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ABSTRACT  Intestinal barrier function is regulated by epithelial tight junctions (TJs), struc-
tures that control paracellular permeability. Junctional adhesion molecule-A (JAM-A) is a TJ-
associated protein that regulates barrier; however, mechanisms linking JAM-A to epithelial 
permeability are poorly understood. Here we report that JAM-A associates directly with 
ZO-2 and indirectly with afadin, and this complex, along with PDZ-GEF1, activates the small 
GTPase Rap2c. Supporting a functional link, small interfering RNA–mediated down-regula-
tion of the foregoing regulatory proteins results in enhanced permeability similar to that 
observed after JAM-A loss. JAM-A–deficient mice and cultured epithelial cells demonstrate 
enhanced paracellular permeability to large molecules, revealing a potential role of JAM-A in 
controlling perijunctional actin cytoskeleton in addition to its previously reported role in 
regulating claudin proteins and small-molecule permeability. Further experiments suggest 
that JAM-A does not regulate actin turnover but modulates activity of RhoA and phosphory-
lation of nonmuscle myosin, both implicated in actomyosin contraction. These results suggest 
that JAM-A regulates epithelial permeability via association with ZO-2, afadin, and PDZ-GEF1 
to activate Rap2c and control contraction of the apical cytoskeleton.

INTRODUCTION
The colonic epithelium facilitates selective absorption of nutrients 
while precluding the passage of toxins and pathogens into the body. 
This selective permeability is regulated by tight junctions (TJs), 

which are complex, dynamic structures that localize to the apical 
contacts between epithelial cells. It is well appreciated that TJs are 
composed of a diverse array of structural and signaling proteins, 
including junctional adhesion molecule-A (JAM-A). JAM-A is a trans-
membrane protein constituent of TJs that regulates epithelial bar-
rier function in addition to other homeostatic properties such as epi-
thelial cell migration and proliferation (Laukoetter et  al., 2007; 
Severson et al., 2008; Nava et al., 2011).

There are several reports linking JAM-A to regulation of epithe-
lial barrier function. For example, JAM-A–knockout mice have en-
hanced colonic permeability, and epithelial cells lacking JAM-A have 
decreased transepithelial electrical resistance (TER) and enhanced 
paracellular flux of low–molecular weight dextran in vitro (Laukoetter 
et  al., 2007). Previous studies linking JAM-A structure to cellular 
function indicated that JAM-A forms homodimers on the surface of 
the same cell (in-cis) at its membrane-distal immunoglobulin domain 
(Kostrewa et al., 2001; Prota et al., 2003) and that cis-dimerization is 
required for epithelial cell migration and barrier function (Liu et al., 
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JAM-A and certain scaffold proteins may play important role(s) in 
regulating epithelial barrier function. The nature of such interac-
tions, however, and the identity of signaling elements linking JAM-A 
to regulation of epithelial permeability remain unclear.

In this study, we use in vitro and in vivo techniques to better de-
fine mechanisms that link JAM-A to the regulation of epithelial bar-
rier function. Our results suggest that JAM-A forms a complex with 
PDZ-containing scaffold proteins that regulates contractility of the 
apical cytoskeleton, which, in turn, fine tunes epithelial permeability. 
Of note, we report that the tight junction scaffold protein ZO-2 di-
rectly interacts with JAM-A and is necessary for mediating indirect 
interactions between JAM-A and afadin. We also show that JAM-A 
and afadin mediate activation of Rap2c, a GTPase previously un-
characterized in the context of epithelial barrier function. Taken to-
gether, these findings provide new insights into the regulation of 
epithelial barrier function by JAM-A.

RESULTS
JAM-A–binding reovirus protein σ1 induces JAM-A 
internalization and enhances permeability in vivo and 
in vitro
JAM-A–deficient mice and JAM-A–deficient intestinal epithelial 
cells display reduced TER and increased flux to 3- to 4-kDa dextrans 
(Laukoetter et  al., 2007), although mechanisms defining JAM-A 
regulation of epithelial permeability are not understood. To better 
understand the link between JAM-A and barrier function, we per-
formed experiments comparing the role of JAM-A during TJ assem-
bly/barrier formation with maintenance of a stable barrier. For these 
studies, we used a recombinant form of reovirus protein σ1, which 
has been shown to bind to the membrane-distal D1 domain of JAM-
A and disrupt JAM-A homodimerization (Guglielmi et  al., 2007; 
Kirchner et al., 2008; Zhang et al., 2010). Addition of WT σ1 to sub-
confluent monolayers of model intestinal epithelial cell lines inhib-
ited barrier development in comparison to cells treated with σ1_
G381A mutant protein, which is deficient in JAM-A binding (Kirchner 
et al., 2008; Figure 1A). In addition, incubation of confluent mono-
layers of SKCO-15 (Figure 1B) or T84 cells (Supplemental Figure 
S1A) with σ1 (20 μg/ml, 1 h for SK-CO15 cells and up to 3 h for T84 
cells) resulted in a significant reduction in TER in comparison to con-
fluent cells treated with σ1_G381A, suggesting that JAM-A regu-
lates both assembly and maintenance of the epithelial barrier. Im-
munofluorescence labeling and confocal microscopy revealed that 
cells exposed to σ1 had reduced levels of TJ-associated JAM-A 
compared to cells incubated with σ1_G381A (Figure 1C); however, 
localization of E-cadherin was unaffected (Supplemental Figure 
S1B), suggesting that effects observed were specific to JAM-A and 
epithelial architecture remained intact. To assess the in vivo signifi-
cance of the in vitro findings, we examined the effect of σ1 on intes-
tinal permeability in anesthetized mice. With an intestinal loop 
model, administration of σ1 into the intestinal lumen for 2 h resulted 
in a fourfold increase in permeability to 3-kDa dextran compared to 
treatment with σ1_G381A (Figure 1D). These findings suggest that 
reduction of TJ-associated JAM-A after σ1 exposure compromises 
TJ barrier function.

Because exposure of intestinal epithelial cells to σ1 resulted in a 
reduction of TJ-associated JAM-A and concomitant barrier defects 
similar to that observed in knock-out mice, we initiated experiments 
to better define JAM-A–dependent mechanisms regulating barrier 
function using epithelial cell lines deficient in JAM-A. As can be 
seen in Supplemental Figure S1C, stable intestinal epithelial cells 
(IECs) deficient in JAM-A displayed delayed development of TER 
compared to control nonsilenced (NS) IECs.

2000; Mandell et  al., 2004; Severson et  al., 2008). JAM-A was 
reported to associate with signaling molecules such as the scaffold 
proteins ZO-1 and afadin, as well as with the guanine exchange 
factor PDZ-GEF2, via its cytoplasmic type II PDZ-binding motif 
(Ebnet et al., 2000; Severson et al., 2009). Close apposition of the 
latter two signaling components in dimerized JAM-A appears to be 
necessary for activation of the small GTPase Rap1a, stabilization of 
β1 integrin, and regulation of cell migration (Severson et al., 2009). 
Despite these findings linking JAM-A–mediated signaling to cell 
migration, the signaling events linking JAM-A to regulation of 
epithelial permeability are not known.

It is well appreciated that interactions of TJ-associated trans-
membrane proteins with large scaffold proteins and the actin cy-
toskeleton mediate regulation of paracellular permeability in a 
highly dynamic manner. Paracellular permeability to small molecules 
is directly determined by tetraspan claudins, which cluster as ho-
modimers across cells to form channels of varying permeability to 
specific ions (Furuse, 1998; Nitta et al., 2003; Furuse, 2010). Intrigu-
ingly, JAM-A-deficient cell lines and mice, which have enhanced in-
testinal permeability, also have altered expression of claudins 10 
and 15, which regulate permeability to small solutes (Colegio et al., 
2003; Van Itallie et  al., 2003, 2006; Laukoetter et  al., 2007). The 
mechanisms defining how JAM-A regulates claudin 10/15 are not 
known, however, nor is it understood whether this observed altera-
tion in claudin composition is sufficient to account for the enhanced 
permeability observed in JAM-A–deficient animals. On the other 
hand, paracellular permeability to larger molecules is regulated by 
the TJ-associated apical cytoskeleton, which responds to extracel-
lular cues by expanding and contracting via actomyosin interactions 
(Madara and Pappenheimer, 1987; Nusrat et  al., 1995; Bruewer 
et al., 2004). The contractile tone of the apical cytoskeleton is critical 
for maintaining a functional, polarized epithelium, and further stimu-
lation of contraction has been shown to enhance paracellular flux of 
larger molecules by expanding the paracellular space (Shen et al., 
2006; Ivanov et al., 2007). Despite an abundance of evidence show-
ing intimate interactions between TJ proteins and the apical cy-
toskeleton (Madara and Pappenheimer, 1987; Nusrat et al., 1995; 
Fanning et  al., 1998; Itoh et  al., 1999), the relationship between 
JAM-A and the apical cytoskeleton is not understood.

It is well appreciated that transmembrane TJ proteins communi-
cate with the apical cytoskeleton through interactions with cytoplas-
mic scaffold or plaque proteins. Of interest, JAM-A has been re-
ported to associate with actin-binding scaffold proteins ZO-1 and 
afadin (Bazzoni et al., 2000; Ebnet et al., 2000; Severson et al., 2009), 
both of which are implicated in the regulation of barrier. ZO-1 and 
its closely related family member, ZO-2, regulate TJ assembly and 
play important roles in controlling epithelial permeability (Van Itallie 
et al., 2009). Similarly, mice with intestinal epithelial–targeted loss of 
afadin demonstrate enhanced intestinal permeability (Tanaka-
Okamoto et al., 2011) with a phenotype similar to that observed in 
JAM-A–deficient mice, strengthening the notion of a functional link 
between JAM-A and afadin. Of importance, mice deficient in nec-
tin, another afadin-associated adherens protein, did not demon-
strate altered intestinal permeability (Tanaka-Okamoto et al., 2011), 
suggesting that afadin may regulate barrier function downstream of 
JAM-A in a nectin-independent manner. Scaffold proteins such as 
afadin and the ZO proteins have several functional binding regions, 
such as PDZ domains, which associate with transmembrane pro-
teins, actin-binding domains, and RA domains and can serve as 
binding sites for small GTPases (Mandai et al., 1997; Yamazaki et al., 
2008; Van Itallie et al., 2009). Given the foregoing observations, it is 
reasonable to assume that PDZ-dependent interactions between 
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performed coimmunoprecipitation assays for ZO-2 and JAM-A from 
lysates of polarized human IECs. Western blots of JAM-A immuno-
precipitates prepared with buffers containing various detergents 
including NP40 alone or a mixture of Triton X-100, sodium deoxy-
cholate, and SDS (RIPA) revealed a prominent 160-kDa band immu-
noreactive with ZO-2 antibodies (Figure 2B and Supplemental 
Figure S2, respectively). Small interfering RNA (siRNA)–mediated 
knockdown of ZO-2 resulted in loss of the 160-kDa protein band, 
confirming the identity of the coimmunoprecipitating protein as 
ZO-2 (Figure 2B). We were unable, however, to detect JAM-A 
association with ZO-1 using the same coimmunoprecipitation pro-
cedure in SK-CO15 and T84 cells (Figure 2B and Supplemental 
Figure S2), despite robust coimmunoprecipitation of ZO-1 with 

JAM-A interacts directly with the TJ plaque protein ZO-2
Because loss of JAM-A at the apical junctional complex disrupted 
barrier development and maintenance, we sought to identify JAM-
A–associated effector proteins that regulate epithelial permeability. 
JAM-A interacts with several scaffold proteins through its C-terminal 
PDZ binding motif (Nomme et al., 2011). We screened for PDZ-de-
pendent binding of the recombinant full-length cytoplasmic seg-
ment of JAM-A (amino acids 261–300) using a proteomic array of 96 
recombinant PDZ domains derived from 48 distinct scaffold pro-
teins. Analyses of array results revealed binding of glutathione S-
transferase (GST)–tagged cytoplasmic tail of JAM-A to the second 
PDZ domain of ZO-2. Specificity for a PDZ-dependent interaction 
was confirmed by absence of ZO-2 binding to a GST-tagged JAM-A 
cytoplasmic tail mutant protein lacking the distal PDZ-binding motif 
(Figure 2A). Of interest, we observed in vitro interactions of the full-
length JAM-A cytoplasmic domain with the second PDZ domain of 
ZO-2 but not with any of the three PDZ domains of ZO-1 despite 
previous reports suggesting a direct interaction between JAM-A 
and the third PDZ domain of ZO-1 (Nomme et al., 2011). To test 
whether full-length JAM-A and ZO-2 interact in epithelial cells, we 

FIGURE 1:  JAM-A regulates barrier function. (A) Treatment of 
SK-CO15 with σ1 (10 μg/ml) on plating abrogates the formation of 
TER compared to cells treated with mutant σ1_G381A (representative 
experiment with three independent samples; mean ± SD). 
(B) Treatment of confluent SK-CO15 monolayers with σ1 (20 μg/ml) 
for 1 h led to significant reduction in TER compared to cells treated 
with σ1_G381A mutant (representative experiment with three 
independent samples; mean ± SD). (C) Treatment of confluent 
SK-CO15 monolayers with σ1 (20 μg/ml) for 1 h led to significant 
reduction in JAM-A expression at tight junctions. (D) Administration 
of σ1 in vivo enhances permeability to small molecules. WT σ1 or 
σ1_G381A (100 μg/ml) was administered to intestinal loops of WT 
mice for 1 h and then assessed for 3-kDa dextran flux for another 
hour (n = 3 per group; mean ± SEM). For all experiments, *p < 0.05, 
**p < 0.01, ***p < 0.001 between groups at each time point per 
Student’s t test.

FIGURE 2:  JAM-A associates with ZO-2, an important component of 
barrier function. (A) JAM-A interacts with ZO-2 in vitro. A proteomic 
array containing 96 PDZ domains from 48 different proteins was used 
to screen for proteins interacting with the cytoplasmic PDZ-binding 
motif of JAM-A. The recombinant full-length cytoplasmic tail of JA 
(JA.CT) directly interacted with the second PDZ domain of ZO-2 on the 
array but did not detectably interact with any PDZ domains of ZO-1. In 
contrast, a mutant lacking the PDZ-binding motif on the cytoplasmic 
tail of JAM-A (JA.CTΔFLV) failed to interact with ZO-2. (B) JAM-A (JA) 
coimmunoprecipitates with ZO-2 but not ZO-1 in intestinal epithelial 
cells. JAM-A immunoprecipitates from cell lysates prepared with an 
NP40-based buffer revealed a 160-kDa ZO-2 immunoreactive band. 
siRNA down-regulation of ZO-2 was used to confirm specificity of the 
detected band. (C) Down-regulation of ZO-1, ZO-2, or ZO-1 and -2 led 
to decreased TER in SK-CO15 cells at similar levels to down-regulation 
of JAM-A relative to control cells (Scr; n > 5; mean relative resistance 
with 95% confidence interval). (D) siRNA-mediated down-regulation of 
ZO-1 and/or ZO-2 was confirmed by immunoblotting.
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Of interest, the same afadin immunoprecipitates also revealed 
a 160-kDa band immunoreactive for ZO-2. Because our results 
suggest that afadin and PDZ-GEF1 are in a complex with ZO-2 
and JAM-A, we performed experiments to gain further insight 
into which of these proteins might directly or indirectly interact 
with JAM-A. The in vitro PDZ array results in Figure 2A suggest 
that JAM-A might directly interact with ZO-2. We thus performed 
experiments to determine whether the association between 
JAM-A and afadin depended on ZO-2. Analyses of afadin immu-
noprecipitates from cells treated with either scrambled or ZO-2 
siRNA revealed coimmunoprecipitation of JAM-A with afadin in 
control cells, but the protein association was greatly diminished 
in IECs after transient siRNA-mediated depletion of ZO-2 (Figure 
3D). In contrast, loss of ZO-2 had no effect on the coimmunopre-
cipitation of ZO-1 with afadin. Combined with the findings in 
Figure 2, these results suggest that afadin association with JAM-
A depends on ZO-2, whereas afadin association with ZO-1 is in-
dependent of ZO-2. These findings support a model in which 
JAM-A binds directly with ZO-2 and indirectly associates with 
afadin and ZO-1.

ZO-2 in the same experiment (Supplemental Figure S2). Finally, we 
investigated the localization of ZO-2 in epithelial cells treated with 
σ1, which decreased levels of junction-associated JAM-A in Figure 
1C. As shown in Supplemental Figure S2B, σ1 treatment also per-
turbed junctional localization of ZO-2, as assessed by confocal im-
munofluorescence imaging.

Given the array findings in Figure 2A and results in Figure 2B and 
Supplemental Figure S2B demonstrating association of JAM-A with 
ZO-2, we assessed whether down-regulation of JAM-A and ZO-1/2 
might have similar negative effects on barrier function. Transient 
down-regulation of ZO-1 and ZO-2 in isolation or together resulted 
in decreased TER to levels similar to those observed after transient 
down-regulation of JAM-A (Figure 2, C and D). The similar effects on 
TER observed after down-regulation of JAM-A and ZO proteins, 
along with results demonstrating JAM-A association with ZO-2, sug-
gest that JAM-A and ZO proteins may be part of a common signal-
ing pathway to regulate barrier function.

Afadin and PDZ-GEF1, but not PDZ-GEF2 or Rap1, regulate 
epithelial barrier function
To identify other JAM-A effectors that regulate barrier function, we 
evaluated several signaling proteins that have been shown to play 
roles in JAM-A–mediated control of cell migration. Specifically, we 
tested whether afadin, PDZ-GEF2, and Rap1a, components of the 
pathway linking JAM-A to regulation of epithelial cell migration, 
could also affect barrier function (Severson et al., 2009). Transient, 
siRNA-mediated down-regulation of afadin caused a significant 
decrease in TER compared to cells transfected with scrambled 
siRNA. In contrast, siRNA-mediated down-regulation of PDZ-GEF2 
did not impair epithelial permeability (Figure 3A). However, down-
regulation of PDZ-GEF1, a closely related homologue of PDZ-GEF2, 
resulted in significantly decreased TER comparable to that observed 
after down-regulation of JAM-A (Figure 3A). We then performed 
experiments to examine the barrier-modulating roles of Rap1a or 
Rap1b, small GTPases that are known downstream target proteins 
of PDZ-GEF1/2 (Pannekoek et al., 2011). Surprisingly, we observed 
that transient down-regulation of Rap1a and Rap1b did not decrease 
TER in IECs (Figure 3A). Given the similar TER effects observed after 
down-regulation of JAM-A and PDZ-GEF1, we performed coimmu-
noprecipitation experiments to see whether the two proteins are 
components of the same protein complex. PDZ-GEF1 immunopre-
cipitates from IEC lysates revealed a 37-kDa protein band that was 
immunoreactive with JAM-A antibody (Figure 3B), indicating that 
JAM-A is in a complex with PDZ-GEF1. Furthermore, using confocal 
microscopy and immunofluorescence staining, we observed that 
PDZ-GEF1 localized to epithelial junctions (Figure 3C), as previously 
reported for afadin, another scaffold protein shown to be in a com-
plex with JAM-A (Ebnet et al., 2000; Severson et al., 2009; Tanaka-
Okamoto et al., 2011). These results suggest that afadin and PDZ-
GEF1 associate with JAM-A in the apical junctional complex.

We previously reported association between JAM-A and afadin 
(Severson et al., 2009) and confirmed that JAM-A is present in afadin 
immunoprecipitates of polarized IECs (Figure 3B). Of importance, we 
observed that afadin immunoprecipitates revealed two protein 
bands of close molecular weight that were immunoreactive with 
JAM-A antibodies. It is likely that the JAM-A doublet observed in 
afadin immunoprecipitates represents two differentially phosphory-
lated forms of JAM-A, as described in the literature (Iden et al., 2012). 
On the basis of this previous report, it is possible that the higher–
molecular weight species, which is of the same size as the single 
JAM-A band observed in immunoprecipitates of PDZ-GEF1 (Figure 
3B), represents phosphorylated, tight-junction–associated JAM-A.

FIGURE 3:  Down-regulation of afadin and PDZ-GEF1, but not 
PDZ-GEF2 or Rap1a/b, leads to decreased resistance across IECs. 
(A) Transient down-regulation of afadin (AF) and PDZ-GEF1 (PG1) 
reduced intestinal epithelial TER to levels comparable to 
those observed after transient JAM-A down-regulation (JA). 
Down-regulation of PDZ-GEF2 (PG2), Rap1a (R1a), and Rap1b (R1b) 
did not affect intestinal epithelial TER (n > 4; mean relative resistance 
with 95% confidence interval; data for JAM-A from Figure 2). 
(B) JAM-A (JA) and ZO-2 coimmunoprecipitate with PDZ-GEF1 (PG1) 
and afadin (AF) in IECs. Cell lysates were preextracted with 
an NP40-based buffer, and pellets were resuspended in RIPA 
buffer before coimmunoprecipitation with PDZ-GEF1 or afadin. 
(C) PDZ-GEF1 localizes to the perijunctional region of IECs. 
(D) JAM-A (JA) coimmunoprecipitation with afadin (AF) is disrupted 
after transient down-regulation of ZO-2. Cell lysates were prepared 
with a Brij97-based buffer before coimmunoprecipitation with  
afadin.
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staining and confocal microscopy of native human colonic epithe-
lium revealed that Rap2 localized along cell borders and colocalized 
with ZO-2 at apical cell junctions, consistent with TJ localization. On 
the basis of these results, we performed experiments to evaluate 
the role of Rap2b and Rap2c in regulating epithelial barrier function. 
Transient down-regulation of Rap2c, but not Rap2b, using two sepa-
rate siRNA targets for each gene resulted in decreased TER similar 
to that observed after transient JAM-A down-regulation (Figure 4D). 
Further analyses of Rap2 expression revealed colocalization of 
Rap2 with JAM-A in cultured epithelial cells in vitro (Figure 5A) and 
native human colonic epithelium (Figure 5B). Given that JAM-A and 
Rap2 colocalized at junctions and had similar effects on TER, we 
hypothesized that Rap2c and JAM-A may share a common signaling 
pathway. To better define the role of Rap2c as a putative JAM-A 
effector protein that regulates barrier function, we performed dou-
ble JAM-A, Rap2c–knockdown studies. Simultaneous down-regula-
tion of Rap2c and JAM-A had no further additive effect on TER com-
pared to down-regulation of Rap2c or JAM-A in isolation (Figure 
5C). Given the observations suggesting that afadin and JAM-A are 
components of a protein complex that regulates TER and that afa-
din contains a GTPase-binding site, we examined whether JAM-A 
and afadin also shared a common role in regulating the small GTPase 
Rap2. We thus assessed Rap2 activity using RalGDS binding assays 
in stable cell lines deficient in JAM-A and in cells transiently de-
pleted of afadin. As shown in Figure 5, D and E, Rap2 activity was 
reduced in JAM-A–deficient (Figure 5D) and afadin-deficient (Figure 
5E) cells. We next assessed whether Rap2 was part of a protein com-
plex containing JAM-A and afadin. Because afadin contains a 
GTPase-binding site, we probed immunoprecipitates of afadin from 
lysates of polarized IECs for Rap2, as shown in Figure 5F. Together 
with our findings demonstrating JAM-A colocalization with Rap2 
(Figure 5A), these results suggest that Rap2 is in a protein complex 
with JAM-A and afadin. Finally, given our findings implicating regu-
lation of Rap2 activity by JAM-A and afadin, as well as the observed 
coimmunoprecipitation of Rap2 with afadin, we performed experi-
ments to determine whether the subcellular localization of Rap2c is 
also regulated by JAM-A. Confluent IECs transiently expressing 
FLAG-tagged Rap2c were incubated with reovirus protein σ1 to in-
duce JAM-A localization away from TJs, as highlighted in Figure 1C. 
Compared to incubation with JAM-A binding deficient mutant σ1_
G381A, IECs exposed to σ1 for 1 h demonstrated a loss of junction-
associated Rap2c (Figure 5G). These findings suggest that JAM-A 
plays a role in mediating Rap2c distribution in cell junctions and that 
this complex is important for Rap2 activation.

Loss of JAM-A increases epithelial paracellular permeability 
to high–molecular weight molecules
Because afadin, ZO-1, and ZO-2 have known actin-binding sites 
(Mandai et al., 1997) and Rap2 activity has been implicated in cy-
toskeletal regulation in neurons and enterocytes (Ryu et al., 2008; 
Gloerich et al., 2012), we considered whether JAM-A–dependent 
regulation of barrier function may involve Rap2c-mediated effects 
on the actin cytoskeleton. We first examined whether loss of JAM-A 
in vivo and in vitro resulted in barrier defects consistent with cy-
toskeletal deregulation. Whereas permeability to small molecules is 
largely dependent on the composition and stability of claudin-form-
ing pores (Nitta et al., 2003), paracellular passage of larger mole-
cules is determined by expansion of the paracellular space second-
ary to regulation of the apical cytoskeleton (Nusrat et  al., 1995, 
2000; Jou et al., 1998; Shen et al., 2011). Previous studies showed 
that JAM-A-knockout (KO) mice have increased intestinal epithelial 
permeability to small molecules (4-kDa dextran; Laukoetter et al., 

Rap2c localizes to apical cell contacts and regulates 
epithelial paracellular permeability downstream of JAM-A
Given the observed association between JAM-A and PDZ-GEF1 
and the similar effects on permeability observed after siRNA-medi-
ated down-regulation of these two proteins, we performed experi-
ments to identify putative barrier-regulating GTPases that might be 
activated by PDZ-GEF1 downstream of JAM-A. As shown in Figure 
3A, down-regulation of Rap1a or Rap1b did not decrease TER in 
IECs, and thus we evaluated other PDZ-GEF substrates. Specifically, 
we assessed a role for Rap2, the only other known substrate for PDZ-
GEF1 (De Rooij et al., 1999). PCR analyses revealed that SK-CO15 
cells expressed mRNA for Rap2 subtypes Rap2b and Rap2c but not 
Rap2a, as confirmed by two sets of Rap2a primers (Figure 4A and 
Supplemental Figure S4). To confirm protein expression, we per-
formed immunofluorescence staining and confocal microscopy on 
SK-CO15 cells and demonstrated that Rap2 localized to apical 
cell–cell contacts (Figure 4B). Additional immunofluorescence 

FIGURE 4:  Rap2 is expressed in the apical spaces between IECs, and 
Rap2c is involved in the regulation of intestinal epithelial barrier 
function. (A) mRNAs for Rap2 subtypes Rap2b and Rap2c but not 
Rap2a are present in SK-CO15 cells, as observed by PCR. RNA was 
extracted from confluent SK-CO15 cells and subjected to RT-PCR. A 
common cDNA template and PCR master mix was prepared and then 
subdivided before addition of Rap2a, Rap2b or Rap2c primers. 
(B) Rap2 protein is present in apical intercellular junctions of SK-CO15 
cells. (C) Rap2 colocalizes with the tight junction marker ZO-2 in 
colonic mucosa from human pathology specimens. Tissue sections 
were pretreated with 0.1% Triton X-100 before fixation. (D) qRT-PCR–
verified down-regulation of Rap2c (R2c) but not Rap2b (R2b) led to 
significant reductions in colonic epithelial TER at levels comparable to 
those observed after transient JAM-A down-regulation (JA; n > 5; 
relative mean resistance with 95% confidence interval; data for JAM-A 
from Figure 2).
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cells was significantly increased compared 
to nonsilenced cells. Given the observed as-
sociation between ZO-2 and JAM-A and 
that loss of either protein elicited similar ef-
fects on TER, we also assessed the effect of 
ZO-2 down-regulation on permeability to 
high–molecular weight molecules. As shown 
in Figure 6C, transient down-regulation of 
ZO-2 in IECs led to a significant increase in 
40-kDa dextran flux relative to scramble 
siRNA–transfected cells, confirming previ-
ous observations that ZO-2 also plays a role 
in regulating permeability to high–molecu-
lar weight molecules in epithelial cells (Her-
nandez et al., 2007).

JAM-A down-regulation leads 
to RhoA-mediated cell contraction
Given the enhanced permeability to large 
molecules observed with in vivo and in vitro 
JAM-A deficiency, we investigated whether 
JAM-A played a role in the regulation of 
perijunctional actin turnover or apical acto-
myosin contraction. To test whether JAM-A 
expression plays a role in actin turnover, we 
examined fluorescence recovery after pho-
tobleaching (FRAP) in IECs transfected with 
actin–green fluorescent protein (GFP). In 
these experiments, segments of perijunc-
tional actin-GFP were photobleached by at 
least 50% in control and JAM-A–deficient 
IECs followed by analysis of the rate of fluo-
rescence recovery. As shown in Figure 6D, 
FRAP experiments revealed similar rates of 
recovery between control and JAM-A–
deficient cells, suggesting that JAM-A does 
not regulate epithelial permeability by af-
fecting actin turnover. We next asked 
whether JAM-A loss results in altered acto-
myosin contractility. Given our findings link-
ing JAM-A–dependent barrier function to 
afadin (Figure 3) and previous reports link-
ing afadin to regulation of RhoA (Miyata 
et al., 2009), a small GTPase reported to en-
hance apical cytoskeleton contraction and 
increase permeability in IECs and endothe-
lial cells (Nusrat et  al., 1995; Hirase et  al., 
2001), we examined whether JAM-A–defi-
cient cells had altered RhoA activity. As 

shown in Figure 6E, JAM-A–deficient cell lines exhibited increased 
RhoA activity compared to NS controls. Because RhoA is implicated 
in regulation of actomyosin contraction through phosphorylation of 
nonmuscle myosin 2 (pMLC), we examined levels of pMLC in JAM-
A–deficient IECs by Western blot. Compared to NS controls, JAM-
A–deficient stable cell lines exhibited higher levels of pMLC (Figure 
6F). To confirm that changes in pMLC observed in cell lysates re-
flected signaling at the level of the cortical actomyosin belt, we as-
sessed localization of pMLC in JAM-A–deficient stable cell lines by 
immunofluorescence staining. As shown in Figure 6G, JAM-A–defi-
cient IECs exhibited enhanced perijunctional pMLC staining com-
pared to NS cells. These observations suggest that JAM-A may 
regulate barrier function through RhoA-mediated effects on the 

2007). However, intestinal permeability to larger solutes, which 
would indicate a role for cytoskeletal regulation of barrier function, 
has not been assessed in these animals. We thus investigated the 
role of JAM-A in the regulation of permeability to large molecules in 
an intestinal loop model using anesthetized mice (setup illustrated 
in Figure 1D). Introduction of 40-kDa dextran to the intestinal lumen 
of JAM-A KO mice demonstrated a sixfold increase in intestinal per-
meability compared to values obtained in wild-type (WT) animals 
(Figure 6A), suggesting a potential role for cytoskeletal regulation of 
JAM-A–dependent barrier function. We also tested whether cell 
lines with stable JAM-A knockdown had increased permeability to 
high–molecular weight dextran (40 kDa). As shown in Figure 6B, in 
vitro flux of 40-kDa dextran across monolayers of JAM-A deficient 

FIGURE 5:  JAM-A regulates Rap2 activity and localization to tight junctions. (A) Rap2 colocalizes 
with JAM-A (JA) in IECs and (B) in colonic mucosa from human pathology specimens. (A, B) Cells 
and tissues were pretreated with 0.1% Triton X-100 before fixation. (C) Simultaneous down-
regulation of JAM-A (JA) and Rap2c (R2c) in SK-CO15 cells has no additive effect on TER 
compared to isolated down-regulation of JAM-A (JA) or Rap2c (R2c; n = 3; mean relative 
resistance with 95% confidence interval). (D) JAM-A (JA)–deficient IECs from two independent 
JAM-A targets display decreased Rap2 activity compared to control cells (NS), as assessed by 
Ral-GDS pull down (densitometry calculated as Rap2 pull-down signal over total Rap2 signal, 
relative to NS control). (E) IECs transiently deficient in afadin (AF) have decreased levels of Rap2 
activity compared to control cells (Scr; densitometry calculated as Rap2 pull-down signal over 
total Rap2 signal, relative to Scr control). (F) Rap2 coimmunoprecipitates with afadin from cell 
lysates solubilized with a Brij97-based buffer. (G) Incubation of confluent SK-CO15 monolayers 
with σ1 or σ1_G381A (10 μg/ml) for 1 h leads to decreased Rap2c localization at tight junctions.
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of a complex containing ZO-2, afadin, and 
PDZ-GEF1 that regulates activation of Rap2c 
and actomyosin contraction via RhoA.

To identify JAM-A–associated scaffold 
proteins that may play a role in regulating 
epithelial permeability, we screened a library 
of PDZ domain–containing scaffold proteins 
for interaction with recombinant cytoplas-
mic JAM-A. We observed direct binding of 
the cytoplasmic region of JAM-A to the sec-
ond PDZ domain of ZO-2 and confirmed 
this interaction by demonstrating coimmu-
noprecipitation of ZO-2 with JAM-A from 
cell lysates derived from polarized human 
IECs. This is the first report of an association 
between JAM-A and ZO-2. Of interest, our 
results did not demonstrate interaction be-
tween JAM-A and ZO-1, in contrast to ear-
lier reports (Ebnet et  al., 2000; Nomme 
et al., 2011). As can be seen in Figure 2 and 
Supplemental Figure S2, there was robust 
coimmunoprecipitation of ZO-2 with JAM-A 
using lysates from two polarized, nontrans-
fected, human IECs (SK-CO15 and T84) un-
der different detergent conditions. Although 
these findings suggest a direct interaction 
between JAM-A and ZO-2, given the con-
served nature of PDZ-dependent interac-
tions, it is not surprising that ZO-1 has been 
reported to associate with JAM-A. For ex-
ample, a recent crystallography study re-
porting a direct interaction between JAM-A 
and ZO-1 was based on experiments using 
micromolar concentrations of cytoplasmic 
segments of JAM-A and the third PDZ do-
main of ZO-1 (Nomme et al., 2011). In com-
parison, our observations were based on in 
vitro interactions between nanomolar con-
centrations of cytoplasmic JAM-A segments 
and the second PDZ-domain of ZO-2. Be-
cause sequence alignment between the 
third PDZ domain of ZO-1 and the second 
PDZ domain of ZO-2 shows >40% identity 
(Altschul et al., 1997, 2005), it is not unrea-
sonable to expect that a cytoplasmic seg-
ment of JAM-A that directly binds to ZO-2 
could also associate with ZO-1 at higher 
concentrations. The most plausible explana-
tion for our results using polarized IECs, 
however, is that JAM-A directly interacts 

with ZO-2, whereas indirect interactions between JAM-A and ZO-1 
may be mediated through known associations between ZO-1 and 
ZO-2 (Gumbiner et al., 1991).

We performed further experiments to define JAM-A effectors in-
volved in regulating barrier from insights obtained from previous 
studies on JAM-A regulation of cell migration. We observed that tran-
sient down-regulation of afadin but not PDZ-GEF2 or Rap1a/b re-
duced TER. Although we were not able to show a role for PDZ-GEF2 
in barrier maintenance, we observed that loss of the closely related 
PDZ-GEF1 resulted in enhanced permeability similar to what was ob-
served with JAM-A loss. Because the association with PDZ-GEF1 had 
not been previously defined, we performed coimmunoprecipitations 

contractility of the actomyosin belt without influencing mobility of 
perijunctional actin. From these findings we propose a model high-
lighting a signaling module downstream of JAM-A that regulates 
epithelial barrier function (Figure 7).

DISCUSSION
In this study, we provide new mechanistic insights into how JAM-A 
regulates epithelial barrier function. Whereas previous reports 
implicated JAM-A in the control of barrier (Liang et  al., 2000; 
Laukoetter et al., 2007), the signaling pathways linking JAM-A to 
regulation of epithelial permeability were not defined. We used a 
variety of in vitro and in vivo approaches to find that JAM-A is part 

FIGURE 6:  JAM-A down-regulation enhances cytoskeletal contraction. (A) JAM-A−/− mice exhibit 
increased intestinal permeability to 3-, 10-, and 40 kDa dextran compared to WT mice (n = 3; 
bars, mean ± SEM). (B) JAM-A–deficient SK-CO15 cells (shJA) demonstrate enhanced flux to 
40-kDa dextran compared with control cells (NS). Dextran flux to the bottom chamber was 
assessed after 2 h (representative experiment with three independent sample; mean ± SD). 
(C) Transient down-regulation of ZO-2 in IECs results in enhanced permeability of 40-kDa 
dextran compared to control (Scr; representative experiment with three independent samples; 
mean ± SD). (D) Actin turnover rates in control (NS) or JAM-A deficient (shJA) cells are not 
statistically different, as assessed by FRAP. Stable control (NS) or JAM-A deficient (shJA) cells 
expressing actin-GFP and grown in chambered wells before assessment of FRAP for actin-GFP 
at junctions (n = 8; mean ± SEM). (E) Stable down-regulation of JAM-A (shJA) leads to enhanced 
levels of total and active RhoA as determined by Rhotekin pull-down assay (densitometry 
calculated as RhoA pull-down signal over total RhoA signal, relative to NS control). (F, G) Stable 
down-regulation of JAM-A (shJA) leads to enhanced levels of pMLC (S19) as determined by 
Western blot (F; densitometry calculated as pMLC signal over tubulin signal, relative to NS 
control) and confocal immunofluorescence staining (G).
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lysates (Ebnet et  al., 2000), which is consistent with our previous 
observations in lysates of IECs (Severson et  al., 2009); however, 
these coimmunoprecipitation results do not distinguish between 
direct or indirect interactions. Considering the present finding that 
ZO-2 depletion in IECs attenuates association between JAM-A 
and afadin, our results suggest that JAM-A associates directly with 
ZO-2 and indirectly with afadin. The foregoing experiments also re-
vealed that association between afadin and ZO-1 was not altered 
upon ZO-2 depletion, suggesting that ZO-2 is not required for the 
interaction between afadin and ZO-1. Given these observations and 
previous reports on ZO-1 interacting partners, we predict that ZO-1 
may indirectly associate with JAM-A via interactions with afadin 
and/or ZO-2.

It was surprising to find that down-regulation of Rap1a/b did not 
enhance epithelial permeability. Rap1 is important in the regulation 
of endothelial tight junctions (Kooistra et al., 2007; Pannekoek et al., 
2011). The role of Rap1 in epithelial barrier, however, has not been 
clearly defined (Monteiro and Parkos, 2012). Whereas others have 
shown a role for Rap1 effectors such as EPAC and RAPGAP in the 
regulation of the apical junctional complex in epithelial cells, such 
effectors have not been reported to be specific for Rap1 and, in fact, 
have been observed to modulate Rap2 signaling (De Rooij et al., 
1999; Roscioni et al., 2008; Tsygankova et al., 2010; Monteiro and 
Parkos, 2012). Here we report that Rap2c, a previously uncharacter-
ized GTPase in epithelial cells, mediates JAM-A regulation of epi-
thelial permeability.

Rap2a, but not Rap2c, was recently reported to play an impor-
tant role in brush border formation in small intestinal enterocytes 
(Gloerich et al., 2012). Moreover, Rap2 modulation was required for 
ordered formation of neuronal dendritic spines (Ryu et al., 2008). 
Such reports suggest that Rap2 is important in regulating actin ar-
chitecture, as observed for other members of the Ras superfamily of 
GTPases (McLeod et al., 2004; Noda et al., 2010). Of interest, mRNA 
for Rap2b and Rap2c but not for Rap2a was present in SKCO-15 
cells, which helped to define a role for Rap2c in IECs. We observed 
that Rap2 colocalizes with JAM-A at the apical junctional complex 
and that Rap2 activity depends on JAM-A expression. In addition, 
PDZ-GEF1, shown in this report to associate with JAM-A, is an es-
tablished activator of Rap2 (De Rooij et  al., 1999; Kuiperij et  al., 
2003). We also performed experiments testing whether Rap2 activ-
ity was regulated by afadin, another JAM-A–associated plaque pro-
tein. We found that transient down-regulation of afadin led to de-
creased activity of Rap2 in IECs (Figure 5C), and, along with 
coimmunoprecipitation results in Figure 3B, these data collectively 
suggest that JAM-A forms a complex with ZO-2, afadin, and PDZ-
GEF1 to regulate Rap2 activity, as highlighted in the model pro-
posed in Figure 7.

We performed a series of experiments to determine how the 
proposed signaling complex in Figure 7 regulates epithelial perme-
ability. We previously observed decreased TER and increased flux of 
4-kDa dextran in JAM-A–null mice and demonstrated that JAM-A–
null mice exhibited increased protein levels of claudins 10 and 15 
(Laukoetter et al., 2007). In this study, we report that JAM-A defi-
ciency also results in an enhanced permeability to large molecules, 
suggesting that additional mechanisms, including altered regulation 
of the actin cytoskeleton, may be important in JAM-A–mediated 
regulation of barrier function. We observed that stable cell lines de-
ficient in JAM-A had enhanced activity of RhoA and increased phos-
phorylation of myosin light chain. These observations complement 
previous reports indicating that afadin-deficient cells exhibited 
enhanced RhoA activity (Miyata et  al., 2009) and that epithelial 
cells deficient in ZO-1/2 revealed enhanced pMLC at the apical 

that demonstrated interaction between JAM-A and PDZ-GEF1. It is 
noteworthy that a direct interaction between JAM-A and PDZ-GEF1 
was not observed in the proteomic PDZ array, even though the PDZ 
domain of PDZ-GEF1 was probed, suggesting that the association 
between PDZ-GEF1 and JAM-A is likely indirect and/or transient in 
nature.

Immunoprecipitation of afadin not only confirmed association 
between afadin and JAM-A, but it also revealed an association be-
tween afadin and ZO-2. Given the observed interactions between 
JAM-A and PDZ-GEF1, afadin, and ZO-2 and previously reported 
interactions of ZO-1 with ZO-2 (Gumbiner et al., 1991) and afadin 
(Takahashi et al., 1998), we sought to further define the order of as-
sociation between proteins in this complex. On the basis of findings 
from the PDZ array and coimmunoprecipitations indicating a poten-
tial direct interaction between JAM-A and ZO-2, we tested whether 
the association of afadin with JAM-A depended on ZO-2 expres-
sion. Transient down-regulation of ZO-2 followed by afadin immu-
noprecipitation revealed that IECs deficient in ZO-2 demonstrated 
decreased association between JAM-A and afadin. This suggested 
that JAM-A, ZO-2, and afadin were in a complex and the interaction 
between afadin and JAM-A required the presence of ZO-2. These 
results, which support an indirect association between afadin and 
JAM-A, are inconsistent with a previous study supporting a direct 
interaction between afadin and JAM-A (Ebnet et  al., 2000). We 
attribute these divergent interpretations to differences in experi-
mental models. The earlier study was largely based on overexpres-
sion of proteins in yeast that were confirmed using recombinant 
protein–based pull-down assays, whereas the results of our pro-
teomic screen were supported through antibody-based analyses of 
lysates from polarized human IECs containing endogenous levels of 
JAM-A, ZO-2, and afadin. The former study also demonstrated 
coimmunoprecipitation of afadin with JAM-A in endothelial cell 

FIGURE 7:  Model of JAM-A–mediated barrier function. We propose 
that JAM-A is part of a complex composed of ZO-2, afadin, and 
PDZ-GEF1 (PG1) that recruits and activates Rap2c (R2c) and controls 
actomyosin contraction via RhoA activation to regulate epithelial 
barrier function.
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Laboratories, Lexington, KY); polyclonal affinity-purified rabbit anti–
afadin 02246, monoclonal mouse anti-tubulin, and polyclonal affin-
ity-purified rabbit anti-actin (Sigma-Aldrich, St. Louis, MO); poly-
clonal affinity-purified rabbit anti-Rap2c (Cell Signaling Technology, 
Beverly, MA); and polyclonal affinity-purified rabbit anti-RhoA (Santa 
Cruz Biotechnology). For immunoblots, horseradish peroxidase–
conjugated secondary antibodies were used (Jackson Immuno
Research Laboratories, West Grove, PA). For immunofluorescence, 
fluorescein isothiocyanate (FITC)- and Alexa-conjugated antibodies 
(Invitrogen) were used.

Expression and purification of the JAM-A–binding reovirus 
σ1 protein
A cDNA fragment encoding amino acids 170–455 of the σ1 attach-
ment protein of reovirus strain T3D was fused to a GCN4-pII 
trimerization domain (www.biomers.net) and a 10–amino acid 
trypsin-cleavable linker. The resulting construct was inserted into a 
PQE-80L vector using BamHI and HindIII sites. A G381A point 
mutant in σ1 was engineered using the GeneArt Site-Directed 
Mutagenesis System (Invitrogen) according to the manufacturer’s 
protocol. Wild-type σ1 and σ1_G381A were expressed in DE3 
Escherichia coli by autoinduction and purified as described previ-
ously (Reiter et al., 2011).

Production of lentiviruses and stable cell lines
Lentiviruses were created in HEK293T TLA cells by transfection of 
viral plasmids (Open Biosystems, Huntsville, AL) with Lipofectamine 
2000 (Qiagen). Lentivirus-containing media were harvested 72 h 
posttransfection. Titered supernates were then used at multiplicity 
of infection of 4 to transduce SK-CO15 human colonic epithelial 
cells. Resulting polyclonal populations were purified into different 
clones by serial dilutions and grown in supplemented DMEM with 
puromycin (2 μg/ml). Short hairpin RNA sequences are outlined in 
Supplemental Figure S4.

Immunoblots
Monolayers of epithelial cells were homogenized in radioimmuno-
precipitation assay (RIPA) lysis buffer (20 mM Tris, 50 mM NaCl, 
2 mM EDTA, 2 mM ethylene glycol tetraacetic acid, 1% sodium de-
oxycholate, 1% Triton X-100, and 0.1% SDS, pH 7.4) or 0.1% NP40 
or 1% Brij 97 lysis buffer (10 mM Tris HCl, pH 8.0, 150 mM NaCl, 
1 mM MgCl2, 1 mM CaCl2) supplemented with protease and phos-
phatase inhibitor cocktails (Sigma-Aldrich). A bicinchoninic acid as-
say (Pierce, Rockford, IL) was used to determine lysate protein con-
centrations. Lysates were cleared by centrifugation and boiled in 
reducing SDS sample buffer. SDS–PAGE and immunoblots were 
performed by standard methods. Tubulin was used as a protein 
loading control.

Immunoprecipitation
SK-CO15 and T84 cells that were 80–90% confluent were har-
vested in 0.1% NP40 or 1% Brij 97 lysis buffer supplemented with 
protease and phosphatase inhibitor cocktails (Sigma-Aldrich). 
Lysates were incubated end over end for 20 min at 4°C before 
being cleared at 14,000 rpm for 10 min. The supernatant (soluble 
fraction) was kept on ice while the pellet was resuspended in RIPA 
buffer, dounced, and cleared at 14,000 rpm for 10 min (RIPA frac-
tion). Each fraction was precleared with 50 μl of Sepharose 4B for 
30 min and incubated with 5 μg of antibody for 2 h. Immune com-
plexes were precipitated by 50 μl of protein A– or protein 
G–Sepharose for 1 h. Immunoprecipitate pellets were washed 
three times in either lysis buffer or RIPA before being boiled in 

junctional complex (AJC) compared to control cells, as assessed by 
immunofluorescence confocal microscopy of actin and myosin light 
chain (Fanning et al., 2012).

The findings in this study have significant physiological relevance. 
Transient and incomplete down-regulation of JAM-A, ZO-1/2, afa-
din, PDZ-GEF1, and Rap2c in vitro led to TER decreases of ∼15–45% 
compared to control groups. These relatively small in vitro differ-
ences observed in JAM-A deficient cells translated to threefold 
(small molecules) and sixfold (large molecules) increases in intestinal 
permeability in JAM-A KO relative to WT mice. Similarly, afadin cKO 
mice were reported to exhibit a threefold increase in permeability to 
low– molecular weight dextran, although permeability of high–
molecular weight solutes was not reported. Although in vivo perme-
ability data are not available for all protein targets that we studied in 
vitro, given that transient down-regulation of JAM-A, afadin, PDZ-
GEF1, and rap2c led to statistically similar effects on TER in vitro, we 
predict that mice with epithelial-targeted deficiency of PDZ-GEF1 or 
rap2c may have barrier defects similar to those observed in JAM-A– 
and afadin-deficient mice. There are significant physiological conse-
quences secondary to the permeability defects observed in JAM-A– 
and afadin-deficient mice. Mice lacking intestinal epithelial afadin 
(Tanaka-Okamoto et al., 2011) or JAM-A (Laukoetter et al., 2007) 
have higher susceptibility to dextran sodium sulfate–induced colitis. 
Moreover, we also showed that JAM-A–deficient mice develop im-
mune-compensatory mechanisms to protect them against the de-
velopment of spontaneous colitis secondary to enhanced antigen 
exposure (Khounlotham et  al., 2012). Such studies highlight the 
physiological ramifications of JAM-A and afadin deficiency in vivo.

Collectively, these data therefore support a model in which the 
transmembrane protein JAM-A is part of a complex containing afa-
din, ZO-1/2, and PDZ-GEF1 that induces activation of the small 
GTPase Rap2c and, through RhoA, controls contraction of the junc-
tion-associated apical cytoskeleton to maintain a functional and se-
lectively permeable epithelial barrier. This model may provide new 
ideas for therapeutic targets that allow for the modulation of intesti-
nal barrier function in health and disease.

MATERIALS AND METHODS
Cell culture
SK-CO15 human IECs were grown in DMEM supplemented with 
10% fetal bovine serum, 2 mM l-glutamine, 100 IU of penicillin, 
100 μg/ml streptomycin, 15 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), and 1% nonessential amino acids 
and were subcultured with 0.05% trypsin (Cellgro, Manassas, VA). 
For filter-based studies, cells were seeded at a density of 1 × 
105 cells/0.33 cm2. Transfections were performed with Lipofectamine 
2000 (Qiagen, Valencia, CA) in Optimem (Invitrogen, Carlsbad, CA) 
per manufacturer’s protocol. Targets (Qiagen and Santa Cruz 
Biotechnology, Santa Cruz, CA; outlined in Supplemental Figure S4) 
were used at a total concentration of 100 nM siRNA or less, and 
knockdown was verified by Western blot or quantitative real-time 
PCR (qRT-PCR; Supplemental Figure S4). Cells were harvested for 
immunoblot, fixed for immunofluorescence staining, or assessed for 
barrier function 3 d after transfection.

Antibodies
The murine monoclonal anti–JAM-A antibodies 1H2A9, J10.4, and 
JF3.1 were purified as described (Liu et al., 2000). Other antibodies 
were commercially available: polyclonal affinity-purified rabbit anti–
JAM-A (Invitrogen); monoclonal mouse Rap2, monoclonal mouse 
anti–PDZ-GEF1, monoclonal mouse anti-afadin, monoclonal mouse 
ZO-1, and polyclonal affinity-purified rabbit ZO-2 (BD Transduction 
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Samples from the bottom chamber of the Transwell were collected, 
and the fluorescence intensity was measured with a fluorescent 
plate reader (FLUOstar; BMG Labtech, Cary, NC).

In situ intestinal epithelial permeability was measured with a pre-
viously described intestinal loop model (Clayburgh et al., 2005) with 
slight modifications. After overnight fasting, animals were anesthe-
tized subcutaneously with a mixture of ketamine and xylazine at 
doses of 100 and 5 mg/kg, respectively. A midline abdominal inci-
sion was made to expose the small intestine, and a 4-cm loop was 
clipped at proximal and distal ends to isolate it from the rest of the 
bowel. For in vivo σ1 treatment studies, 100 μg/ml σ1 in HBSS+ was 
administered directly into the loop lumen for 1 h. Solutions contain-
ing FITC-dextran (3, 10, or 40 kDa; 1 mg/ml in HBSS) were then 
added to intestinal loops, and, after 1 h, fluorescence (an index of 
FITC-dextran absorption from the intestine lumen into the blood-
stream) was measured from whole blood obtained by cardiac punc-
ture, using a fluorescence microtiter plate reader (FLUOstar Galaxy; 
BMG LabTech). After cardiac puncture, all anesthetized mice were 
killed by cervical dislocation. All animal experiments were con-
ducted according to protocols approved by the Institutional Animal 
Care and Use Committee at Emory University.

Fluorescence recovery after photobleaching
Stable NS or JAM-A–deficient (shJA) SK-CO15 cell lines were cul-
tured on chamber slides (Thermo Fischer Scientific, Waltham, MA). 
At 50% confluence, cells were transduced with actin-GFP using a 
baculovirus delivery system (CellLight BacMam 2.0; Invitrogen). 
FRAP experiments were performed on a Nikon A1R TE 2000 in-
verted microscope (Nikon, Melville, NY) with a 40× objective, and 
GFP fluorescence was imaged with a 488-nm laser. All experiments 
were performed at 37°C with 5% CO2 using a heating chamber. GFP 
fluorescence at cell contacts was bleached for 7 s using a 404-nm 
laser set at full power. To assess fluorescence recovery, images were 
acquired every 2 s over a period of 2 min. Fluorescence intensity 
data were corrected for overall loss in total fluorescence intensity as 
a result of fluorescence imaging and for loss of total cell fluores-
cence as a result of photobleaching. The fluorescence intensity of 
bleached regions over time was normalized to prebleached fluores-
cence intensity.

PCR and qRT-PCR
RNA was extracted from SK-CO15 cells with TRIzol (Invitrogen) and 
further purified with an RNA extraction kit (Qiagen). For standard 
PCR, RNA was subjected to reverse transcription (Invitrogen) and 
PCR using Taq Polymerase (Qiagen), and resulting DNA was as-
sessed by agarose gel electrophoresis. qRT-PCR was performed 
with one-step SYBR Green (Bio-Rad, Hercules, CA). PCR and qRT-
PCR were programmed as follows: 94°C for 3 min, followed by 40 
cycles of 94°C for 15 s, 57°C for 30 s, and 72°C for 30 s. qRT-PCR 
data were represented as fold change, determined by applying the 
formula 2ΔΔCt, where ΔCt = Ct of target gene − Ct of loading con-
trol (β-actin), and ΔΔCt = ΔCt of samples for target gene (siRNA 
treated) − ΔCt of the control for the target gene (scrambled siRNA 
treated). The primers used are outlined in Supplemental Figure S3.

Statistics
Statistical differences between target and scrambled siRNA–medi-
ated knockdown groups were determined using a linear mixed ef-
fects modeling approach to control for random between-run differ-
ences in baseline TER while accurately measuring the effects of 
siRNA-mediated knockdown relative to controls. Results were scaled 
to a baseline of 100%, with 95% confidence intervals around the 

reducing sample buffer. Input and immunoprecipitates were sub-
jected to SDS–PAGE and immunoblotting.

Immunofluorescence microscopy
Cells were grown on 0.33-cm2, 0.4-μm-pore Transwell filters 
(Corning Life Sciences, Lowell, MA), and human colonic tissue was 
flash frozen in OCT (Sakura, Alphen aan den Rijn, Netherlands) be-
fore being cryosectioned into 8-μm slices. Tissue and cells were pre-
treated for 5 min with 0.05% Triton X-100 in Hank’s buffered saline 
solution (HBSS+; Cellgro) at room temperature or directly fixed in 
100% ethanol at −20°C for 20 min and blocked in 5% bovine serum 
albumin in HBSS+ for 1 h. Samples to be characterized for cytoskel-
etal components were fixed in 3.7% Formalin for 10 min before be-
ing permeabilized with 0.1% Triton at room temperature or ethanol 
at −20°C. Primary antibodies were diluted in blocking buffer and 
incubated with cells overnight at 4°C. Fluorescently labeled second-
ary antibodies were diluted in blocking buffer and incubated with 
cells for 45 min at room temperature. Stained cells were washed in 
HBSS+ and mounted in Prolong Antifade Agent (Invitrogen). A laser 
scanning microscope (LSM 510; Carl Zeiss, Jena, Germany) was 
used to capture confocal fluorescence images. ImageJ (National In-
stitutes of Health, Bethesda, MD) and LSM software (Carl Zeiss) were 
used for image processing.

PDZ-proteomic array
The PDZ domain–containing proteomic array has been previously 
described (Fam et al., 2005; He et al., 2006). Briefly, nylon mem-
branes were spotted with recombinant His/S-tagged PDZ domain 
fusion proteins at a concentration of 1 μg/bin. GST fusion proteins 
corresponding to the C-terminal 25 amino acids of JAM-A, or a mu-
tant with residues comprising the C-terminal PDZ binding motif 
(FLV) switched to alanines, were overlaid at concentrations of 100 nM 
in blotting buffer (2% nonfat dry milk, 0.1% Tween-20, 50 mM NaCl, 
10 mM HEPES, pH 7.4) overnight at 4°C. Arrays were washed three 
times with blotting buffer, followed by incubation with horseradish 
peroxidase–conjugated anti-GST antibody (GE Healthcare, Piscat-
away, NJ). Interactions of GST fusion proteins and PDZ domains 
were visualized by chemiluminescence using an ECL Kit (Pierce)

RhoA and Rap2 activity assay
RhoA and Rap2 activity assays were performed according to the 
manufacturer’s instructions (Millipore, Billerica, MA, and CellBio 
Labs, San Diego, CA). Briefly, cells were lysed at 4°C in a Tris and 
Triton X-100–based lysis buffer provided. Cell debris was removed 
by centrifugation and 40 μl saved as input to determine total RhoA 
or Rap2 level. Lysates containing equal amounts of protein for each 
sample (between 0.5 and 1.5 mg) were incubated at 4°C for 60 min 
with Rhotekin or Ral-GDS agarose beads to bind active RhoA (Reid 
et al., 1996) or Rap2 (Knaus et al., 2007), respectively. Beads were 
washed three times with lysis buffer, followed by boiling in SDS sam-
ple buffer. Entire samples were then analyzed by immunoblot with 
detection by RhoA or Rap2 antibody provided by the manufacturer.

Permeability assays
Cells were grown on 0.33-cm2, 0.4-μm-pore Transwell filters 
(Corning Life Sciences) to confluence. TER to passive ion flow was 
recorded using an EVOMX voltmeter with an STX2 electrode (World 
Precision Instruments, Sarasota, FL). For dextran flux experiments, 
confluent monolayers grown on Transwell filters were washed and 
placed in HBSS+ (Invitrogen) for 1 h at 37°C. Rhodamine or FITC- 
conjugated dextran (3, 4, or 40 kDa; Sigma-Aldrich) was placed 
on the top chamber of Transwells for incubation for 2 h at 37°C. 
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effect. Statistically significant results indicate p < type I error rate of 
0.05. All statistical analyses were performed in the R statistical envi-
ronment (R version 2.14; R Foundation for Statistical Computing, 
Vienna, Austria). For graphs representing three independent sam-
ples measured on the same day, a two-tailed Student’s t test was 
used to determine p values between two experimental groups. 
p < 0.05 was considered significant.
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