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The Homeobox Gene Msx and Its Roles in Embryo Implantation
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Abstract The muscle segment homeobox (Msx) gene encoding product homeoprotein Msx belongs to
the family of repressive transcription factor that has been shown to regulate multiple biological processes, such
as the regulation of cell proliferation and apoptosis. Recent studies indicate that the Msx gene expression plays an
important role in embryo implantation, and Msx gene has the specific expression with time and space in embryo
implantation. At present, Msx gene controls the process of implantation through the negative regulation of Wnt
family member 5a (Wnt5a). Msx gene in controlling embryonic diapause and activated again plays a conserved
molecular switch role during embryo implantation. In this review, we introduced the mechanism of Msx gene in the
molecular biological characteristics and its regulation in vivo specific target genes and discussed the main biological
roles of Msx, in the embryo implantation and embryo diapause, and its possible mechanisms.

Keywords  Msx; embryonic development; implantation; embryonic diapause

AR JE BN, DR o AR i R SR AR A ) T, X RAF AT AT ) A LB o i b, s — B
DRl Th B 1R PR 2R A2 R 5 2 AR ) 5 T R (1) 6 AR S S 1= PR SF IRDNA T 4], 1E SRl 1) 6 ik 72 v ke G B
[ Y5 & (homeobox )3 K] £ 49 2 LT+ SR b f ] Y5 S5 724 YE o Msx(muscle segment homeobox)J& [A 1 4 I

ke H : 2016-04-27 $252 H #1: 2016-08-26

LT THRUIIE (LS 14PT1401300)F1 [ 5 AR RHF RS (ibHE S 31471230) B B RS

HEIER . Tel: 0451-82192237, E-mail: daishaojun@hotmail.com; Tel: 021-51630733, E-mail: jingqiangwang@fudan.edu.cn

Received: April 27, 2016 Accepted: August 26, 2016

This work was supported by the Grant from Shanghai Pujiang Talent Program (Grant No.14PJ1401300) and the National Natural Science Foundation of China (Grant
No.31471230)

*Corresponding authors. Tel: +86-451-82192237, E-mail: daishaojun@hotmail.com; Tel: +86-21-51630733, E-mail: jingqgiangwang@fudan.edu.cn

[ 28 H R[] 2016-10-31 17:18:07 URL: http://www.cnki.net/kems/detail/31.2035.Q.20161031.1718.014.html




o) g [ i DR s B LA IR i 4 IR T A

1303

FLENYE E R RV G IR, TR ARG T g

HAERRG A PRI AR B/ E F BAT 2R IR
KRR KMl e, 5 e R 12 7 .
LR R Misoc ik DR K FLAE R B o PRI RS A (0 1 R AR

[

—ZRR.

1 MsxEFH 7 FEYFZSHE

[ 58 e R DR A2 ) B ) BB N, g A
A 60~ 2 Ak I 11 [F] 5 45 74 38 (homeodomain, HD)I]
A AR O (AR S BYHE 2 I (homeoprotein), 1% 55
JRRT BN )48 B AL RN I A R A A OB R
WM LR S b AR 28 7 22 W, HDJE BB e #1 —13
JiE 45 1), T 5 DNARE S 45 A, M 428 B 2 TR R
kB HAr, BRI, RURSEER T AR T B
P, VR 2. Y DA L T E A AE R
J5 & 5 KB, Msx(muscle segment homeobox)J&
Fe R @R K b, L2 5 MG K & 1T
At N P MSXIFIMSX2F F 7B, &R
KM A MsxI. Msx2. Msx3="7F V7 H rfMsxlFl
Msx27E 73 22350 D) 68 77 1 A2 v FE OR <7 T, 1
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Msx1 target gene
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Fig.1 The Msx1 homeoprotein recruits PRC2 to the nuclear periphery (modified from reference [9])
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Table 1 Perimplantation gene expression in the uterus (modified from reference [27])
AN PN TEREL  TERL TE A B 5 4 TEELEM  TERELEE  TEREER
Day of pregnancy % Ziififd 4 i Stroma Jh B 2 i1 P L iy TP RS o7 240 At
Luminal Glandular Luminal 21 Glandular
epithelium  epithelium epithelium Luminal epithelium and
and glandular epithelium stroma
epithelium and stroma
1 HB-EGF, Wnt5a FKBP52
1L-1
Cox2, KIf5
2 FKBP52
3 Hand?2 Msx, SGK1 WntSa FKBPS52
4 Gpl130/ Lif Hoxal0/11, Coup-TFII, Hand?2 Msx, Coxl, WntSa FKBP52
(08:00-09:00) stat3, c¢PLA2a, LPA3,
LPA3, AR Ihh, SGK1
4 HB-EGF, KIf5, Wnt5a, Hoxal0/11, cPLA2a FKBP52
(16:00-18:00) LPA3, AR Coup-TFII, Hand2
4 HB-EGF, Lif 1L-18, cPLA2a, PPARO- cPLA2a Cox2 FKBP52
(23:00-24:00) LPA3, AR RXR, KIf5, Bmp2, Wnt5a, Wnt4,
Hoxal0/11, Coup-TFIIl, Hand?2
5 Lif, cPLA2a, PPARO/RXR, KIf5, Cox2 FKBP52
Bmp2, Wnt5a, Wnt4, Hoxal0/11,
Hand?2
6 HB-EGF, Lif, cPLA2a, PPARJ- Cox2 FKBP52
RXR
KIf5, Bmp2, Wnt5a, Wnt4,
Hoxal0/11, Hand2
7 cPLA2a, PPARO/RXR, KIf5, Cox2 FKBP52
Bmp2, Wnt5a, Wnt4, Hoxal0/11,
Hand?2
8 cPLA2a, PPARJ-RXR, KIf5, Cox2 FKBP52

Bmp2, Wnt4, Hoxal0/11, Hand?2

Bmp2: BILA R AEEA2; cPLA20: 15 Bk IR WEA20; Coup-TFIL: 38 YIS 8 1 Ll J3 87 5 5 K 1-2; Coxl: S EALEEL; Cox2: M A AL N2,
gp130: HEERF130; star3: {557 ¢ 5 IFALIA 1°3; Hand2: OEM ATV &R A2; HB-EGF: TR &5 &R B LK T Hoxal0/11: [RIY5 7
HES A AL0/11; Thh: FDESEREE A KIf5: KruppelF: K555 Lift MU0 75 LPA3: i ILBEIRIR 2 44:3; MsxI: JULYS VRS RUAE 82 14 1; PPARS:
R A TR B0 52148 RXR: 4 RX 24K, SGKI: LS AHE B BT 5 S 1 Wned/Sa: TERAIMMTVE &AL 8 500 & F14/5a.

Bmp2: bone morphogenetic protein 2; cPLA2a: cytosolic phospholipase A2a; Coup-TFII: chicken ovalbumin upstream promoter transcription factor-2;
Cox1: cyclooxygenase 1; Cox2: cyclooxygenase 2; gpl30: glycoprotein 130; stat3: signal transducer and activator of transcription 3; Hand?2: heart and
neural crest derivatives-expressed protein 2; HB-EGF" heparin-binding epidermal growth factor-like growth factor; Hoxal0/11: homeobox A10/11; Ihh:
Indian hedgehog; KIf5: Kruppel-like factor 5; Lif: leukemia inhibitory factor; LPA3: lysophosphatidic acid receptor 3; Msx/: muscle segment homeobox
1; PPARo: peroxisome proliferators-activating receptor 8; RXR: retinoid X receptor; SGKI: serum and glucocorticoid-inducible kinase 1; Wnt4/5a:
Wingless-Type MMTYV integration site family members 4/5a.

AEL YA/ B0, BN FUEBBACRICA  WatSalRIAK ARG K P, XL R, 1E

[ BB o W B VR AL B W0 [/ BR (Eutheria. Rodentia)«
KSR (Eutheria. Carnivora). /NER (Marsupialia-
Diprotodontia)], I AE T 5 Ji L Bz 40 g AR 1 Bz
20 v R Misoe TR Misx 245 ZEAL I v R TA R . (H B
= WG B iE AL R IR, Msx I FMsx2 ) 32 15 & T 46
PRI I o Mo R Misx2 B 25 A1 P R /) BROR BE 3R
739 B AR OO AR . R/ S 24 1R BIMsx il o 1 5

JWE G B A, MsxAE 12 i VR I i & AR 0 iR
Jig A AR I AR R B — AR SE B 2> T IR AE A, L H
()2 T2 v EE Zh ) () ST T S (BE3)PY . 2T Msx
FWntfE R & H IR, A SR 58 SRR AL HA IR fig
IR S5 b B 2 A i 5 Ak O B R FLif(leukemia
inhibitory factor, — FHIL-62% J% 4 iy [A ¥)F1Hoxa-
10(homeobox A-10)2 [a] i) ¥ [A] VE H . B 78 & 30,
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blastocyst attachment

To maintain uterine luminal epithelial cell polarity does not benefit to

E-cadherin/B-catenin <t | wnt5a |¢— Msx deficiency

complex formation

E-cadherin/B-catenin

Msx expression

—| Wht5a —| complex formation

attachment

To lose uterine luminal epithelial cell polarity benefits to blastocyst

E2 MsxEEBIEEREXE

Fig.2 Proposed model of regulation of implantation by Msx genes
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PRL: prolactin; P4: progesterone; E2: estradiol-17p.
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Fig.3 Potential schematic of the regulation of diapause in mouse, mink and wallaby (modified from reference [31])

TELifR B /Iy BN Hoxa- 1078 /> B8, il 36 R BA I
MsxI. Wnt4Lh S Wntd 5t ¥)s FRP4LE 55 h 72 7 R
K, ERHEAVEE IR TEIREEM . 1A, FELif
B /N BR A, Msx I FsFRP45F W 3215, £ Hoxa- 105 %
INERH, WintdFIsFRP4 3 R0k . G BARK 4>+
ML) H BTA5AS B, (HX L R IR 7R, vl RefFE—A
RIS 5 18 4% Bl cytokin-homeotic-Wnt, 7EEJIG K &
o R bk G BR AE FH P

7 HFESRE

FE2E A I RE A, Misx AR D e 55 IR 4 42 240 i 73
1, %o T HAE A Py Re PR s R S B R AL
TR AEMRRRE RILEE , MsxfE & 2% (11 4%
0 2 v B — A R B I 00T R AR L, HAMIAE IE
WA RIS RE AR AR, A IR R R OB
YRR o A5 PRILAE 2 AL BRI AE Lo PEAN 22 ) S B ]

RS Misx Bk R E IR IG5 PR of A R R A 32 RS i
PRAEFC 3 (3t — i B0 SEms, 6 IR R AR A8 2 b 4
T P MRS R, B ER T EREZE. [
I, TS 3R 22 2 22 U PR SR 2 24, W AR AT —
SE W EIE I, 32— s Msx B HI AT R4 B T 01
KRARMER K25 Msx(E R IR A T EAHIH R
73 HURERAT FOEN], BRASCHIZS H ) — L8, thip
S Sl AR R 2 S U Tl WA DU S
SEMsxBEEE AR S Msx M EAE IR ARV R, 78
73 T RRILIEAE T AL . 58T Msx Iy BE HOBIF 7T 78 1
AR FMEAE ARV, X MsocE R B IF 5 ] R 9 it 9 1)
P ik DRAE AN [R) A i I 2 v AR W 201 P SR 1t 2
WA

SE 3Tk (References)

1 Holland PWH, Takahashi T. The evolution of homeobox ge-



o) g [ i DR s B AR IR i 4 IR T A

1307

nes: Implications for the study of brain development. Brain
Res Bull 2005; 66(4/5/6): 484-90.

Banerjee-Basu S, Baxevanis AD. Molecular evolution of the
homeodomain family of transcription factors. Nucleic Acids
Res 2001; 29(15): 3258-69.

Miller M, Affolter M, Leupin W, Otting G, Wiithrich K,
Gehring W. Isolation and sequence-specific DNA binding of
the Antennapedia homeodomain. EMBO J 1988; 7(13): 4299.
Scott MP, Tamkun JW, Hartzell GW. The structure and func-
tion of the homeodomain. Biochim Biophys Acta 1989;
989(1): 25-438.

Sun J, Ting M C, Ishii M, Maxson R. Msx1 and Msx2 fun-
ction together in the regulation of primordial germ cell
migration in the mouse. Dev Biol 2016; 417(1): 11-24.
Bendall AJ, Abate-Shen C. Roles for Msx and DIx homeo-
proteins in vertebrate development. Gene 2000; 247(1/2): 17-
31.

Duval N, Daubas P, de Carbon CB, St Cloment C, Tinevez
JY, Lopes M, et al. Msx1 and Msx2 act as essential activators
of Atohl expression in the murine spinal cord. Development
2014; 141(8): 1726-36.

Wang W, Chen X, Xu H, Lufkin T. Msx3: A novel murine
homologue of the Drosophila msh homeobox gene restricted
to the dorsal embryonic central nervous system. Mech
Develop 1996; 58(1/2): 203-15.

Wang J, Kumar RM, Biggs VJ, Lee H, Chen Y, Kagey MH,
et al. The Msx1 homeoprotein recruits polycomb to the
nuclear periphery during development. Dev Cell 2011; 21(3):
575-88.

Wang JQ, Abate-Shen C. Transcriptional repression by the
Msx1 homeoprotein is associated with global redistribution
of the H3K27me3 repressive mark to the nuclear periphery.
Nucleus-Austin 2012; 3(2): 155-61.

Wang JQ, Abate-Shen C. The MSX1 homeoprotein recruits
G9a methyltransferase to repressed target genes in myoblast
cells. PLoS One 2012; 7(5): e37647.

Kachhap S, Singh B. Role of DNA conformation & energetic
insights in Msx-1-DNA recognition as revealed by molecular
dynamics studies on specific and nonspecific complexes. J
Biomol Struct Dyn 2015; 33(10): 2069-82.

Houzelstein D, Auda-Boucher G, Chéraud Y, Rouaud T, Blanc
1, Tajbakhsh S, et al. The homeobox gene Msx1 is expressed
in a subset of somites, and in muscle progenitor cells
migrating into the forelimb. Development 1999; 126(12):
2689-701.

Singh N, Gupta M, Trivedi CM, Singh MK, Li L, Epstein JA.
Murine craniofacial development requires Hdac3-mediated
repression of Msx gene expression. Dev Biol 2013; 377(2):
333-44.

Yilmaz A, Engeler R, Constantinescu S, Kokkaliaris KD,
Dimitrakopoulos C, Schroeder T, et al. Ectopic expression
of Msx2 in mammalian myotubes recapitulates aspects of
amphibian muscle dedifferentiation. Stem Cell Res 2015;
15(3): 542-53.

Davidson D. The function and evolution of Msx genes poin-
ters and paradoxes. Trends Genet 1995; 11(10): 405-11.

Han M, Yang X, Taylor G, Burdsal CA, Anderson RA,

20

21

22

23

24

25

26

27

28

29

30

32

33

Muneoka K. Limb regeneration in higher vertebrates:
Developing a roadmap. Anat Rec B New Anat 2005; 287(1):
14-24.

Wang J, Kobayashi T, Floc’h N, Kinkade CW, Aytes A,
Dankort D, et al. B-Raf activation cooperates with PTEN
loss to drive c-Myc expression in advanced prostate cancer.
Cancer Res 2012; 72(18): 4765-76.

Lallemand Y, Nicola MA, Ramos C, Bach A, Saint Cloment
C, Robert B. Analysis of Msx1; Msx2 double mutants
reveals multiple roles for Msx genes in limb development.
Development 2005; 132(13): 3003-14.

Catron KM, Wang H, Hu G, Shen MM, Abate-Shen C.
Comparison of MSX-1 and MSX-2 suggests a molecular basis
for functional redundancy. Mech Dev 1996; 55(2): 185-99.
Satokata I, Maas R. Msx1 deficient mice exhibit cleft-palate
and abnormalities of craniofacial and tooth development. Nat
Genet 1994; 6(4): 348-56.

Bach A, Lallemand Y, Nicola MA, Ramos C, Mathis L,
Maufras M, et al. Msx1 is required for dorsal diencephalon
patterning. Development 2003; 130(17): 4025-36.

Hu G, Lee H, Price SM, Shen MM, Abate-Shen C. Msx
homeobox genes inhibit differentiation through upregulation
of cyclin D1. Development 2001; 128(12): 2373-84.

Satokata I, Ma L, Ohshima H, Bei M, Woo I, Nishizawa K, et
al. Msx2 deficiency in mice causes pleiotropic defects in bone
growth and ectodermal organ formation. Nat Genet 2000;
24(4): 391-5.

Winograd J, Reilly MP, Roe R, Lutz J, Laughner E, Xu X, et
al. Perinatal lethality and multiple craniofacial malformations
in MSX2 transgenic mice. Hum Mol Genet 1997; 6(3): 369-
79.

Carson DD, Bagchi I, Dey SK, Enders AC, Fazleabas AT,
Lessey BA, et al. Embryo implantation. Dev Biol 2000;
223(2): 217-37.

Cha JY, Sun XF, Dey SK. Mechanisms of implantation:
Strategies for successful pregnancy. Nat Med 2012; 18(12):
1754-67.

Sun X, Park CB, Deng W, Potter SS, Dey SK. Uterine
inactivation of muscle segment homeobox (Msx) genes alters
epithelial cell junction proteins during embryo implantation.
FASEB J 2015; 30(4): 1425-35.

Daikoku T, Cha J, Sun X, Tranguch S, Xie H, Fujita T, et al.
Conditional deletion of Msx homeobox genes in the uterus
inhibits blastocyst implantation by altering uterine receptivity.
Dev Cell 2011; 21(6): 1014-25.

Lopes FL, Desmarais JA, Murphy BD. Embryonic diapause and
its regulation. Reproduction 2004; 128(6): 669-78.

Cha J, Sun X, Bartos A, Fenelon J, Lefévre P, Daikoku T, et al.
A new role for muscle segment homeobox genes in mammalian
embryonic diapause. Open Biol 2013; 3(4): 130035.

Daikoku T, Song H, Guo Y, Riesewijk A, Mosselman S, Das
SK, et al. Uterine Msx-1 and Wnt4 signaling becomes aberrant
in mice with the loss of leukemia inhibitory factor or Hoxa-
10: Evidence for a novel cytokine-homeobox-Wnt signaling in
implantation. Mol Endocrinol 2004; 18(5): 1238-50.

Cha J, Dey SK. Cadence of procreation: Orchestrating embryo-
uterine interactions. Semin Cell Dev Biol 2014; 34: 56-64.



1308 -SRI -
34 Thompson IE. Reproductive endocrinology, surgery and 1971, 393-412.
technology. JAMA 1997; 277(16): 1328-9. 39 Finn CA, Porter DG. Implantation of ova. In: Porter DG, Finn
35  Psychoyos A. Hormonal control of ovoimplantation. Vitam Horm CA, editors. Theuterus, reproductive biology handbooks.
1974; 31: 201-56. London, UK: Scientific Books Ltd. 1975, 57-73.
36 Aplin JD. Adhesion molecules in implantation. Rev Reprod 40 Enders AC, Schlafke S. Implantation in nonhuman primates and
1997; 2(2): 84-93. in the human. Comp Prim Biol 1986, 3: 291-310.
37 Enders AC, Schlafke S. A morphological analysis of the early 41 Enders AC, Lopata A. Implantation in the marmoset monkey:
implantation stages in the rat. Am J Anat 1967; 120(2): 185-225. Expansion of the early implantation site. Anat Rec 1999; 256(3):
38 Kirby DRS. Blastocyst-uterine relationship before and during 279-99.

Implantation. Chicago, IL: The University of Chicago Press



