifEomist
FlWEEESh, 7L b O EHOE
DL IUT2VOAPFHEINT S (F
2b). ¥4 7 AT B fags A R fEid
B OIS & o TMAERS 5 720, IT0LN
SEIC IS X OB S 2 N — A MR

W oMsEir x5

WEH M LA 7 O NIZIE 28
AL7:te, o x VORRERRICHE T S (B
2c). WOy PfRfliZ by 7 FIC AT L7,
< 4 7 0k A OBV LTI R TR S
5, w4 7o, MRASETTES 06 V
vs. Ag/AgCHZTERL 2 R FF L 721%, o v ¥a—
& A & 0 WA 65 & e (Z W) s
Efd s (Ead), wE, 1N 2
o2 2~ 3 WETR L. 0Tt & e S G
YEIEINERS 30 ). v 4 7 oA, Ko
19 461 18 Wb BRI ORGP & Sldik & 5 A0
Wi~ 7 P HWTHEIBT S (R 3). KED
B (w4 7 DREAIRIGRDEELTWD)
RGN (4 7 0lBAIRP SRR TV 5)
O D A (AC) > &I R % 5§ 4 (AC

127




128

M1 EFNTRSRNEEEN— 25 L - SHEEERE R
@ EITREMSE (RENSAETF v v\ —%RY), @ KFrvaravl, &1
CovbhO—=S—, @/— Y O (EEgEERiTY 7 R RRD. ‘

DK ENE EIEDOIPUL L K & ).

FE@Eh:VHU?WW%%

ZHIINTL N R i 2 T, B4 DufiFLY
WIEDOIFYIEE TS 5 LHTES.

Baic, v ANROGEAEBRFI BT 50T
NEALE AT, 2y AROIEY NS, et
O LA B 2 5 84 R £ T 05x10Y
mol - sec ™' Wi fk & kv, FAFEMA S BIC
T RSN L, 28425k A1 S M
I L =R HE T T 43 i D a5 WP RS HE AR
ahb.

I b Ay R 7RO BRI IR
RS R4 S Edn, W
{2 & 2 I 0 DA S 8 b DT 522 0 A5 R P %
BAEd 5 ol BB Ch A, ~ 7 AIRORGENN
ARG 5 b, RGO 2 K T
HIPFPayFI70OBEAYERERTHS
A, AN AR s hary FY
TOBFHRIEGE (7 ) A7 OPR) AR5 (X
5).

SOLIE, 3 Rav Y 7O E FE
OIINE—HS 5 Z LA s, EHIBITNLHN %
i & BIHGE, oY Fay R 7R

BAEIRITICH R 2 HETH L 2 LD 5B,

. I
@wm&&m&a&masz4ﬁm

k924 - IREHE (in vitro fertilization and
embryo transler : IVF-ET) &, fitd HxheA
LHIRED oCTHhbH, —HLI IVE-ET Tid,
IVEZ & » THRONABBOIED 5 HF
W3 228N 5, EEMANCERYIC b R
WFaiR2iRe 2 o kX, EIRSEON F, £k
Wb oo [, WEEDET OLDIAHRTH
%.

BAE, W24 7  FHINLIEEREICL S
NS — W Cdh B, TZRENFEMIL G, MR -
G THARBN R ITETHAZ Lh, BIKT
i b AN EHED 4 ) 7 1 FliEThIES
5. LdL, iHME0REEE 75 BREMSEEGE
MRS KT 2 7200, HER RS ED £/
KEASNDUELEYESH S, hF ToNRC
EoT, I by ) TR E RO 2 F
V74 RIECHBTHIIEAENR-T
B0, SHIITGR G RS & B 0Pl
By d )7 AHEOHT NGB R L E2 5
b,

TYEBWT, B2+ 7 1 B FEYEEO

23301343



FEOBEREE |

H2 BORRMEOLHOMLRE
2t 74 ADBESTA 5 O

b:ZREMNETL— b EBIKEAMFEOTA 200 1VH 6

THEENT WA,

CIRA707 T)VREBITHE LTty ViR
d: I 7 O0RBIEMAEENEREICGERL, FOMIEER

ZAET 3.

PR AR IR VISR R L T B,
%0 72 e DI % FE LA 4 RE B LR 0 NI it
EZEEHFOMRR WA, BT N b
AL | (IR C 1.0 x 10"/mol + sec ),
ML T 08 x 10¥/mol - sec =, Iz
T05 x 104/ mol - sec ') DILEBHIL 724
2, 0% L OHVEFREA G STV D,
73, BERASEEAED PO, EEA LSRR
Lzwv, SO S, SERIITIRINE %
7 U 7 1 REFROEINZ T8 ¥ 27 A
THILEZLNTWE ¥,

283L1343

& b N FEIRSAEREA

TR E B i, 13 & A S ORIz
HTAHI pay R 7HREFNELTWL I E
PO, € MROITREERERIT <2 2
A ) 7 4 FHli~OISAIA W ST b,

L bADIEHEHME L BRMITEE L
T, & M (B OIZHE & Wl 6 % R~
T(H6). h4EH 3 A (day 3)B X U5 [ (day
5) OMOBLEHRRIZ, ThEh 045 x 10"/
mol *sec !B LT LIS x 10"/ mol - sec ' T

129

BSOS i



HRES R OB I

130

.........................................................................................................................................................................................

3 FRAFR 7 bOBERE

T A 7 OREOETDBALBAOERMUDE (A0 HSROEITHE R (FFIR) £

95,

FERSE (X10'¢/mol-sec )
(=]
ti“

Ex
Bk

1R 2 4R 4 i 8 Mk

i

U ES M:BE sk
[EEAgAR

BiTHE

4 ITIAROREBBICETIFRAEL
SEEED S FEAAEAIC AN TRk BAMEIN T B.

b, FEIHEA IOV FEPE L HFS
Hh, GFUMSFHERNI Fa sy FYTOM
M EFATIZ X b, day SIECIEREL -3

Ay FNTHRELBBEENRSL. ZOKH e
Ko d, LHITIRNEERE w3
b3y )7 YRR IR ANEA TV A

L%, IVE-ET 20 & 5 A IEHE RO
B lcid, BHOMRE 22BN XY T 1 5F
R EFCULICEEICR>TL 5. HED
VIR 4 Y 5o BKEESL D7D, R
OBERHFMT L X TEFREDO B 7 4
7 4 TFHIEO MRS RT K TH S,

26301343



EOREEREE

D L L L L LT R TR T PPy teciieens D

5 vIAEDSI

-

6 & MEAZHEORME L EEIUN R
a:day3 {045 % 10mol - sec "), b: BRI (1.15 X 10"/mol - sec ).

ARG T AT IR L0 i 2k, 21: 22:30.
2) Shiku H. Shiraishi T, Ohva H, et al. Oxygen con-

BE - AR BN IR ONT A B T & AT T & B ) , : )
Sk, BLGEOZ ) 5 4 B0 i summen of single bt-wmc .cmbryos probed with
== ' - " T & scanning electrochemical microscopy. Anal Chem.
Wb & LTHIfsc& 5. 2001, 73; 3751 8.

3) Abe 11, Shiku H, Yokoo M. el al. Evaluaring the
quality of individual embryos with a non-invasive
and highly sensitive measurement of oxygen
consumption by scanning electrochemical micro-
scopy. ] Reprod Dev. 2006; 52 (Suppl): SH5-61.

P

1) Abe [l Shiku H. Aoyagi S. et al. In vitro culture
and evaluation of embrvas for production of high
quality bovine embryos. | Mamm Ova Res. 2004:

131



%
V4
=8
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Immunophilin FK506-binding protein 52 (FKBP52) is a cochaperone that
binds to the progesterone receptor (PR) to optimize progesterone (P4)-
PR signaling. We recently showed that Fkbp52-deficient (Fkbp52~/~)
mice have reduced uterine PR responsiveness and implantation failure
which is rescued by excess P4 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 PRDXE6 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 oa-tocopherol and N-acetylcysteine (NAC) attenuated
paraguat-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 P4 This study shows that FKBP52-PRDX6
signaling protects pregnancy from overt OS.

embryo implantation | mouse | uterus

Inferlility 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 I\:)(Fthc application of in vitro fertilization and embryo
transfer (IVF-ET), implantation failure is still a major obstacle
for optimal pregnan%lo:utcome. Pregnancy rates remain low in
paticnts undergoing IVF-ET because of the transfer of embryos
into a nonreceptive uterus, resulting in implantation failurer(yl)
Hetcrogeneous uterine cell types respond differentially to estro-
gen and progesterone (P4? to prepare the uterus to the receptive
state. For successful implantation to occur, the uterus must be
transiently receptive to implantation-competent blastocysts. Py
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 1@5

We reccntl; found that the immunophilin 06-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
(cyclop! CyP) proteins. Some FKBP and CyP family members
have a tetratricoféptide repeat gPR) domain that targets binding
to the conserved C terminus of Hsp90. FKBP52 is one such TPR-

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

containing cochaperone that influences steroid hormone receptor
function (g4). The mature PR complex bound to FKBP52 binds to
P4 with high affinity and efficiency, although some basal PR re-
sponsiveness to Py is retained in the absence of FKBP52. In ad-
ition, FKBP52 plays a role inimmunoregulation 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, Fkbp527~
females. In CD1 Fkbp527~ females, P4 at higher-than-normal levels
confers PR signaling sufficient for implantation, but even higher
levels of P4 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 P4 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 P4 cannot rescue im-
lantation in C5 Lﬁ/fz9 Fkbp527"~ mice and significantly higher
4 levels are necessary to restore implantation and full-term preg-
nancy in CD1 Fkbp52~"~ females (9). Moreover, Fkbp52 also is
expressed in the placenta with no detectable PR expression (9),
implying that P52 has other functions in addition to its role in
optimizing PR activity. Our present study, using proteomics anal-
Eis, found that FKBP52 regulates oxidative stress (OS) by regu-
ting the levels of a unique antioxidant, peroxiredoxin-6 (PRDXG6),
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"'g mice on the C57BL6/129 background were treated with
P, (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 FSO-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 FKBPS2, 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 ulerine 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 P~ and WT uteri by Western blotting (Fig. 1 C and D) and
immunohistochemistry (Fig. 1E). In addition, both stromal and
eiibthelial localization of PRDX6 was reduced in ovariectomized
Fkbp52~'"~ uteri treated with Py (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 ovaricctomized WT mice. Neither P; nor
estradiol-17p (E;) significantly altered Prdx6 expression levels
(Fig. S14), but P, changed the expression domain from the epi-
thelium to the stroma (Fig. S1B).

PRDX6 Is Aberrantly Expressed in Fkbp52~'~ Uteri. On day 4 of preg-
nancy the uterus is under the influence of P4 produced by the
newly formed corpus luteum. PRDX6 is localized in both the
stroma and epithelium in WT CD1 mice on day 4 of pregnancy
(Fig. LF). In contrast, in Fkbp52~'~ uteri PRDX6 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 PRDX6 levels in the stroma
that are compensated to some extent by Pa.

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 P4 levels along with

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
imBIanﬁng 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
Prdx6 is detected mostly in the luminal epithelium on day 1 (Fig.
24). On day 4, the expression is restricted to the stroma l'g 24).
Prdx6 expression on these days closcly resembles that of Fkbp52
£14). On day 5, Fkbp52 and Prix6 are expressed in a similar
ashion in the decidualizing stroma surrounding the imPlaming
blastocyst (Fig. 24 and B). %‘his overlapping expression of Fkbp52
and Prdv6 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 PRDXG6 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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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
Ps-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 Ps-treated
ovariectomized mouse uteri of WT and
Fkbp52~'~ mice on the C57BL&/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 ym.)
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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, S, 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 ym.) (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 PRDX6 in the deciduum (Fig. S2), suggesting that
FKBP52 influences PRDXG6 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 Prdv6 in the secretory (receptive) phase
suggest that uterine PRDXE6 also plays antioxidant roles in human
implantation (Fig. S3B).

Fkbp52~'~ Uteri Are More Prone to Overt 0S During Implantation.
Because PRDX6 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 P4 levels are comparable in WT and
Fkbps. ~/~ mice. However, excess P, supplementation that mark-
cdly clevates circulating Py 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 affectimplantation 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 Py-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 P4-treated Fkbp52~"~ mice (Table 3). These results
suggest that Fkbp32™"~ 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 uuenunte?puruquat-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
Fkbp52~'~ 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
Sﬂcculalcd 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
FKﬁPSZ deficiency is associated with reduced PRDXG6 levels (Fig.
3C) and enhances H,0;-induced cell death (Fig. 3D). This ad-
verse clfect 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 PRDXE6 levels. Although further
investigation is warranted to cxplore the mechanism by which
FKBP52 regulates PRDX6 levels, our observation of physical in-
teraction between FKBP52 and PRDX6 suggests that FKBP52
stabilizes PRDX6 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 FKBPS2 regulates
0§, 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 asscmbly,grolcin 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 (mg/kg) No. of mice (%) No. of IS recovered
WT 15 7 7 (100%) 121+ 1.7 N/A
20 7 7 (100%) 120 + 0.7 N/A
Fkbp527" + P4 0 8 8 (100%) 10.6 + 0.6 N/A
15 7 2 (29%)* 120 +23 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 paraguat; 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 OS. (A) OS5 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 B-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,0, 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. (€) H0,-

“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,0,-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 (Prdv6~~) 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 deficiency 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 cx:_ilc’nous 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-PRDXG6 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 funcfions  indicates that dictary antioxidant and dict-related sures to
during physiologically altered conditions. For example, deficiency ~ ROS affect the timing and maintenance of pregnancy (19). These

i 15580 | www.pnas.org/cgi/doi/10.1073/pnas.1009324107 Hirota et al.
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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 (mg/kg) transferred recipients with IS (%) No. of IS (%) recovered
WT WT 15 77 6 6 (100%) 58/77 (75%) N/A
WT Fkbp52~"~+P,4 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 P4 (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 uterj 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. Hoxal(0 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 Jhh expression in Fkbp52~/~
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
ﬁ?ttern of PRDX6 and FKBP52 in human endometrium and

igher 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 tiat 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
Fkbp527/~, 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 acommon 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~ X6 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 P4, they
were given an s.c. injection of P4 (2 mg/d, s.c.) on days 2-4 of pregnancy. For
induction of OS, paraguat 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 «TCP (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 Lv. 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 P4 and/or E;. To assess the effects of ovarian hormones on
uterine Prdx6 expression, CD1WT females were ovariectomized and rested for
2 wk. They then were given a single 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 IS (%) (mean + SEM) recovered
Fkbp52™'= + P4 + - 10 1 (10%) 13.0 35"
+ + 8 5 (63%)* 62+ 1.7 22*

Mice were given an i.p. injection of paraguat 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 (aTCP) (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.

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).

2D-DIGE Analysis and Protein Identification. WT, Fkbp52~"~, and Pgr~'~ mice on
CS7BL6/129 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 P4
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).

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,0:-induced
cell damage, Fkbp52~'~ MEFs were transiently transfected with pEGFP-C1
(control vector carrying GFP alone, Clontech) or pEGFP-C1-PRDX6 (carrying
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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. Inmunostaining 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). Rp!7 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.

o

. Margalioth EJ, Ben-Chetrit A, Gal M, Eldar-Geva T (2006) Investigation and t
of r ted impl ion failure following IVF-ET. Hum Reprod 21:3036~3043,
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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,0, 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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Death effector domain—containing protein

(DEDD) is required for uterine decidualization

during early pregnancy in mice
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During intrauterine life, the mammalian embryo survives via its physical connection to the mother. The uter-
ine decidua, which differentiates from stromal cells after implantation in a process known as decidualization,
plays essential roles in supporting embryonic growth before establishment of the placenta. Here we show that
female mice lacking death effector domain-containing protein (DEDD) are infertile owing to unsuccessful
decidualization. In uteri of Dedd- mice, development of the decidual zone and the surrounding edema after
embryonic implantation was defective. This was subsequently accompanied by disintegration of implanta-
tion site structure, leading to embryonic death before placentation. Polyploidization, a hallmark of mature
decidual cells, was attenuated in DEDD-deficient cells during decidualization. Such inefficient decidualiza-

|

tion appeared to be caused by decreased Akt levels, since polyploidization was restored in DEDD-deficient
decidual cells by overexpression of Akt. In addition, we showed that DBDD associates with and stabilizes cyclin
D3, an important element in polyploidization, and that overexpression of cyclin D3 in DEDD-deficient cells
improved polyploidization. These results indicate that DEDD is indispensable for the establishment of an
adequate uterine environment to support early pregnancy in mice.

Introduction
Approximately 10%-15% of couples experience infertility during their
reproductive years, owing mainly to implantation failure. Among the
reasons underlying such failure, defective development of functional
decidua at the implantation site within the uterus has recently been
highlighted (1-3). In response to implantation, stromal cells immedi-
ately surrounding the mucosal crypt where the embryo is embedded
proliferate extensively and undergo differentiation into polyploid
decidual cells, forming an avascular primary decidual zone, followed
by a broad, well-vascularized secondary decidual zone. It is believed
that this decidual structure is important for the provision of nutrition
to the developing embryo and also acts as a barrier against uncon-
trolled crophoblast proliferation until the placenta develops. Analyses
of mutant mice that show female infertility, such as in knockout mice
for homeobox A10 (Hoxa10) (4, 5) or IL-11 receptor (6), have contrib-
uted to the investigation of the molecular mechanisms involved in
decidualization. Recent evidence has implicated cell-cycle regulation
as being essential for both the proliferation and differentiation of
stromal cells. Tn particular, Das and colleagues reported that cyclin
D3-dependent activation of cyclin-dependent kinase 4 (Cdk4) or
Cdké appears to be involved sequentially in those two events during
decidua formarion (7). In addition to these essential elements, in this
report, we present data indicating that the death effector domain-
containing (DED-containing) protein DEDD is indispensable for the
maturation of decidual cells and support of female fertility in mice.
We previously found that the DEDD protein, initially desctibed as
a member of the DED-containing protein family, is associated with
the Cdk1/cyclin B1 complex, thereby decreasing the kinase activity
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of Cdk1 (8). This response impedes Cdki-dependent mitoric pro-
gression, preserving synthesis of ribosomal RNA (rRNA) and pro-
tein and resulting in sufficient cell growth before cell division (8,
9). Consistently, depletion of DEDD results in a shortened mitotic
duration, an overall decrease in the amount of cellular rRNA and
protein, and decreased cell and body size (8, 9). In addition to the
funcrion of DEDD as a cell-cycle regulator, we recently determined
that DEDD associates with S6K1 (10) and Akt (11), major elements
of the signaling cascade involving mitogen-related PI3K. Such asso-

ciations support the roles of S6K1 activity and Akt protein stability,

respectively, in contributing to the maintenance of glucose homeo-
stasis in the bedy (10, 11). Hence, DEDD is multifunctional and is
involved in differenc physiological mechanisms. In fact, we found
that female Dedd~- mice are infertile, and embryos of all DEDD gen-
otypes die during early pregnancy within the Dedd~- uterus, whereas
S6K1-- female mice, which also show a similar small phenotype and
attenuated glucose homeostasis, show normal fertility (12). Given
the phenotypic similarity of Dedd~- mice to other infertile mutant
mice (4-6), this observation led us to address whether DEDD might
also be involved in uterine decidualization,

In the present study, we assessed embryos implanted in Dedd~'-
uteri. In addition, we analyzed the maturation state of uterine
decidual cells from Dedd~- mice in vitro and in vivo. We also stud-
ied the molecular mechanism underlying the inefficient decidual-
ization of Dedd~- cells.

Results

Female Dedd-/- mice are infertile. We found that Dedd~"- female mice
exhibited complete sterility when mated with males of any geno-
type (Dedd/-, Dedd*/-, or Dedd*/*), although Dedd~~ offspring were
born from the intercross of Dedd*/~ mice at a Mendelian ratio, and
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Table 1
Female Dedd~-mice are infertile

Genotype Offspring
Female Male ++ +- =/ Sum
+H+ H- 13 (46%) 15 (54%) 0(0%) 28
++ -~ 0(0%) 87(100%)  0(0%) 87
+- ++ 24 (51%) 23 (49%) 0(0%) 47
+- - 108 183 66 357

{30%) (51%) (19%)

+- -+ 0(0%) 47 (64%) 27 (36%) 74
== H+ 0 0 0 0
== = 0 0 0 0
/- == 0 0 0 0

as Vegfand Lifin response to estrogen
were similar in Dedd~- and Dedd"*
ovariectomized mice (Supplemen-

: mT‘;:'e tal Figure 3). In addition, histologic
18 483 ovarian morphology, ovulation, and
10 470 intrauterine fertilization were normal
65 5.49 in Dedd~/- females (data not shown).
Defective decidualization and disinte-
17 435 grated structure of the implantation site
23 0.00 in Dedd~~ uteri. Hisrological analysis
37 0.00 of 5.5-dpc uteri showed that the size
12 0.00 of the decidual zone was smaller in

The breeding efficiency in male-female combinations of various DEDD genotypes was investigated. Sum,
total number of newboms; n, number of successful matings (with a vaginal plug); birth rate: sum/n.

Dedd- male mice were fertile (Table 1). Mating efficiency was
comparable in female Dedd~"- mice and female mice of other geno-
types, as assessed by vaginal plug formation (data not shown). The
uterine Dedd mRNA level was upregulated after 4.5 dpc as assessed
by quantitative RT-PCR (QPCR) (Figure 1A). An increase in Dedd
expression was also observed in stromal cells differentiated to
mature decidual cells in vitro in the presence of estrogen, proges-
terone (P4), and heparin-binding EGF-like growth factor (HB-
BGF) (Pigure 1B). Upregularion of DEDD expression along with
the decidualization was also detected in human uterine stromal
cells (Figure 1C). These results suggested that uterine DEDD is
importanc after implantation and that the maruration of uterine
decidual cells may be associated with DEDD expression.
Consistently, when 4.5-dpc uteri were analyzed with injection of
blue dye (1% Chicago blue solution) (13), the number of implanta-
tion sites was comparable in Dedd~- and Dedd*/* mice (6.8 + 0.73 in
Dedd~- mice and 7.4 + 0.40 in Dedd** mice;n = 5 each). In addition, the
spacing and crowding of implanted embryos in the uterus was also
similar in Dedd~- and Dedd"* mice (Figure 1D). Histologic analysis of
4.5-dpc Dedd-uteri revealed normal embryonic implantation (Figure
1E). No difference was observed in the size of the edematous region
and the decidual zone, which are formed in response to implantation '
{Figure 1E). Immunostaining for COX-2, an implantation site marker
(14), corroborated the finding of normal embryonic implantation in
Dedd- and Dedd*’* uteri (Figure 1E). Similarly, the mRNA level for
Ptgs2/Cox2 was comparable in Dedd”- and Dedd*"* uteri, as assessed
by QPCR with total RNA isolated from implantation sites (data not
shown). However, anatomical analysis showed that in Dedd~"- uteri,
the number of living embryos decreased rapidly between 5.5 and 8.5
dpc (Figure 1F). At9.5 dpc, the period of placenta formation, no living
embryos were detected in Dedd~- uteri (Figure 1F). During this period,
livingembryos in Dedd- uteri were of smaller size compared with those
in Dedd*/* uteri, and the difference in average embryo size between
these two groups became more prominent ar later dpc (Table 2).
Thus, whereas implantation occurred normally in Dedd~- uteri,
embryos showed growth defects and died by 9.5 dpc, before placenta
formation. Note that serum levels of estrogen and P4, as well as mRNA
levels for the receptor for each hormone (Esrl and Pgr, respectively)
were similar in Dedd~- and Dedd*/* females (Supplemental Figure 1;
supplemental material available online with this article; doi:10.1172/
JC144723DS1). Preimplantation uterine histology was also compa-
rable (Supplemental Figure 2). In addition, the proliferation of uter-
The}
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Dedd~- compared with Dedd*/* mice
(Figure 2A). This was confirmed by
immunostaining for the decidua
marker tissue inhibitor of metal-
loproteinase 3 (TIMP3) (quantification also shown in Figure
2A) (15). Consistent with these results, mRNA levels for various
genes that are highly expressed in decidual cells were decreased
in Dedd~- compared with Dedd** uteri, as assessed by QPCR with
total RNA isolated from implantation sites (Figure 2B). Of these,
the expression level of P4-sensitive bone morphogenetic protein 2
(Bmp2) gene was compromised at 5.5 d.p.c in Dedd~- uteti, whereas
that of Hox410, upstream of Bmp2 (5, 16, 17), was similar to thatin
Dedd* uteri. In addition to the decidual zone, the size of the edem-
atous region surrounding the decidual zone was also decreased in
Dedd~- compared with Dedd** mice (Figure 2A), suggesting that
vascular permeability might be reduced in Dedd~-urteri

Such attenuated development of the decidual zone in Dedd~'-
uteri was accompanied by disintegrated structure of the implanta-
tion site at later phases of pregnancy. At 7.5 dpc, a large proportion
of decidual cells exhibited a shrunken shape, and marked bleed-
ing was detected ar the edge of the cavity in Dedd~/- uteri (Figure
2C). In 8.5-dpc Dedd-- uteri, the structure of the outer wall of the
embryonic cavity, which is supported by Reichert’s membrane and
trophoblastic giant cells (TGCs), had collapsed (Figure 2C), and
irregular distribution-of TGCs (i.e., invasion of TGCs into inner
area of uteri) was more remarkable (Figure 2D). Such inadequate

. uterine environment may cause infertility in female Dedd~"- mice.

Defective polyploidy in Dedd~'~decidual cells. We next assessed the state
of polyploidy, a hallmark of mature decidual cells, in Dedd~~ and
Dedd** uterine stromal cells undergoing decidualizarion in vitro in
the presence of estrogen, P4, and HB-EGF. As shown in Figure 34,
at days 3 and 7, the proportion of multinuclear cells observed micro-
scopically was more than 50% smaller in Dedd~"~ cells than in Dedd"’*
cells. Consistent with this result, analysis of these cells by the flow
cytometer after DNA staining revealed a significant decrease in the
proportion of cells that possessed more than 4 copies of genomic
DNA (indicated as 4n and 8n) in Dedd~- compared with Dedd"/* cells
(Figure 3B). Similar results were obtained in vivo in cells isolated
from 4.5-dpc implantation sites in Dedd~- and Dedd*/* uteri by col-
lagenase treatment (Figure 3C). Thus, the defect in decidualization
observed in Dedd~- uteri was associated with atrenuated rerminal
maturation with less polyploidy.

In contrast, the proliferarive status of uterine stromal cells in
response to implantation was not different in Dedd”- and Dedd"*
mice, as judged by the comparable cell number isolated from
implantation sites at 4.5 dpc (1.08 x 106 £ 0.15 x 108 in Dedd~~
319
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Figure 1

Postimplantation embryonic death in Dedd-"- uteri. (A-C) Increase in Dedd mRNA level in response to implantation in wild-type mouse (A) or
in vitro decidualization in mouse ulerine stromal (B) and human endometrial (C) cells, assessed by QPCR. Values were normalized to those of
f-actin or GAPDH and are presented as relative expression to those of nonpregnant (A), day 1 (B), or undifferentiated (C) controls. Pre, undif-
ferentiated cells; Day 12, decidualized cells at 12 days after the differentiation induction. In C, results from triplicate experiments using specimens
from two individuals (1 and 2) are shawn. Error bars indicate SEM. (D) Embryo spacing and crowding were assessed by blue dye injection.
Representative photos of the uteri are shown. (E) Histologic analysis of implantation sites at 4.5 dpc in Dedd** (+/+) and Dedd=- (~/~) uteri. Sec-
tions were stained with H&E or immunostained for COX-2. Em, embryo; DZ, decidual zone; Ed, edematous region (outside of DZ, white zone).
Positive signals for COX-2 are indicated by arrowheads. Scale bars: 200 um. (F) Survival rates of embryos during early gestation (Kaplan-Meier
method). When embryo bodies were observed, regardless of size, they were regarded as “alive,” whereas degenerated masses or those with
scars at implantation sites were regarded as “dead.” n = 75 for Dedd** and n = 44 for Dedd~- uteri; log-rank, 2= 13.2. *P < 0.05.

miceand 1.21 x 106 £ 0.075 x 106 in Dedd*/* mice; n = 3 each). Con-
sistent with this result, when decidualizing stromal cells were chal-
lenged in vitro with S-ethynil-2'-deoxyuridine (EdU; a nucleotide
analog of thymidine), the proportion of EdU-incorporared cells
was equivalent in Dedd”~ and Dedd** cells (Supplemental Figure
4A). Also, in vivo, 5.5-dpc implantation sites in Dedd~- and Dedd"*
uteri stained similarly for Ki67, which identifies proliferating cells
(Supplemental Figure 4B).

Decreased Akt level in Dedd-/~ uteri and increase in polyploidy by Akt
expression in Dedd/~ decidual cells. As we reported previously, the
amount of Akt (all isotypes) is decreased in various Dedd~" tissues,
owing to decreased Akt protein stability (11). Notably, implan-
tation sites in 5.5-dpc Dedd~"~ uteri also showed decreased levels
of Akr prorein compared with those in Dedd™* ureri, as assessed
320
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by immunoblotting with a pan-Akt antibody (Figure 4A). Paral-
lel results were also obtained using in vitro decidualizing cells
(Supplemental Figure 5). Signal for activated Akt phosphorylated
at Thr308 was also decreased (Figure 4A, p-Akr). As we observed
in mouse embryonic fibroblasts (MEFs) and other tissues (11),
mRNA levels for Aktl and Akt2 did not decrease in these cells
(data not shown). To test whether the decrease in Akt protein was
essential for the defect in polyploidy observed in Dedd~~ decidual
cells (Figure 3), Akr-1 was overexpressed in in vitro differentiat-
ing Dedd~~ uterine stromal cells, and polyploidy was analyzed. As
expected, the proportion of polynuclear cells was significantly
increased by forced Akt-1 expression (Figure 4B). Thus, a decrease
in Akt protein level appeared to be responsible for the inefficient
decidualizarion observed in Dedd~- ureri.
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Table 2
Embryo size within Dedd** and Dedd~" uteri

Malémal genolype

Embryo size (mm?) "

Day 5.5 ++ 0.0059 + 0.0014 9
/- - 0,0039 £ 0.00124 9

Day 6.5 +/+ 0.17 £0.014 5
e 0.044 + 0.0096° 12

Day7.5 ++ 0.51 £0.070 19
= 0.25 £ 0,099 1

Day 8.5 + >5.00 11
—= 1.00:0.33 7

Both Dedd** (+/+) lemales and Dedd~- (~/-) females were maled with
Dedd+* malas, Therefore, embryos in Dedd*" uteri were either Dedd**
ar Dedd**, whereas those in Dedd~- uteri were all Dedd+-, There was
no significant ditference in the size among the Dedd*- and Dedd**
embryos In Dedd** uteri. AP < 0.05, ®P < 0,001,

Dedd associates with cyclin D3 and supports its protein stability. Of the
multiple functions of Akr, control of the cell cycle via regularion
of D-type cyclins in terms of gene expression, protein stability, and
localization within the cell has been documented in different phys-
iologic and pathologic situations (18). Das and colleagues recently
implicated cyclin D3 as a key regulator of polynuclearization (7,
19, 20). In addition, Garcia-Morales er al. showed that the protein
stability of cyclin D3 is downregulated by rapamyecin, an inhibitor
of mammalian target of rapamycin (mTOR), downstream of Akt
in the PI3K signaling pathway (21). This suggests that the decrease
in Akt protein in the absence of DEDD might influence cyclin D3,
resulting in a defect in polyploidy. To test this, we stained Dedd~-
and Dedd** uteri for cyclin D3 at 5.5 dpc. As shown in Figure
SA, Dedd- decidua harbored fewer cyclin D3-positive cells. This
decrease in cyclin D3 was confirmed by immunoblotting (Figure
SB). However, the mRNA level for cyclin D3 was similar in Dedd~~
and Dedd** uteri at 5.5 d.p.c (Figure 5C), suggesting that the stabil-
ity of cyclin D3 is affected in Dedd~- cells. Therefore, we measured
the half-life of cyclin D3 proeein in in vitro differentiating stromal
cells at day 3. Importantly, the amount of cyclin D3 protein started
to decrease within 30 minutes in Dedd7- cells but not in Dedd*"
cells (Figure SD). By 90 minures, the protein level of cyclin D3
was more than 3-fold lower in Dedd~~ compared with Dedd"* cells
(Figure 5D). The presence of MG132, a proteasome inhibitor,
tempered the decrease observed in Dedd~~ cells (Figure SD). Thus,
lack of DEDD resulted in instability of cyclin D3. As in the case
of Akt, increase in cyclin D3 protein by overexpression improved
polyploidy in Dedd/- decidual cells (Figure SB), indicating that a
decrease in cyclin D3 protein level also appeared ro be involved in
the inefficient decidualization observed in Dedd~- uteri.

Such a relationship among DEDD, cyclin D3, and Akt was also
supported by an in situ mRNA analysis using 5.5- and 7.5-dpc
Dedd*/* uteri, which demonstrated coexpression of these 3 genes
at the decidual zone cells in vivo (Figure 6A). Furthermore, DEDD
associated with cyclin D3. This is similar to our previous observa-
tions that DEDD binds to various proteins such as cyclin B1, S6K1,
and Akt (8-11). As shown in Figure 6B, immunoprecipiration
in HEK293T cells expressing both FLAG-tagged cyclin D3 and
hemagglutinin-tagged (HA-tagged) DEDD showed that the two
proteins coprecipitated, indicating that DEDD may facilitate a
complex with cyclin D3. Therefore, DEDD might support the
stability of cyclin D3 by two independent pathways: maintenance
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of the Akt protein level and direct formation of a DEDD/cyclin
D3 complex. HA-tagged DEDD also coprecipitated with FLAG-
tagged Cdk4 and Cdk6 (Figure 6B). Endogenous DEDD was also
coprecipitated with cyclin D3, Cdk4, or Cdké, when tested using
protein isolated from implantation sites of 5.5-dpc uteri (Figure
6C). Similar co our observation that DEDD associates with Cdk1/
cyclin B1 via direct binding to cyclin B1, DEDD might form a
complex with Cdk4/cyclin D3 and Cdké6/cyclin D3, both of which
are essential for the regulation of decidualization (9), via a direct
association with cyelin D3.

Discussion

A new role for DEDD in uterine decidualization and female fertility.
Results of the present study implicate DEDD as an indispensable
element in supporting early pregnancy. First, DEDD was expressed
in decidual cells, and its absenice decreased the Akt protein level
in these cells. Second, the lack of DEDD decreased the stability
of cyclin D3, Third, Dedd~- siromal cells showed defective poly-
ploidy during decidualization. Fourth, in Dedd~- uteri, inefficient
polyploidy disturbed development of the decidual zone, which was
accompanied by disintegrated structure of the implantartion site.
As a result of these defects, Dedd~~ uteri cannot support embry-
onic growth before the development of the placenta, resulting in
complete infertility of Dedd~/~ female mice.

The decidual cell polyploidy, which is a hallmark of mature
decidual cells particularly in mice, is characterized by the for-
mation of large mono- or binucleated cells, consisting of DNA
with multiples of the haploid complement (22-24). Although it
has been suggested that various biological processes including
metabolic activity are associated with the polyploidy (25), the
physiological significance of this event in uterine decidualization
remains poorly understood. Complete infertility in female Dedd~~
mice whose decidua showed a normal proliferative activity but less
polyploidy may suggest the functional importance of polyploidy
for the support of embryonic growth during early pregnancy.

It could be argued that the general effect of DEDD deficiency,
such as decreased body size and mild attenuation of insulin pro-
duction (8~11), might cause infertility. However, this is unlikely,
given that female S6K17- mice, which show a similar (or even more
advanced) phenotype regarding body size and insulin producrion,
remain fertile (12). Similarly, although Akt!7- mice also showed
fetal growth impairment due to placental inefficiency, adule
females are fertile (26).

Association of DEDD with decidual polyploidy via support of Akt and
cyclin D3 stability. One reason why the absence of DEDD causes
infertility appears to be the decrease in the amount of Akt protein
in uterine stromal/decidual cells. Recent evidence in humans and
mice suggests that Akt may play a role in the regulation of decidu-
alization and in the survival of decidual cells. Of note, Hirota et al.
showed increased decidual polyploidy with upregularion of Akt
phosphorylation in mice with deficiency for p53 restricted to the
uterus (27). As we reported previously, DEDD forms a complex
with Akt and heat shock protein 90 (Hsp90) and stabilizes all
isoforms of Akt protein (11). It is possible that defective protein
stability of cyclin D3 may be brought about, in part, by a decrease
in Akr, based on the facts that D-type cyclins are substrates for
Akt, cyclin D3 is regarded as a major regulator of polyploidy, and
the deficient polyploidy observed in Dedd~- cells was improved by
forced expression of Akt-1. Nevertheless, the precise machinery
whereby Akt influences the stability of cyclin D3 is not yet clear.
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Figure 2

Defective decidualization in Dedd-" uteri. (A) Implantation sites of 5.5-dpc Dedd*** and Dedd - uteri were stained with H&E or immunostained
for TIMP3. Scale bars: 200 wum. Quantification of decidual zone (TIMP3-positive area) and edematous region is also presented. At least 10
different sections in 3 different implantation sites were analyzed for each. Error bars indicate SEM. (B) mRNA levels of various genes that
are highly expressed in decidua were analyzed by QPCR with total RNA isolated from 3 different implantation sites al 4.5 or 5.5 dpc. Values
were normalized 1o those of f-actin and are presented as relalive expression 1o 4.5-dpc Dedd** mice. Error bars indicate SEM. Prlr, prolactin
receptor, Plpf, prolactin-like protein J; Dprp, decidual prolactin-related protein; /gfbp7, IGF-binding protein 1. (C) Histologic analysis of 7.5- and
8.5-dpc uteri (H&E staining). Higher magnification of the boxed area in the respective upper panel is presented in the lower panel. Arrows at
7.5 dpc indicate shrunken cells in Dedd~- uterus. TGCs are denoted by blue arrows. Scale bars: 200 um. (D) Irregular distribution of TGCs in
Dedd-- uterus. TGC numbers at the antimesometrial region of implantation sites were determined microscopically. At least 10 sections from 3
different specimens were examined. Data are shown as relative proportion of TGCs showing irregular distribution (invasion into the inner area).
Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Further studies are required to address the molecular mechanism.
Interestingly, DEDD associates with cyclin D3; this might contrib-
ute scructurally to the protein stability of cyclin D3.

Because cyclin D3-deficient mice do not show complete infer-
tility, as observed in Dedd~~ mice (19, 28), a combination of vari-
ous defects ar the implantarion site in addirion to inefficient

322 The Journal of Clinical Investigation

htep://wwwjcrorg

polyploidy — such as inadequare development of rhe edemarous
region (Figure 2A) and disintegrared strucrure of the implanta-
tion site at 7-8 d.p.c (Figure 2C) — might contribute to the overall
infertility observed in Dedd~- mice. These defects may also result
from the decreased Akt level, given that Akt has diverse func-
rions, including the maintenance of vascular permeabiliry and an
Number |
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