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Summary

We have investigated the contribution of the tight junction
(TJ) transmembrane protein junction-adhesion-molecule 1
(JAM-1) to trophectoderm epithelial differentiation in the
mouse embryo. JAM-1-encoding mRNA is expressed early
from the embryonic genome and is detectable as protein
from the eight-cell stage. Immunofluorescence confocal
analysis of staged embryos and synchronized cell clusters
revealed JAM-1 recruitment to cell contact sites occurred
predominantly during the first hour after division to the
eight-cell stage, earlier than any other TJ protein analysed
to date in this model and before E-cadherin adhesion and
cell polarization. During embryo compaction later in the
fourth cell cycle, JAM-1 localized transiently yet precisely
to the apical microvillous pole, where protein kinase ¢
(PKCQ) and PKC)d are also found, indicating a role in cell

surface reorganization and polarization. Subsequently, in
morulae and blastocysts, JAM-1 is distributed ubiquitously
at cell contact sites within the embryo but is concentrated
within the trophectoderm apicolateral junctional complex,
a pattern resembling that of E-cadherin and nectin-2.
However, treatment of embryos with anti-JAM-1-
neutralizing antibodies indicated that JAM-1 did not
contribute to global embryo compaction and adhesion but
rather regulated the timing of blastocoel cavity formation
dependent upon establishment of the trophectoderm TJ
paracellular seal.

Key words: Junction adhesion molecule, Tight junction,
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Introduction tight junction (TJ) between trophectoderm cells, an
During mammalian cleavage, the egg divides to form dantercellular barrier essential for maintenance of membrane
spherical blastocyst comprising an outer unilaminaolarity and regulation of paracellular permeability (for a
epithelium, the trophectoderm, which generates the blastoco&view, see Gonzalez-Mariscal et al., 2003). In the context of
cavity by polarized ion and water transport, and surrounds ttarly morphogenesis, TJ biogenesis provides the means to
undifferentiated inner cell mass (ICM; fetal progenitor).control the microenvironment of the ICM via trophectoderm
Subsequently, the trophectoderm initiates attachment aritRnsport pathways for ions, amino acids, energy substrates,
invasion of uterine endometrium at implantation and gives risgrowth factors and other metabolites.

to the chorio-allantoic placenta. Trophectoderm differentiation TJs are composed of several interacting proteins localized as
in the mouse begins at compaction at the eight-cell stage whanbelt around the apex of each epithelial cell, above the E-
both intercellular adhesion between blastomeres mediated lepdherin-rich zonular adherens junction (AJ). In freeze-
E-cadherin and apico-basal cell polarity occur and is complefigacture P-face replicas, TJs appear as rows of branching
by the 32-cell stage, some 24 hours later, during which time irands composed of intramembraneous particles that, in thin
mature, fully polarized epithelial phenotype is generatedsection, constitute sites of close cell-cell membrane apposition
culminating in blastocoel fluid accumulation in the embryo(Gonzalez-Mariscal et al., 2003). So far, three groups of
interior (for reviews, see Fleming et al., 2001; Watson andransmembrane proteins have been identified within TJs:
Barcroft, 2001). Mouse trophectoderm is a useful model fooccludin (Furuse et al., 1993); claudin family members (Furuse
unravelling steps in the epithelial differentiation process thagt al., 1998); and junctional adhesion molecule (JAM) (Martin-
cannot realistically be investigated in established cell linePadura et al., 1998; Bazzoni, 2003).

(e.g. MDCK cells), in which cells are already mature and Occludin and claudins are unrelated proteins that traverse
manipulated experimentally. Here, we consider celthe membrane four times with two extracellular loops and
polarization and particularly the construction of the zonulaintracellular N- and C-termini, the latter interacting with a
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series of cytoplasmic plaque proteins that link the TJ to th2001). Notably, E-cadherin adhesion at compaction is crucial for
actin cytoskeleton. Claudins form a multigene family withpolarized membrane recruitment of TJ proteins and, until the 32-
different members expressed and localized to TJs in distincell stage, TJ constituents localize with the AJ, the two junctions
tissues, where they constitute the major component of thenly becoming molecularly distinct once occludin and specific
freeze-fracture strands and the inherent tissue-specifetaudins assemble as a final event in TJ construction, apparently
variability in paracellular barrier function (Tsukita et al., 2001;mediated by late transcription of the cytoplasmic binding partner
Gonzalez-Mariscal et al., 2003). However, occludin is encodedO-1a+ isoform (Sheth et al., 1997; Sheth et al., 2000a; Sheth
by a single gene and has also been shown to contribute to &Jal., 2000b; Fleming et al., 2001) (F.C.T., B.S. and T.P.F,,
intercellular adhesion and membrane polarity (Van Itallie andinpublished).
Anderson, 1997; Wong and Gumbiner, 1997; Gonzalez- Here, we report the contribution of JAM-1 in the mouse
Mariscal et al., 2003). embryo to epithelial differentiation and offer new insight into
JAM-1 (36-41 kDa) is present at epithelial and endotheliathe mechanisms of cell polarization and biogenesis of AJ and
TJs (Martin-Padura et al., 1998) as well as on platelets and cellg in this model. Significantly, we find that JAM-1 membrane
of the peripheral lymphoid organs (Malergue et al., 1998assembly occurs before that of any other recognized TJ
Williams et al., 1999). Unlike occludin and claudins, it is aconstituent so far investigated in this model and, indeed, before
single-membrane-span immunoglobulin (Ig)-like protein withcompaction, indicating independence of its assembly from E-
two variable extracellular I|g domains and a short C-terminatadherin adhesion. JAM-1 also becomes intimately associated
cytoplasmic tail through which it interacts with TJ plaque andwith the process of cell polarization at the eight-cell stage, when
associated proteins, notably AF6 (Ebnet et al., 2000)t localizes transiently and precisely with the apical microvillous
ASIP/Par-3 (Itoh et al., 2001; Ebnet et al., 2001), ZO-Ipole, coincident with apical membrane localization of specific
(Bazzoni et al., 2000a), MUPP1 (Hamazaki et al., 2002)PKC isoforms. Subsequently, JAM-1 is expressed and localized
CASK (Martinez-Estrada et al., 2001) and cingulin (Bazzonto contact sites between cells in both trophectoderm and ICM
et al., 2000a; Ebnet et al., 2000). Structural and biochemiciheages of the morula and blastocyst, coincident with
studies indicate that JAM-1 forms inverted U-shaped dimersophectoderm expression of the nectin adhesion system,
within the plane of the membrane via interactions betweesuggesting a broad role in early morphogenesis. However,
adjacent extracellular N-termini; the dimers in turn engage ithrough the use of neutralizing antibodies, we show that JAM-
homophilic interactions that might form the basis forl does not contribute to global intercellular adhesion within the
homotypic intercellular adhesion (Bazzoni et al., 2000bembryo but rather to trophectoderm TJ paracellular sealing and
Kostrewa et al., 2001; Bazzoni, 2003). The intercellulathe timing of blastocoel cavitation.
adhesive function of JAM-1 at the TJs contributes to the
restriction of paracellular permeability in epithelia (Liu et al., .
2000) and appears to facilitate leukocyte transmigratiOtlwvl"’lte”‘"IIS and_ Methods _ _
between vascular endothelial cells, possibly mediated by JAMEMPryo collection, culture and manipulation o
1 binding to integrins, because a monoclonal antibody againdt>-week-old MF1 mice (Olac-derived, Southampton University
JAM-1 extracellular domain (BV11) inhibited such migration Biomedical Facility) were superovulated by ’|ntraper|toneal.|njec.t|0ns
(Martin-Padura et al., 1998; Bazzoni, 2003). JAM-1 is alsé’f 5-10 1U per 0.1-0.2 ml pregnant mares’ serum (PMS; Folligon,

imolicated in the d | t of epithelial cell and b ntervet) and then 5-10 IU per 0.1-0.2 ml human chorionic
implicated in the aevelopment ot epithelial cell and mem ransonadotrophin (hCG; Chorulon, Intervet) 48 hours later. Immediately

polarl_ty thro_ugh its association with ASIP/Par-3_, Wh_ICh Carollowing the hCG injection, females were either mated with sexually
recruit atypical protein kinase C (PKC) to the junction sitemature males of the same strain or left unmated for unfertilized egg
(Itoh et al., 2001; Ebnet et al., 2001). Furthermore, JAM-Xkollection. Cumulus masses were collected at 18-20 hours after hCG
might contribute to AJ formation, because it associates withjection for isolation of unfertilized or fertilized eggs by removal of
the nectin calcium-independent adhesion complex, which ipumulus cells using a flame-polished micropipette following
turn is involved in the organization and velocity of assemblyncubation with hyaluronidase [3Q@ mftin H6 medium with 4 mg

of the E-cadherin-rich AJ (Takai and Nakanishi, 2003;m" bovine serum albumin (BSA)] for 10 minutes at 37°C as
Tachibana et al., 2000; Fukuhara et al., 2002; Honda et afiéscribed previously (Fleming et al., 2002).

B N ) _ Embryos were flushed at the late two-cell stage (approximately 48
2003). JAM-1 homologs (JAM-2, JAM-3 and JAM-4) have ours after hCG) from dissected oviducts using H6 medium

recently been identified in endothelial/gpithelial cells an ontaining 4 mg mf BSA and cultured in T6 plus 4 mg ThBSA
leukocyte membranes, and might contribute to paracellulgfnijl required at 37°C in 5% Gan air (Fleming et al., 2002). Two-
transmigration (Cunningham et al., 2000; Arrate et al., 2003ge|l, four-cell (~55 hours after hCG injection) and early and compact
Aurrand-Lions et al., 2001; Hirabayashi et al., 2003). A neweight-cell embryos (70-75 hours after hCG injection) were identified
nomenclature for JAMs has been proposed in which JAM-1 issing morphological criteria. To obtain synchronized pools of recently
referred to as JAM-A (Bazzoni, 2003). divided eight-cell embryos, late four-cell embryos (~65 hours after
The relevance of the mouse trophectoderm model fdpCG injection) were observed hourly and newly formed eight-cell
epithelial differentiation is evident in that cell polarization andémbryos (designated 0 hours after division) were collected and
TJ biogenesis are multistep processes that allow the contributiéﬁ'ot‘:1rate|y culturgd._lsﬁnchrt?m_ze% pSO'ShOf '?e"‘.’ly compact ?'ght‘cl‘i”
of specific gene products to specific events to be evaluated.Th@ ryos were similarly obtained by hourly inspection of stoc

TJ bi is in th b in th h dltures. The 16-cell embryos were staged by selecting newly
logenesis in he mouse embryo OCCUrS In three phas pacting eight-cell embryos and culturing them separately for 10-

corresponding to the eight-cell, 16-cell and early-32-cell stage nours (~80-85 hours after hCG injection); late morula (~32-cell
when constituents assemble at the apicolateral membraggge; ~90 hours after hCG injection) were staged by culturing

contact site, largely regulated by temporal control of constituergompact eight-cell embryos for 20-24 hours. Early and late blastocysts
gene expression and post-translational events (Fleming et aliere timed from hCG injection (~96 and ~116 hours, respectively).
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To obtain synchronized embryo-cell clusters, late four-cell embryo®BS or in ice-cold methanol, attached to coverslips within processing
were disaggregated to single cells as described previously (Flemimpambers pretreated with 1 mg mpoly-L-lysine hydrobromide
et al., 2002). Briefly, embryos were treated with acid Tyrodes mediurtSigma) or 0.1 mg mt Concanavalin A (Sigma) in PBS, respectively,
to remove the zona pellucida and incubated ifif-@ae medium for and processed for immunocytochemistry as described previously
15 minutes before disaggregation into single blastomeres (now call¢Bleming et al., 2002). Staged embryos were stained with DECMA-1
1/4 blastomeres) using a small, heat-polished glass micropipettéat monoclonal anti-mouse E-cadherin, 1:1000; Sigma), BV12 (rat
Groups of five 1/4 blastomeres were cultured in individuglltDops ~ monoclonal anti-mouse-JAM-1 antibody, fid mi) (Martin-Padura
of T6 plus BSA and checked hourly for division into 2/8 couplets,et al., 1998), BV20 (rat monoclonal anti-mouse JAM-1 antibody, 10
which were separately cultured until required. ug miY) (Bazzoni et al., 2000b), PKC isoform-specific polyclonal
antibodies against rat sequences (atypical PKXCand{ and novel
o ] ] PKCs9, p and6; 1:200 or 1:500) as detailed elsewhere (Eckert et al.,
Reverse-transcription polymerase chain reaction 2004a) or anti-nectin-2 antibody (rat monoclonal anti-Nectin-2
For the reverse-transcription polymerase chain reaction (RT-PCRjntibody, 1ug mi; Cambridge Bioscience) in PBS containing 0.1%
tissue samples were dissected from freshly culled mice, cut into ~Tween 20 (PBS:Tween-20) overnight at 4°C. Chambers were washed
mm cubes and snap frozen in microfuge tubes. Total RNA wathree times over 30 minutes and labeled with a 1:500 dilution of
isolated from them using the RNeasy miniprep kit (Qiagen, UK) afteAlexa-488- or -546-labelled anti-rat secondary antibody (Molecular
samples were homogenized in the kit buffer. Eggs and embryos weRgobes) for 1 hour. Chambers were rewashed three times over 30
processed to extract either poly{AJNA or total RNA. For poly(A) minutes in PBS:Tween-20 and samples mounted in anti-fadant PBS-
RNA, groups of five or ten eggs or embryos of appropriate stage wef@itifluor (Citifluor, London). Rhodamine phalloidin (Molecular
washed three times in PBS containing 0.3% polyvinylpyrrolidoneProbes; 6.uM stock in methanol) was used for co-labeling of actin
(PBS+PVP), placed in al drop of sterile PBS, snap frozen on dry filaments when required during the second PBS:Tween-20 wash (0.5
ice in a siliconized 0.5 ml microfuge tube (Costar) and stored gil mi™Y) after the secondary antibody incubation. Embryos were
—70°C. Poly(AJ RNA was extracted from freshly thawed samplesvisualized using a 63oil-immersion objective on a Nikon inverted
using the Dynabeads mRNA DIRECT Kit (Dynal, UK) according to microscope linked to a Bio-Rad MRC-600 series confocal imaging
the manufacturer’s instructions with minor modifications (Eckert andsystem, equipped with a Krypton-Argon laser and K1/K2 filter sets.
Niemann, 1998). Poly(A)RNA was eluted in Qul nuclease-free Images were analysed and processed by the Bio-Rad software system
water before addition to a 20 RT reaction comprising 1 mM of each (Confocal assistant, Version 4.01).
dNTP (Amersham), 2.5M random hexamers (Perkin-Elmer) or 1
UM specific antisense primer, 10 U RNase inhibitor (Perkin-Elmer) ) ] ]
and 25 U Moloney murine leukemia virus reverse transcriptas&lectrophoresis and immunoblotting
(Perkin-Elmer) or Sensiscript (Qiagen) enzyme. RT reactions werBlouse lung tissue was snhap frozen in liquid nitrogen, ground to
incubated for 10 minutes at 25°C, 60 minutes at 42°C and 5 minutg@wder on dry ice, immediately boiled in 1% sodium dodecy! sulfate
at 99°C, and then cooled to 4°C. For total RNA extraction, batches ¢SDS) in PBS for 5 minutes followed by centrifugation at 10,§00
five eggs and blastocysts were lysed and the RNA extracted usifigr 10 minutes and storage of supernatant at —70°C. Pools of precisely
the Absolutely RNA] Nanoprep Kit (Stratagene) according to staged embryos were washed three times in H6 medium plus 6 mg
manufacturer’s instructions. The PORT comprised 0.5 mM dNTP  mli~ polyvinylpyrrolidone and solubilized either in boilinge 3DS
mix (Qiagen), 0.16uM random hexamers (Perkin-Elmer), QuM sample buffer or 4 Novex sample buffer (Invitrogen) for 3-5 minutes,
oligo-dT (Invitrogen), 10 U RNase inhibitor (Perkin-Elmer) andl1  centrifuged at 10,009 and stored at —70°C. Protein concentrations
Sensiscript enzyme (Qiagen). The reaction was incubated at 37°C fof tissue samples were determined using the Lowry method (DC
1 hour and 5 minutes at 93°C, and then cooled to 4°C. cDNAProtein Assay, BioRad). Embryo and tissue samples were heated to
equivalent to one egg per embryo was then used in a PCR reacti®f°C for 5 minutes and briefly centrifuged at 10,09before
(described below). electrophoresis on pre-cast 4-12% gradient TB-buffered gels with
After the RT reaction, 2-20l was transferred as template to g0 MOPS buffers (Invitrogen) and blotted onto Hybond-C nitrocellulose
PCR reaction comprisingx1PCR buffer (Gibco BRL), 1.5 mM (Amersham). Blots were blocked with 5-10% non-fat dried-milk
MgCl,, 200uM each dNTP and [ilM each sequence-specific primer. powder in PBS containing 0.05-0.10% Tween 20 before incubation in
These comprised the sense (GAGGGGAAAGCCGGGAGGAAACT-BV20 antibody (1Qug mi) in blocking buffer for 1 hour. Blots were
GT, positions 80-104) and antisense (CAAAGGCTGTCACGGGGT-washed three times in PBS containing 0.05-0.10% Tween 20,
CAAAGAT, positions 662-686) primers based on the mouse cDNANcubated in horseradish-peroxidase (HRP)-conjugated rabbit anti-rat
sequence (GenBank accession number U89915), which spannsecondary antibody (Sigma) for 1 hour, and washed three further times
intron sequences to ensure that there was no amplification of genontiefore being developed with SuperSighalest PICO (Pierce) kit and
DNA. During the hot start (99°C for 5 minutes and 72°C for 2visualized on ECL hyperfilm (Amersham Biosciences).
minutes), 2 U Taq DNA polymerase (Gibco) were added at 72°C.
Amplification of cDNA was carried out for 35-40 cycles comprising )
95°C for 30 seconds, 60°C for 30 seconds and 72°C for 45 second/nctional analyses
followed by a 5 minute final extension at 72°C. Reaction product&mbryos were staged from the onset of the eight-cell stage or from
were run on 0.5 TBE 2% agarose gels stained with ethidium the start of compaction and incubated in T6 plus BSA containjutg 5
bromide. Reaction products were prepared for sequencing usingna™ BV11 or BV12 anti-JAM-1 antibodies (mouse monoclonal
QIAquick gel extraction protocol (Qiagen) after removal from thelgG2b class) for various culture periods. Control medium contained
agarose gel and used in BigDye cycle sequencing protocols accordiag equivalent concentration of mouse IgG2b anti-CD21 (lymphocyte-
to the manufacturer’s instructions on an ABI377 sequencer (Appliedpecific) kindly provided by A. Al-Shamkhani (University of
Biosystems). Sequences were analysed using the Chromas softw&authampton, School of Medicine). Alternatively, embryos were
and identified by Blast search on the NCBI websitetreated with anti-E-cadherin antibody ECCD-1 (1:50 dilution of
(http://lwww.ncbi.nlm.nih.gov/BLASTY). serum) (Shirayoshi et al., 1983), a known inhibitor of embryo
compaction (Johnson et al., 1986) kindly provided by M. Takeichi
) (University of Kyoto, Kyoto, Japan). Antibody-containing media were
Immunofluorescence and confocal microscopy changed every 12 hours. During treatment, embryos were scored
Zona-free embryos were fixed in either 1% or 4% formaldehyde inlepending on stage for either state of compaction or cavitation, at 1
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hour or 2 hour intervals. In addition, nascent blastocysts afte

treatment were placed in fresh medium containing experimental ¢ A . . R R =
control antibody plus 1 mg miFITC/dextran 4 kDa (Sigma) and ' i 5 o BB E ol [l 0
examined by confocal microscopy as described previously t
determine the state of paracellular permeability (Sheth et al., 2000t

Statistics

Rates of compaction and cavitation in embryo groups were compart B O
by ‘time to event' analysis using a Wilcoxon test stratified for

experimentP values less than 0.05 were regarded as significant. Py ‘“_ +— 37KDa

+— 25KDa

Results FE 2C BC C8 LM EB LB TC. AbC

JAM-1 is expressed at the onset of epithelial
differentiation

JAM-1-encoding mRNA expression was not detected by Rl 1 Ay R1-pcR analysis of the expression of JAM-1-encodin

PCR using poly(A) RNA extracted from unfertilized or mgNA(in)egg and embr))l/o stages. Thpe 600 bp cDNA product isg

fertilized eggs but was readily amplified from embryos at alingicated by arrows. (Left) Produced using poly(RNA with five

stages from two-cell to late blastocyst (five eggs or embryceggs or embryos per sample. (Right) Total RNA using one egg or

per sample) with stronger signals evident from the eight-ceembryo equivalent per sample. ‘Co’ indicates the control without the

stage onwards (Fig. 1A). JAM-1 transcripts before the two-cereverse transcription step. (B) Immunoblot analysis of JAM-1 protein

stage were also undetectable using pol{y(RNA in ten  expression in eggs and embryos using BV20 antibody, showing

embryo samples with an increased PCR cycle number (data rapproximately 500 eggs or embryos per lane. Mouse lung tissue (18

shown). However, using total RNA as starting material, JAMH9 prqt.eln) was used as positive tissue control (TC). The stages are

1-encoding mRNA was readily identified in unfertilized eggsu;é?rt;gi?dcgﬁ%jc(y';);efceétrh“;ggti%gﬁt(gsl) (asrg e@%ﬁif&gﬁ?ﬁ:ﬂ'

and bIaStOCystS even at one egg or embryo per sample_ (F ), early morula (EM), late morula (LM), early blastocyst (EB) and

1A), suggesting that polyadenylation of JAM-1 transcript§aee piastocyst (LB) stages. AbC, secondary-antibody-only control.

might occur as development proceeds. JAM-1 protein

production in fertilized eggs was examined by immunoblotting

up to late blastocyst stages. JAM-1 protein was not detected @vident for E-cadherin in morulae and blastocysts (Fig. 2F-

samples up to and including the pre-compact eight-celH).

embryo. Weak expression was evident in compact eight-cell Verification of polar membrane localization of JAM-1 in

embryos and increased in later stages examined (Fig. 1B). compact eight-cell embryos was achieved by double labeling
for actin filaments using phalloidin to identify microvillous
poles (Johnson et al., 1986). Merged images revealed that

JAM-1 membrane assembly is independent of E- apical surface JAM-1 was localized with the actin-rich
cadherin adhesion, associated with cell polarization, and  microvillous poles (Fig. 3A). To determine the relative timing
initiates TJ biogenesis of cell contact and apical membrane assembly of JAM-1,

JAM-1 localization was examined by immunfluorescenceembryos were examined at 0 hours, 3 hours, 6 hours and 9
confocal microscopy using the BV12 anti-JAM-1 antibody inhours after cleavage into eight-cell stage. This analysis
unfertilized eggs to late-blastocyst stages with E-cadherirevealed that JAM-1 contact staining was present in most or all
staining used as a marker of AJ protein in a parallel set @mbryos at all time points and preceded apical surface staining,
samples (Fig. 2). Unfertilized eggs, two-cell and four-cellwhich was evident mainly from 6 hours after division when
embryos showed no detectable JAM-1 staining8¢22 per compaction was occurring (Fig. 3B,C). The presence or
stage), despite the presence of E-cadherin protein in eggs absence of JAM-1 staining at cell-cell contact and blastomere
embryos of the same developmental stage (Fig. 2A-C,I-K)poles was also investigated in timed 2/8 couplets (Fig. 4).
JAM-1 staining was first detected in all pre-compact eightAgain, it was evident that contact staining preceded apical-pole
cell embryos 1(=6) at sites of cell-cell contact (Fig. 2L). At staining and was present in most couplets from immediately
the onset of compaction, all eight-cell embryosi4) also after division onwards. By contrast, apical staining appeared as
revealed intense JAM-1 staining at the apical poles (outwarcbuplets compacted during mid-cycle (Fig. 4A,B).

facing) of blastomeres in addition to contact sites (Fig. 2M),

a pattern not seen for E-cadherin (Fig. 2E). At the 16-cell o ) )

morula stage, JAM-1 was again localized along lateral celMAM-1 membrane assembly coincides with maturation of

cell contacts with minimal or no staining evident atepithelial cell polarity

microvillous poles (Fig. 2Nn=9). Cell contact membrane To explore the potential role of JAM-1 in de novo
localization of JAM-1 was also seen in early and lateestablishment of epithelial polarity in the embryo, we
blastocystsr{i=11 for each) in both trophectoderm and ICM examined whether JAM-1 apical membrane assembly at
lineages, and with an apicolateral concentration of JAM-Tompaction was associated with a similar polarization of PKC
between trophectoderm cells (Fig. 20,P). Contact-fregsoforms that might occur through JAM-1 interaction with
trophectoderm basal membranes adjacent to the blastocdebIP/Par-3 (Itoh et al., 2001; Ebnet et al., 2001). Of the two
were also stained for JAM-1. A similar staining pattern wastypical PKC isoforms, PKQwas found to localize to the apical
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surface membrane at compact
although it was usually not confin
precisely to the central microvillo
domain (Fig. 5A). PKG was also prese
at cell contact and intracellular sit
including the nuclear region. During la
cleavage, PKC is localized with the T
marker ZO-ti+ at cell contact sites in t
trophectoderm (Eckert et al., 2004b).
contrast, the atypical PH@ displayec
only intracellular cytoplasmic staining
compact eight-cell embryos (Fig. 5.
although it later localizes with the TJ
blastocyst trophectoderm (Eckert et
2004b). Compact eight-cell embryos w
also screened for the localization of
novel PKC isoform®, p and@. Of these
PKGC? revealed a striking staining patte
localizing predominantly to the po
domain of the apical surface as well a
cell contact and intracellular sites (F
5A). These data indicate that polari.
JAM-1 staining at compaction coincic
with a polarized distribution of sele
atypical and novel PKC isoforms.

We also investigated whether
relatively ubiquitous distribution of JAN
1 during morula and blastocyst format
(present at cell contact sites in b
trophectoderm and ICM, like E-cadhe
and not restricted to trophectoderm ~
might signify a role in maturation of t
AJ during this period. The calciui Fig. 2.Immunofluorescence confocal microscopy of E-cadherin (A-H) and JAM-1 (I-P)
independent nectin adhesion complex staining patterns during preimplantation development. The stages are unfertilized eggs (UF)
been shown to enhance E-cadhe @ndembryos attwo-cell (2C), four-cell (4C), precompact eight-cell (8C), compact eight-cell
mediated adhesion and AJ maturatio (C8C), morula (Mor), early blastocyst (EB) and late blastocyst (LB) stages. Ban.20

non-developmental models and inter:
directly with JAM-1 through the nectin cytoplasmic domainin the presence of anti-JAM-1 neutralizing antibodies BV11 or
protein, afadin (Takai and Nakanishi, 2003; Tachibana et alBV12, or in control medium containing an equal concentration
2000; Fukuhara et al., 2002; Honda et al., 2003). We therefod another 1IgG2b-class antibody (against CD21, a lymphocyte
examined the expression of nectin-2, a ubiquitous member of tleatigen not expressed in preimplantation embryos). Embryos
nectin family, during early development. It was undetectable bynderwent compaction at equivalent rates during the first 6
immunofluorescence  before compaction, when fainthours of culture in all three treatments (Fig. 6A). Newly
discontinuous staining at cell contact sites was apparent (Figompacted eight-cell embryos and later-stage morulae were
5B). In morula and blastocyst stages, stronger nectin-2 stainirggso cultured in the presence of JAM-1 or control antibodies
was present, mainly within apicolateral cell contact sites withirand, in all cases, the compacted state was maintained, whereas
trophectoderm but also weakly at contact sites in the ICM (Figcompact embryos cultured in an E-cadherin-neutralizing
5B). These data show a close correlation between JAM-1, Entibody (ECCD-1) fully decompacted within 20 minutes of
cadherin and nectin-2 localization during later cleavageireatment (data not shown). These results indicate that JAM-1
indicative of a maturation in AJ structural identity. However,cell-surface expression does not contribute to initiation or
early assembly of JAM-1 during the eight-cell stage and Emaintenance of cell adhesion within the embryo.
cadherin throughout cleavage are unlikely to be mediated by To evaluate the role of JAM-1 in blastocoel formation
nectin-2. dependent upon TJ integrity, newly compacted eight-cell
embryos were cultured in the presence of anti-JAM-1 or
control antibodies for up to 48 hours (Fig. 6B). Here, both
JAM-1 stimulates tight junction sealing and blastocyst BV11 and BV12 treatment had no effect on global embryo
formation but not global cell-cell adhesion in the embryo  adhesion but significantly reduced the rate of cavitation
Neutralizing-antibody incubation experiments were conductedompared with control embryosP<0.0001 andP<0.005,
to evaluate the relative contribution of JAM-1 to AJ and TJespectively). Nascent blastocysts (up to 2 hours after the onset
adhesion in the embryo. Embryos were staged from thef cavity formation) incubated with anti-JAM-1 or control
beginning of the eight-cell stage and cultured for up to 9 hountibody from compaction were examined by confocal

E-cadherin
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Fig. 3.(A) Co-localization of JAM-1
and actin (phalloidin staining) at the A
apical pole (arrows) in compact eight-

cell embryos. (B) JAM-1 localization

in representative eight-cell embryos at

0 hours, 3 hours, 6 hours and 9 hours

after division inz-axis series (z) and
single mid-plane (mp) sections. Bar,
20 pum. (C) Timing of cell-cell contact
and apical polar staining of JAM-1 in
eight-cell embryos at different times
during the fourth cell cyclenE30-40
embryos per time point; experiment
repeated four times). 0 hour mp

Merged

microscopy for evidence ¢
paracellular  permeability b
exclusion of FITC-dextran. FITC

dextran penetration into th p T ity b
blastocoel cavity was evident in W
similar proportion of JAM-1 9 hour z -,
(BV11, 33%,n=52; BV12, 23%, -5 ) (
n=47) and control (IgG2b, 29% pa { - %

n=68) antibody-treated embryo
These data indicate that JAM:
intercellular adhesion contribute
to the trophectoderm T
permeability barrier required fc
blastocoel cavity formation bu. S [——
that, once blastocysts are formed in the presc (' | o

of anti-JAM-1 antibodies, they have norm ) ' " .
effective TJs. 0 - T
Discussion 2

hn

Pearcentage of embryos

We have investigated the contribution of JAV
to mouse trophectoderm differentiation a 20
blastocyst formation, and identified several no
features in its expression and activity that give r 9
insight into mechanisms of differentiation and
biogenesis. First, detection of JAM-1-encodi..y
mRNA within unfertilized eggs was only possible using totalpattern, with JAM-1-encoding transcripts detectable in only a
rather than poly(A) RNA; using the latter material, JAM-1 small minority of germinal vesicle and in-vitro-matured
transcripts were first detected at the two-cell stage, when theetaphase-Il oocytes and, when present, barely detectable using
embryonic genome is mainly activated, with increasing cDNAsemiquantitative methods (Miller et al., 2003). Likewise, we
amplification apparent at progressively later stages of cleavadp@ve found that only a minority of cultured human embryos
(Fig. 1A). These data might indicate maternal expressiohefore the eight-cell stage (presumed maternal genome) (Braude
of a poorly adenylated JAM-1-encoding MRNA, with et al., 1988) exhibit JAM-1-encoding mRNA within poly(A)
polyadenylation coinciding with embryonic transcription. RNA compared with later cleavage when the transcript is readily
Deadenylation and subsequent polyadenylation of MRNAs aietectable (Ghassemifar et al., 2003). Collectively, these data
recognized mechanisms of translational repression argliggest that JAM-1-encoding mRNA across species might
initiation, respectively, in the mouse oocyte during maturationexhibit stage-dependent differential processing to regulate the
following fertilization and at the onset of embryogenesis (forearly timing of its translation and protein membrane assembly
a review, see Eichenlaub-Ritter and Peschke, 2002). Thelative to other TJ constituents. This might reflect a critical role
apparent depletion of polyadenylated JAM-1-encoding mRNAor JAM-1 protein in cell polarization at compaction and
in mouse eggs is unexpected because transcripts for most otlsebsequent TJ biogenesis (discussed below).
epithelial TJ genes analysed to date (Z@-1soform, ZO-2, Data obtained from embryo immunoblotting (Fig. 1B)
rab13, cingulin, occludin) are readily detectable in mouse egdemonstrated that JAM-1 protein expression is first detectable in
poly(A)" RNA (Sheth et al., 1997; Sheth et al., 2000a; Shetlhompact eight-cell embryos, increasing in late morulae and
et al., 2000b) (B.S. and T. P. F., unpublished). in early and late blastocysts. Immunolocalization data
We recently examined JAM-1 expression in bovine eggs andemonstrated unambiguously that JAM-1 protein is first
embryos using poly(&) RNA and found a similar temporal assembled at the membrane in pre-compact eight-cell embryos,

O-hour 3 8-hour
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where it is found weakly localized to cell-cell contact sites. Botltontact sites before compaction is unusual in that all other TJ
in synchronized, intact eight-cell embryos and in timed 2/®roteins studied to date in the embryo differentiation model
couplets, JAM-1 membrane staining at cell contacts occurraghdergo membrane assembly only after E-cadherin adhesion at
rapidly (within an hour) after division from the four-cell stagecompaction has initiated (Fleming et al., 1989; Fleming et al.,
and clearly in advance of activation of E-cadherin adhesion d993; Fleming et al., 2001; Sheth et al., 1997; Sheth et al., 2000a;
compaction and cell polarization (Figs 3, 4). However, onc&heth et al., 2000b). Indeed, experimental manipulation of E-
compaction occurred, JAM-1 transiently localized to the apicatadherin adhesion in embryos has indicated its requirement for
microvillous pole (Fig. 3A). During later cleavage, JAM-1 wasnormal spatial and temporal control of TJ protein membrane
present on all cell contact sites in both trophectoderm and ICssembly and stability (Fleming et al., 1989; Javed et al., 1993;
lineages, although it was concentrated within the trophectoderBheth et al., 2000b). Moreover, JAM-1 membrane recruitment
apicolateral domain junctional complex (Fig. 2). occurs substantially ahead of other TJ transmembrane proteins,
The early expression and membrane localization of JAM-1 awith occludin and claudin assembly occurring from the late
morula stage, some 24 hours later (Sheth et al., 2000a; Fleming

A 2/8 let et al., 2001) (F.C.T., B.S. and T.P.F.,, unpublished). The early
couplcets assembly of JAM-1 indicates that it might contribute to an early
JTAM-1 phase in epithelial differentiation, supporting the findings from

cell culture studies. Thus, JAM-1 recruitment to membranes in
Caco-2 cells after calcium addition to initiate ‘differentiation’

» occurred rapidly (within minutes) and preceded that of other
junctional markers (Martinez-Estrada et al., 2001). Early JAM-
1 membrane assembly also enhanced recruitment of other TJ
proteins (ZO-1, occludin) in JAM-1-transfected CHO cells
0 hour 3 hour (Bazzoni et al., 2000a).

An early role for JAM-1 in epithelial differentiation in the
embryo is also indicated by its colocalization with the newly
formed apical pole at compaction. We believe that apical
membrane localization of JAM-1 during epithelial cell
polarization has not been reported previously, although apical
(luminal) surface localization of JAM-1is required in vascular
endothelial cells to mediate leukocyte transmigration (Martin-
Padura et al., 1998). JAM-1 recruits ASIP/PAR-3 and atypical
PKC to junction sites for establishment of cell polarity in
cultured epithelial cells and JAM-1-transfected fibroblasts and
CHO cells (Itoh et al., 2001; Ebnet et al., 2001). To examine
whether JAM-1 performs a similar role in the early embryo, we
investigated the distribution of atypicalX, ) and novel §, ,

0) PKC isoforms at the time of compaction. Although PIRC

displayed only intracellular cytoplasmic staining at compaction,

PKC{ was found at the apical membrane, suggesting that JAM-

1 might facilitate this localization. Apical surface PK@t

B - S Cibcoshadliii compaction has also been reported by Pauken and Capco
=1 Polar staining (Pauken and Capco, 2000). Subsequently, both atypical PKCs

associate with the trophectoderm junctional complex in

o — blastocysts (Eckert et al., 2004b), to which JAM-1 is mainly
localized.
&0 What might be the functional significance of the transient

3 hour JAM

E-cadherin Negative control

0 hour 0 hour

apical membrane localization of JAM-1 and RKGit
compaction? In addition to establishment of the epithelial
phenotype in the embryo, cell polarity at compaction is also
required for asymmetric cell divisions to occur in a proportion
of eight-cell blastomeres. These divisions give rise to
phenotypically distinct daughter cells that occupy outer and
inner locations, and are the progenitors of trophectoderm and
0 hour 3 hour 6 hour 9 hour ICM lineages, respectively (for a review, see Fleming et al.,

. o . 2004). Thus, experimental evidence suggests that the cytocortex
Fig. 4.(A) JAM-1 localization in representative 2/8 couplets at 0 aggociated with the apical microvillus pole at compaction acts as
e e e s gy & Sable memory of epihelal polay in outer el trough
only) are shown at the bottom. Bar, 20. (B) Timing of cell-cell subsequent mitoses as trophectoderm differentiation continues
contact and apical polar staining of JAM-1 in 2/8 couplets at (Johnson et al., 1988). At the molecular level, the Par gene

different times after division from 1/4 cells (data from single complex (including atypical PKCs) is implicated in the
experiment comprising 39 couplets). generation of cell lineage diversity Daenorhabditis elegans

40

Percentage of embryos

20 4
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andDrosophilamodels, and is localized asymmetrically duringthese models, cell fate diversification can occur by atypical PKC
differentiative divisions (for a review, see Knoblich, 2001). Inphosphorylation of cytoskeletal components, resulting in
different inheritance of determinant proteins
(Betschinger et al., 2003). Similar to the current
study, atypical PKC is localized to the apical
membrane of blastomeres during cleavage of
Xenopugembryos, in which a role in asymmetric cell
division has been proposed (Chalmers et al., 2003).
These data on the Par gene complex indicate that
apical membrane PKC at compaction might
contribute similarly to the process of early lineage
diversification in the mouse embryo through
cytoskeletal reorganization and cell polarity.
Extensive cytoskeletal reorganization occurs during
compaction and cell polarization in the embryo
(Johnson and Maro, 1984; Maro and Pickering,
1984) with the submembraneous microvillous pole
comprising actin and actin-binding proteins,
including myosin (Sobel, 1983), tropomyosin
(Clayton and Johnson, 1998) and ezrin (Louvet et
al., 1996), as well as the TJ protein cingulin inherited
from the oocyte (Fleming et al., 1993). In addition
to PKC polarisation, we found the novel PR@
concentrate at the apical surface pole of blastomeres
at compaction. PK&has been shown to bind F-actin
at its C2 domain in neutrophils and epithelial cells,
with experimental evidence of a function in dynamic
restructuring of the membrane-associated actin
cytoskeleton (Lopez-Lluch et al., 2001; Liedtke et
al., 2003). Conventional PKCs, in particular RKC
at basolateral contact sites, have also been implicated
in regulating compaction throughp-catenin

. L ) . ) phosphorylation and activation of E-cadherin
Fig. 5.(A) Localization of PKC isoform§, 1/A andd within representative compact 34hesion by linkage to the actin cytoskeleton

eight-cell embryos (C8). Arrows indicate immunostaining at the apical membrang, . . .
domain of polarized blastomere for PK&ndd. (B) Immunolocalization of nectin- rkSNmkkel et %l" éggo, P%%'B%n aréd ”Capclo,.t1999t,
2 (arrows) within representative compact eight-cell embryo (C8), 16-cell morula auxen an apco, .)' el polarty a
(16-c) and blastocyst (Blast; left, mid-plane showing staining at trophectoderm compaction  therefore  signifies ~a  major
junctions and at ICM cell contacts; rightaxis series showing trophectoderm in ~ €éorganization of the Cytoskeletqn with key_ roles for
tangential plane; BI, blastocoef}=10-20 embryos per stage or treatment in three Select PKC isoforms that might contribute to
replicates. Bar, 20m. both epithelial differentiation and cell lineage

A B

100 100 -|
—8— TE-BSA + lgG2b

—&— TE-BSA + BV11 i

—8— TE-BSA + BV12

—&— TB6-BSA +IgG2b
—4— TE-BSA + BV11
—8— TE-BSA + BVI2 _

80 80 4
60

401 40 4

Percentage of embryos cavitated

20

Percentage of embryos compacted

T T T T -
] 2 4 B 8 10 30 35 40 45 50

Hours post 8-cell Hours post compaction

Fig. 6.(A) Effect of embryo culture during the eight-cell stage in T6 plus BSA plus BV11 or BV12 anti-JAM-1 antibodies compared with
control IgG2b antibody (all at g miY) on timing of compaction (mean of 89 embryos per treatment). (B) Effect of embryo culture from
compaction in media as above on timing of cavitation (mean of 50 embryos per treatment). Rates of cavitation significahty iower
control medium are indicated with asteriskB<®.005; **P<0.0001.
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diversification. It will be of interest to determine whetherof the TJ. Although molecular analyses are now required to

transient JAM-1 polarization at compaction is required for PKCdetermine precisely the role of JAM-1 in each of these processes,

mediated cellular reorganization at this time. this study has demonstrated the earliest known role for JAM-1
The co-distribution of JAM-1 and E-cadherin during morulain blastocyst morphogenesis.

and blastocyst stages within trophectoderm and ICM lineages
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