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The Salmonella type III secretory system secretes virulence proteins, called effectors. Effectors are responsible for the
alteration of tight junctions (TJ) and epithelial functions in intestinal infection and inflammation. In a previous study, we
have demonstrated that a bacterial effector AvrA plays a role in stabilizing TJs and balancing the opposing action of
other bacterial effectors. However, the molecular mechanisms by which AvrA-modulates TJ protein expression remain
unknown. AvrA possesses acetyltransferase activity toward specific mitogen-activated protein kinase kinases (MAPKKs)
and potently inhibits the c-Jun N-terminal kinase (JNK) pathway in inflammation. Inhibition of the JNK pathway is
known to inhibit the TJ protein disassemble. Therefore, we hypothesize that AvrA stabilizes intestinal epithelial TJs via
c-Jun and JNK pathway blockage. Using both in vitro and in vivo models, we showed that AvrA targets the c-Jun and
JNK pathway that in turn stabilizes TJ protein ZO-1. Inhibition of JNK abolished the effect of AvrA on ZO-1. We further
determined that AvrA suppressed the transcription factor activator protein-1, which was regulated by activated JNK.
Moreover, we identified the functional domain of AvrA that directly regulated TJs using a series of AvrA mutants. The
role of AvrA represents a highly refined bacterial strategy that helps the bacteria survive in the host and dampens the
inflammatory response of the host. Our findings have uncovered a novel role of the bacterial protein AvrA in
suppressing the inflammatory response of the host through JNK-regulated blockage of epithelial cell barrier function.

Introduction

The intestinal epithelium cells play barrier, structural, and
host defense roles.1-3 Epithelial cells are consistently exposed to
bacteria, which play a key role in normal intestinal development
and innate immunity.4-11 The tight junctions (TJs) seal the space
between adjacent epithelial cells. TJs can be altered by various
pathogens, as well as by their toxins.12-14 These effects may result
from direct modification of TJ proteins, such as occludin, clau-
din, and ZO-1, or by alteration of the perijunctional actomyosin
ring.14-16 Defective epithelial barrier function has been impli-
cated in infectious and inflammatory diseases, such as inflamma-
tory bowel diseases (IBD).17-23 Increased permeability is also
present in a subset of unaffected first-degree relatives of patients
with Crohn’s disease.24

The type-3-secretion system (TTSS) is a protein transport
device used by Gram-negative pathogenic bacteria, such as Sal-
monella. TTSS allows bacteria to inject virulent proteins through

a molecular needle system into the eukaryotic host cells.25 These
virulent factors will paralyze or reprogram the eukaryotic cell to
the benefit of the pathogen. Bacterial proteins display a large rep-
ertoire of biochemical activities and modulate the function of
crucial host regulatory molecules, including TJ proteins and their
up-stream regulators.26-28

AvrA is a bacterial effector that stabilizes cell permeability and
TJs in intestinal epithelial cells.29 Unlike Salmonella effector
SopB and SopD, AvrA does not increase physiologic fluid secre-
tion into infected calf ileal loops.30,31 In a previous study, we
demonstrated that AvrA plays a role in stabilizing TJs and balanc-
ing the opposing action of other bacterial effectors that decreased
TJs expression.29 However, the molecular mechanism of AvrA in
increasing TJ protein expression remains unknown. AvrA pos-
sesses enzyme activity toward specific mitogen-activated protein
kinase kinases (MAPKKs) and potently inhibits the c-Jun N-ter-
minal kinase (JNK) pathway.32-34 Inhibition of the JNK pathway
suppresses the disassembly of TJ proteins.35 Therefore, we
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hypothesize that AvrA stabilizes intestinal epithelial TJs via JNK
pathway blockage.

To determine the molecular mechanism by which AvrA mod-
ulates the TJ protein expression and distribution, we focused on
bacterial strains sufficient or deficient in AvrA–parental PhoPc,
PhoPc AvrA mutant (AvrA¡) or the AvrA complementary strain
(PhoPc AvrA¡/AvrAC). PhoPc is a PhoP-PhoQ constitutive
mutation of a wild-type Salmonella Typhimurium strain 14028s
that increases the expression of PhoP-activated genes.36 Reed
et al. showed that PhoPc has similar adherence ability as the WT
14028s Salmonella and is less invasive than the WT Salmonella
using the MDCK and T84 cell models.37 We also used a wild-
type SL1344 strain with AvrA gene expression and its AvrA
knockout mutant (SL1344 AvrA¡). Our previous study demon-
strated that PhoPc is able to inhibit the activation of the proin-
flammatory NF-kB pathway. Further study showed that AvrA
expression in PhoPc plays an important role in attenuating the
inflammatory responses.38-40 In the current study, we continue
to use this Salmonella-epithelial interaction system. We have
tested Salmonella Typhimurium with AvrA sufficient or deficient
expression in a cultured polarized human epithelial cell model,
an animal model, and in AvrA-transfected cells. We demon-
strated that AvrA-deficient Salmonella decreased TJ protein
expression in both cultured colonic epithelial cell and bacterial
infected mouse models. A JNK inhibitor was able to rescue Sal-
monella-AvrA¡ strain induced-TJ dissemble and degradation.
We assessed TJ protein expression at the protein level, as well as
TJ protein distribution in both AvrA-deficient and -sufficient
bacterial strains infected cellular models (in vitro) and animal
model (in vivo). Our findings suggest an important role of bacte-
rial AvrA in regulating the structure and function of TJs in intes-
tinal infection and inflammation.

Results

AvrA expression increases TJ ZO-1 but not a-catenin at the
protein level in colon using a bacterial infected animal model

First, we determined whether bacteria modulate TJ expression
in streptomycin-pretreated C57BL/6 mice colonized with differ-
ent bacterial strains. Streptomycin treatment is known to dimin-
ish the intestinal flora and to render mice susceptible to intestinal
colonization by various microorganisms. In previous studies, we
have established the streptomycin-pretreated Salmonella-colitis
mice in order to understand the host-pathogen interactions.41,42

Post infection 8 hours is correlated with the early stage of in vitro
bacterial colonization. As shown in Figure 1A, TJ ZO-1 protein
was significantly increased by wild-type S. Typhimurium SL1344
(AvrAC) 8 hours post-infection, the early stage of infection in
vivo (Fig. 1A and B), whereas AvrA mutant strain SL1344
(AvrA¡) infection significantly reduced ZO-1 expression in the
colon (Fig.1A and B). We also examined the adherens junction
protein a-catenin in Salmonella infected colon and found that it
was not changed. In addition, we found the ZO-1 mRNA level
was not changed by Salmonella infection in vivo (Fig. 1C),

indicating that the AvrA regulation of ZO-1 was not at the tran-
scriptional level.

We then determined whether bacterial strain complemented
with AvrA could increase the level of ZO-1 in the colon. We
chose bacterial strains sufficient or deficient in AvrA—parental
PhoPc, PhoPc AvrA mutant (AvrA¡) or the AvrA complementary
strain (PhoPc AvrA¡/AvrAC). PhoPc is a PhoP-PhoQ constitu-
tive mutation of a WT Salmonella Typhimurium strain 14028s
that increases the expression of PhoP-activated genes.36 WT Sal-
monella Typhimurium strain 14028s has low AvrA expres-
sion.32,40 It is not surprising that 14028s infection did not
increase ZO-1 expression in the colon. PhoPc with AvrA expres-
sion and the AvrA complementary strain (PhoPc AvrA¡/AvrAC)
both significantly enhanced ZO-1. In contrast, PhoPc AvrA
mutant (AvrA¡) significantly reduced ZO-1 expression (Fig. 1D
and E).

E. coli F18 is a human commensal bacterial strain.43 We fur-
ther tested the effect of AvrA expression in the E. coli F18 on
ZO-1 using previously germ-free mice mono-associated with E.
coli F18 or E. coli F18 AvrA.44 We found that E. coli F18
expressed AvrA was able to increase ZO-1, but not a-catenin at
the protein level in these colons (Fig. 1F and G). Moreover, we
found that this regulation was not through the mRNA level of
ZO-1, evidenced by the real-time PCR data in Figure 1H. Thus,
our in vivo data strongly suggest that bacterial effector protein
AvrA up-regulates TJ protein ZO-1.

Distribution of ZO-1 protein in Salmonella infected
intestine in vivo

ZO-1 is a TJ protein on the surface of intestinal epithelial
cells. The immunostaining data showed ZO-1 located on a cyto-
plasmic membrane surface of intercellular TJs on the top of the
intestinal crypts in AvrA sufficient strain-infected WT intestine,
but ZO-1 became disorganized on the AvrA deficient strain-
infected intestinal epithelial surface (Fig 2A). In Figure 2B, high
magnitude images further show that green staining of ZO-1 pro-
tein was disorganized in the colonic epithelial cells infected with
AvrA¡ bacterial strain (yellow arrow). These results indicate that
the level of bacterial expressed AvrA regulates the distribution of
ZO-1 in the intestine.

AvrA expression regulates p-JNK (including p-JNK1
and p-JNK2) in vivo and in vitro

ZO-1 is known to be regulated by the JNK signaling pathway.
We further hypothesized that the AvrA enhanced ZO-1 through
the JNK signaling pathway. We assessed whether the ZO-1 level
was correlated with the amount of phosphorylated JNK (p-JNK)
and total JNK that in the colon infected by the AvrA sufficient or
deficient Salmonella. As shown in Fig. 3A, infection of AvrA suf-
ficient Salmonella did not change ZO-1 and reduced p-JNK
(Lane 2), whereas AvrA deficient Salmonella reduced ZO-1 and
elevated p-JNK (Lane 3), in the mouse intestinal epithelial cells
in vivo. Using the human intestinal epithelial Caco2 BBE cell
line, we also detected the correlation between increased p-JNK
and reduced ZO-1 regulated by AvrA (Fig. 3B): PhoPc with
AvrA expression (Lane 3), the AvrA complementary strain
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Figure 1. AvrA expression increases ZO-1 but not a-catenin in colon using a bacterial infected animal model (A) Western blot of ZO-1 and a-catenin in
colon after mouse infected with Salmonella SL1344 AvrAC or SL1344 AvrA¡. (B) Densitometry of ZO-1. Relative band intensity was determined using NIH
Image 1.63 software. ZO-1 expression significantly increased in the SL1344 AvrAC group compared to the control and SL1344 AvrA¡ groups in absence
of AvrA protein. * P< 0.05. Data are reported as mean § SD of 3 independent experiments. (C) ZO-1 mRNA level was not changed by Salmonella infec-
tion in vivo. (D) Western blot of ZO-1 and a-catenin in colon after mouse infected with Salmonella SL14028/PhoPc, PhoPc AvrA¡, PhoPc AvrA¡/AvrAC.
(E) Densitometry of ZO-1 protein band. * P< 0.05. Data are reported as mean § SD of 3 independent experiments. (F) Western blot of ZO-1 and a-cate-
nin in colon after germ-free mice were mono-associated with E. coli F18 or E. coli F18 AvrAC. (G) Densitometry of ZO-1. E. coli F18 AvrAC increased ZO-1
expression in vivo. *P< 0.05. Data are reported as mean § SD of 3 independent experiments. (H) The mRNA level of ZO-1 in colon by real-time PCR.
Mice were infected with Salmonella for 8 hours and intestinal epithelial cells were harvested for immunoblot and Real-time PCR.

www.landesbioscience.com e972849-3Tissue Barriers



(PhoPc AvrA¡/AvrAC) (Lane 5), and SL1344 AvrAC (Lane 6) all
significantly enhanced ZO-1 and reduced p-JNK. In contrast,
14028s with low AvrA expression (Lane 2), PhoPc AvrA mutant
(AvrA¡) (Lane 4) and SL1344 AvrA¡ (Lane 7) significantly
reduced ZO-1 expression and increased p-JNK. There was no
altered total JNK 1 and 2 in cells with or without Salmonella
treatment. Moreover, the HT29C19A cells showed a trend

similar to the Caco2 BBE cells (Fig. 3C). Both in vivo and in
vitro data indicate that AvrA deficiency leads to down-regulation
of ZO-1 and this effect is associated with significantly increased
JNK phosphorylation in intestinal epithelial cells.

AvrA preserves intestinal barrier function in cultured
epithelial cells and a salmonella-colitis animal model

We measured the transepithelial resistance (TER) of cultured
epithelial cells to determine whether AvrA expression was associ-
ated with preserved permeability. In our study, alteration of TER
occurred within the initial 6 hours. As shown in Figure 4A, the
TER values of cultured epithelial Caco2 BBE cells from the con-
trol group remained relatively stable over the 30 to 300 minute
incubation period. There was a decrease in TER after Salmonella
colonization. Cells colonized with the AvrA¡ deficient bacterial
strain had the lowest TER compared to the control and AvrAC

groups. Multiple comparisons of mean TER were performed
using Two-Way ANOVA. There was significant difference
between the AvrA¡ and AvrAC groups.

To determine whether AvrA expression was associated with a
preserved intestinal barrier function, paracellular intestinal per-
meability was assessed using oral administration of the fluores-
cent tracer FITC-dextran (3 kDa) to all the mice 8 hours post
Salmonella infection. The concentrations of fluorescent FITC-
dextran in the blood were then measured as a reflection of intesti-
nal permeability in vivo. As we expected, the mice infected with
AvrA sufficient Salmonella had lower levels of FITC-dextran
compared to the mice infected with AvrA deficient Salmonella
(Fig. 4B).

Inhibition of JNK abolished the effect of AvrA on ZO-1
We then treated the cells with a JNK inhibitor to examine

whether Inhibition of JNK abolished the effect of AvrA on
ZO-1. As shown in Figure 5A, AvrA sufficient Salmonella infec-
tion (Lane 2) did not change ZO-1 and p-JNK compared with
control without any treatment (Lane1), whereas AvrA deficient
Salmonella (Lane 3) significantly reduced ZO-1 and elevated p-
JNK in the Salmonella infected Caco2 BBE cells. SP600125
treatment in Lane 5 abolished the effect of AvrA on p-JNK and
ZO-1. Thus, no difference was shown between AvrA sufficient
Salmonella (Lane 5) and AvrA deficient Salmonella infection
(Lane 6). Using the AvrA plasmid transfected in the Caco2 BBE
cell line, we also detected the correlation between increased p-
JNK and reduced ZO-1 regulated by AvrA (Fig. 5B): TNF-a
treatment (Lane 5–7) induced p-JNK. It was found that AvrA
suppressed the TNF-a induced p-JNK, thus enhancing the ZO-
1 expression (Fig. 5B Lane 8). The transcription factor AP-1
(activator protein-1) was regulated by JNK.45,46 Using a lucifer-
ase assay, we further determined that the AP-1 transcriptional
activity was significantly suppressed by AvrA sufficient Salmo-
nella, compared to that in cells treated with the AvrA deficient
Salmonella (Fig. 5C), In contrast, the AP-1 activity was signifi-
cantly increased by the AvrA deficient Salmonella, compared to
the control without treatment (Fig. 5C).

Figure 2. Immunostaining of ZO-1 in vivo. Immunostaining on colonic
epithelial cells was performed 8 hours after mouse infection with Salmo-
nella SL1344 AvrAC or SL1344 AvrA¡. Tissues were fixed, permeabilized,
and stained with ZO-1 antibodies, followed by Alexa Fluor 488 goat-anti-
mouse secondary antibody. (A) AvrA¡ infected mice display disruption
of the TJ structure. (B) Arrows in Panel show the green staining of ZO-1
protein on the top of the intestinal crypts. Please note disorganized
structure of ZO-1 in the colonic epithelial cells infected with AvrA¡ bac-
terial strain (yellow arrow). Images shown are from a single experiment
and are representative of 3 separate experiments. n D 3 animals in each
experimental group.
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AvrA mutations and their effects on ZO-1 and JNK activity
in vitro

AvrA is injected into the intestinal epithelial cells by bacteria.
We then explored the mechanism by which AvrA interacts with
the host. We have generated a series of AvrA mutations in the

current study (Fig. 6A) and transfected the Caco2 BBE cells with
pCMV plasmids containing either WT AvrA or AvrA truncated
mutants. Whereas WT AvrA expression (Lane 4) increased the
expression of the TJ protein ZO-1 and suppressed p-JNK and
the truncated mutation A3 and A4 (Lane 5/6) showed a trend

Figure 3. AvrA regulated the protein expressions of ZO-1 through JNK pathway. (A) Western blot of ZO-1, p-JNK, JNK, and a-catenin in vivo after mouse
infected with Salmonella SL1344 AvrAC/SL1344 AvrA¡. *P< 0.05. n D 3 separate experiments. (B) Western blot of ZO-1, p-JNK, JNK, and a-catenin in vitro.
Polarized human colonic epithelial Caco2 BBE cells were colonized with AvrA deficient or sufficient bacterial strains for 30 minutes, washed with HBSS
and incubated in DMEM for 30 minutes. Equal volumes of total cell lysate were processed for immunoblotting. (C) Western blot of ZO-1, p-JNK, JNK, and
a-catenin in HT29C19A cells colonized with AvrA deficient or sufficient bacterial strains. Results are representative of 3 independent experiments.
*P < 0.05. n D 3 separate experiments.
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similar to the WT AvrA, the AvrA truncated mutation A3 and A4
(Lane 7/8) abolished the effect of WT AvrA on TJ proteins and
JNK activity in vitro (Fig. 6B). The ZO-1 level was significantly
reduced and the p-JNK was significantly increased in the cells
transfected with A3 and A4 (Fig. 6C/D). Thus, we identified the
functional domain C-terminal of AvrA in regulating TJs.

Based on the sequence alignment of representative AvrA
members including the adenovirus-like proteases (human adeno-
virus type 2, fowl adenovirus 8, Hemorrhagic enteritis virus), as
well as Yersinia virulence factor YopJ, and Xanthomonas cam-
pestris pv. vesicatoria (AvrBsT), the catalytic triad for the cysteine
protease presents in all AvrA family members. These residues
include Cys186. We transfected a pCMV plasmid with wild-type
(WT) AvrA or AvrA Cys186 point mutant (C186A) in the human
epithelial cells. We found that the single mutation of Cys186 was
able to abolish AvrA-induced upregulation of ZO-1 and blockage
of the JNK activity (Fig. 6E, Lane 5), whereas WT AvrA (Lane 4)
significantly enhanced ZO-1 and suppressed p-JNK (Fig. 6F,

6G). The adherens junction protein a-catenin was not changed
by WT AvrA or AvrA C186A mutant.

Discussion

In the current study, we have demonstrated that the bacterial
effector protein AvrA stabilizes the expression and distribution of
TJ protein ZO-1 through inhibition of the JNK pathway in vitro
and in vivo. Inhibition of JNK abolished the effect of AvrA on
ZO-1. We further determined that AvrA expression suppressed
the transcription factor activator protein-1, which was regulated
by JNK activity. Moreover, we identified the functional domain
of AvrA in regulating TJs using a series of AvrA mutants. Our
data on AvrA stabilization of TJs further suggest a distinguishing
role of a bacterial effector in regulating host responses in the
intestine.

AvrA attenuates the proinflammatory activities of JNK and
NF-kB34,41,47, activates the b-catenin transcription factor38,39,42,
inhibits cell apoptosis in mouse epithelial cells41 and activates
p53 signaling.40 In contrast, other bacterial effectors do the
opposite. Salmonella effectors, such as SopB, SopE, SopE2, are
know to activate the proinflammatory response by directly stimu-
lating proinflammatory signaling events in host cells.48-51 Many
proteins coordinate distinct signaling pathways in the cells by
having multiple functions. Bacterial effectors may have multiple
protease activities to modify different eukaryotic proteins and
maximize the bacterial effector’s ability to modulate cellular func-
tions. As a multifunctional protease, AvrA targets multiple key
proteins in the host cells and uses different strategies to manipu-
late the signaling transduction pathways that utilize ubiqui-
tin38,39,42 and acetylation40, including JNK, NF-kB46,
b-catenin38,39,42, and p53.40 Therefore, AvrA may function as an
anti-inflammatory protein to stabilize TJs, prevent cell death,
and help the bacteria survive in the host. Characterization of the
synergistic functions of AvrA in regulating multiple pathways
will give new clues concerning microbial–host interaction in
inflammation.

Our data on AvrA point and truncation mutants indicate that
the key 186 amino acid cysteine is required for AvrA regulation
of TJ expression. AvrA acts as a deubiquitinase to inhibit the deg-
radation of inflammatory regulators IkBa and b-catenin.41

However, it is not clear whether AvrA regulates these TJ proteins
through phosphorylation or through ubiquitination. The half-
life of the TJ proteins is very long, such as 9-12 hours for clau-
din.52 Therefore, protein synthesis inhibitor is not a good choice
to study the role of AvrA in regulating the stabilization of TJ
proteins.

The intestinal barrier is a complex environment exposed to
dietary components and commensal bacteria. Intestinal TJs seal
the paracellular space between epithelial cells and play a critical
role in regulating barrier function and preventing diffusion of
microorganisms and other antigens across the epithelium. TJs are
highly dynamic structures that are constantly being remodeled
due to interactions with external stimuli, such as pathogenic and
commensal bacteria. Commensal bacteria and probiotics have

Figure 4. AvrA regulated permeability in the colonic epithelial cells.
(A) Salmonella with AvrA preserved permeability in human colonic epi-
thelial cells. Caco2 BBE cells were colonized with Salmonella SL1344
AvrAC or SL1344 AvrA¡ for 30 minutes and then incubated for indicated
times. Multiple comparisons of mean TER were performed using Two-
Way ANOVA. The interested comparison was mean differences between
SL1344 AvrA¡ and AvrAC, the tested p-values were provided for all fol-
low-up measurements at: 30, 60, 120, 160, 240, and 300 minutes with *
indicating all time points. *P< 0.05. for SL1344 AvrAC vs SL1344 AvrA¡.
n D 3 separate experiments. (B) Permeability of the intestine in vivo. n D
5 mice per group. *P < 0.05 for control vs SL1344 AvrAC, control vs
SL1344 AvrA¡, and SL1344 AvrAC vs SL1344 AvrA¡ after infection for
8 hours.
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been shown to promote intestinal barrier integrity both in vitro
and in vivo, through JNK, Ark or Rho GTPase signaling path-
ways.27,53,54 Based on our data, AvrA likely targets the expression
of ZO-1 through blocking the JNK pathway. In theory, p-JNK
should be activated first, then AP-1 is activated.45 Our transcrip-
tional data of AP-1 indicates that blockage of JNK leads to sup-
pressed AP-1 activity. Our previous study indicates that AvrA
also targets the expression of occludin. Occludin is a functional

target of the E3 ligase Itch.55 It is unclear whether Rho GTPase
is influenced by the AvrA expression. The mechanisms through
which occludin expression and distribution are altered have yet
to be elucidated.

In summary, our current study on AvrA and JNK provides a
mechanism by which bacterial protein blocks the JNK activation,
thus preventing TJ protein dis-assemble and preserving intestinal
epithelial permeability (Fig. 6H). Inhibition of JNK by an

Figure 5. AvrA regulated ZO-1 expression is dependent on the SAPK/JNK pathway. (A) The effect of AvrA on ZO-1 expression was abolished by the
expression induced by the SAPK/JNK inhibitor (SP600125) in Caco2 BBE cells. Cells were treated with SP600125 (50mM) for 1 hour, followed by coloniza-
tion of Salmonella (SP600125) for 30 minutes and incubation for 30 minutes (SP600125). *P< 0.05. Data are reported as mean § SD of 3 independent
experiments. (B) Transfected Salmonella AvrA protein was able to modulate ZO-1 expression and block the TNF-a induced p-JNK. Caco2 BBE cells were
transfected with pCMV-AvrA plasmids for 24 hours and then treated with TNF-a (10ng/ml) for 30 minutes. *P< 0.05. Data are reported as mean § SD of
3 independent experiments. (C). AP-1 transcriptional activity by luciferase assay in Caco2 BBE cells colonized with Salmonella SL1344 AvrAC or SL1344
AvrA¡. Data are expressed as mean § SD. *P< 0.05. n D 3 separate experiments.
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inhibitor could abolish the effect of bacterial AvrA on ZO-1. Our
findings indicate an important role of bacterial protein in micro-
bial-epithelial interactions in regulating the structure and func-
tion of TJs during infection and inflammation. Manipulation of
JNK activity could be a novel therapeutic approach to treat infec-
tious diseases.

Materials and Methods

Ethics statement
C57BL/6 mice (Female, 6-

7 weeks) were obtained from
the Jackson Laboratory (Jack-
son Laboratory, Bar Harbor,
ME, USA). GF 129/SvEv
mice were obtained from the
Center for Gastrointestinal

Biology and Disease Gnotobiotic Core Facility and the National
Gnotobiotic Rodent Resource Center (University of North Caro-
lina, Chapel Hill, NC, USA).44 All animal work was approved by
the Rush University Committee on Animal Resources. Euthana-
sia method was sodium pentobarbital (100 mg per kg body
weight) I.P. followed by cervical dislocation.

Figure 6. The functional
domain of AvrA in regulated
ZO-1 in vitro. (A) Diagrams of
AvrA constructs used in this
study. A series of the C-terminal
of AvrA truncated mutation
plasmids were constructed. (B–
D) Caco2 BBE cells were trans-
fected with pCMV-myc-AvrA
wild-type construct, a series
deletion of the C-terminal of
AvrA gene constructs, or con-
trol empty pCMV-myc plasmid.
Deletion of the C-terminal AvrA
pCMV-A3/pCMV-A4 construct
did not increase ZO-1 expres-
sion. It indicates that deletion
C-terminal AvrA (>88 amino
acid) abolished the effects of
wild-type AvrA on TJ protein
expression. *P< 0.05. Data are
reported as mean § SD of 2–3
independent experiments. (E–
G) Caco2 BBE cells were trans-
fected with a pCMV-myc-AvrA
wild-type gene construct, a
pCMV-myc-AvrAC186A AvrA
mutant construct, or control
empty pCMV-myc plasmid. The
AvrA mutant C186A is a single
amino acid residue transition
which is mutated at the key cys-
teine required for AvrA’s activ-
ity. AvrA mutant C186A
expression did not increase ZO-
1 expression. It indicates that
cysteine mutation abolished
the effects of wild-type AvrA on
TJ protein expression. *P< 0.05.
Data are reported as mean §
SD of 2–3 independent experi-
ments. (H) A diagram indicates
that AvrA stabilizes ZO-1
expression dependent on the
SAPK/JNK pathway.
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Bacterial strains and growth condition
Bacteria strains included wild-type (WT) S. Typhimurium

ATCC 14028; S. Typhimurium PhoPC, a derivative of wild-type
Salmonella SL14028 with AvrA gene and protein expression; Sal-
monella PhoPC mutant strain lacking the AvrA gene (PhoPC

AvrA¡); PhoPC AvrA- transcomplemented with a plasmid
encoding WT AvrA (PhoPC AvrA¡/AvrAC); wild-type S. Typhi-
murium SL1344 (AvrAC) and its AvrA mutant strain SL1344
(AvrA¡); Escherichia coli F18 (a flagellated nonpathogenic
strain), F18 AvrAC was generated by transforming with the
pWSK29-AvrA plasmid (Table 1). Bacterial growth conditions
were as follows: non-agitated microaerophilic bacterial cultures
were prepared by inoculating 10 ml of Luria-Bertani broth with
0.01 ml of a stationary phase culture followed by overnight incu-
bation (»18 h) at 37�C, as previously described.41

Cell culture
Human epithelial Caco2 BBE and HT29C19A cells were

maintained in DMEM supplemented with 10% fetal bovine
serum (FBS), streptomycin-penicillin and L-glutamine. Mono-
layers of Caco2 BBE and HT29C19A cells were grown on per-
meable supports (0.33 or 4.67 cm2, 0.4 mm pore. Costar,
Cambridge, MA, USA).

Streptomycin pre-treated mouse model
Water and food were withdrawn 4 h before oral gavage with

7.5 mg/mouse of streptomycin (75 ml of sterile solution or
75 ml of sterile water in control). Afterward, animals were sup-
plied with water and food ad libitum. Twenty hours after strepto-
mycin treatment, water and food were withdrawn again for
4 hours before the mice were infected with 1£107 CFU of S.
typhimurium (100 ml suspension in HBSS) or treated with sterile
HBSS (control) by oral gavage as previously described. At the
indicated times post-infection, mice were sacrificed, and tissue
samples from the intestinal tracts were removed for analysis.15,29

Bacterial colonization in the polarized epithelial cells in vitro
Polarized human epithelial cells were colonized with equal

numbers of the indicated bacteria for 30 min, washed with
Hank’s balanced salt solution (HBSS), and incubated in
Dulbecco’s modified eagle’s medium (DMEM) containing gen-
tamicin (500 mg/ml) for the times indicated in our previous
study.40 The first 30-minute incubation allowed bacteria to con-
tact the surface of the epithelial cells and inject the effectors in
the host cells. After extensive HBSS washing, the extracellular
bacteria were washed away. Incubation with gentamicin inhibited
the growth of bacteria.

AvrA WT and mutant plasmids transfection
Caco2 BBE cells were grown in 12-well plates. At 70–80%

confluence, cells were transfected with a pCMV-myc-AvrA wild-
type gene construct, a pCMV-myc-AvrA mutant construct, or
control empty pCMV-myc plasmid using LipofectAMINE (Invi-
trogen, Grand Island, NY, USA)).

A series of plasmids with C-terminal truncation mutants of
AvrA gene were constructed. The C-terminal truncation mutants
of AvrA were generated by PCR amplification. A single forward
primer was used, which includes the AvrA native ribosome bind-
ing site as well as an EcoR I site at the 50 end. The reverse primers
were designed to be complementary to the sequences encoding
different regions of the AvrA C-terminus and also included a
stop codon as well as a Kpn I site at the 50 end. All PCR primers
were designed using Lasergene software (Table 2). The PCR
products were cleaved with EcoR I/Kpn I and subcloned into
pCMV plasmids.

The AvrA mutant C186A is a single amino acid residue transi-
tion which is mutated at the key cysteine required for AvrA’s
activity as previously described41,47 24 h after transfection, cells
were lysed in protein loading buffer (50 mM Tris, pH 6.8,
100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol). Equal volumes of total cell lysate were separated by
SDS-PAGE, transferred to nitrocellulose, and processed for
immunoblotting.

Immunoblotting
Mouse epithelial cells were scraped and lysed in lysis buffer

(1% Triton X-100, 150 mM NaCl, 10 mM Tris pH 7.4, 1 mM
EDTA, 1 mM EGTA pH 8.0, 0.2 mM sodium orthovanadate,
protease inhibitor cocktail), and then the protein concentration
was measured.39 Cultured cells were rinsed twice in ice-cold
HBSS, lysed in protein loading buffer (50 mM Tris, pH 6.8,
100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol), and then sonicated. Equal amounts of protein were sep-
arated by SDS-polyacrylamide gel electrophoresis, transferred to
nitrocellulose, and immunoblotted with primary antibodies. The
following antibodies were used: anti-ZO-1, anti-a-catenin (Invi-
trogen, Grand Island, NY, USA); anti-p-SAPK/JNK, anti-
SAPK/JNK (Cell Signal, Beverly, MA, USA); anti-Villin (Santa
Cruz Biotechnology Inc.., Santa Cruz, CA, USA.); or anti-
b-actin (Sigma-Aldrich, Milwaukee, WI, USA.) antibodies and
were visualized by ECL (Thermo Scientific, Rockford, IL, USA).
Membranes that were probed with more than one antibody were
stripped before re-probing.

Table 2. Salmonella strains used in this study

Name Description

SL14028 Wild-type Salmonella
PhoPc Derivative of SL14028 with AvrA expression
PhoPc AvrA¡ AvrA¡ mutation derived from PhoPc

PhoPc AvrAC PhoPc AvrAC with complemented plasmid encoding AvrA
SL1344 AvrAC Salmonella 1344 strain with AvrA expression
SL1344 AvrA¡ Salmonella 1344 strain with AvrA deletion
E. coli F18 Wild-type E. coli
E. coli F18 AvrAC E. coli F18 strain with transformed plasmid encoding AvrA

Table 1. PCR Primers for construct truncation AvrA gene plasmids

Primers name Sequence

ACDF 5’ -CGGAATTCAGATGATATTTTCGGTG- 3’
ACDR1 5’ -GGGGTACCTCATATACTGCTTCC- 3’
ACDR2 5’ -GGGGTACCTCAACGTTCACAAAT- 3’
ACDR3 5’ -GGGGTACCTCAATAACAATCAGG- 3’
ACDR4 5’ -GGGGTACCTCAGACGACTGAAAT- 3’
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Immunofluorescence
Colonic tissues from the colon were freshly isolated and

embedded in paraffin wax after fixation with 10% neutral buff-
ered formalin. Immunofluorescence was performed on paraffin-
embedded sections (4 mm). After preparation of the slides as pre-
viously described, slides were incubated for 1 hour in blocking
solution (2% bovine serum albumin, 1% goat serum in HBSS)
to reduce nonspecific background. The tissue samples were incu-
bated overnight with primary antibodies at 4�C. Samples were
then incubated with secondary antibodies for 1 hour at room
temperature. Tissues were mounted with SlowFade Antifade Kit
(Life technologies, s2828, Grand Island, NY, USA), followed by
a coverslip, and the edges were sealed to prevent drying. Speci-
mens were examined with Zeiss laser scanning microscope 710
(Carl Zeiss Inc.., Oberkochen, Germany)

Analysis of ZO-1 distribution
Fluorescence images were analyzed using image analysis soft-

ware (LSM 710 META, version 4.2; Carl Zeiss Inc.., Oberko-
chen, Germany). Each analysis was performed in triplicate from
each tissue section on a total of 10 images per mouse sample
(n D 5).

Treatment with JNK inhibitor SP600125
JNK inhibitor SP600125 (50 mM, EMD Biosciences, San

Diego, CA, USA) was added directly to the culture medium one
hour before Salmonella treatment. Caco2 BBE cells (with
SP600125 pretreatment) were incubated with Salmonella
(SP600125 50 mM) 30 minutes, washed 3 times in HBSS and
incubated in HBSS (SP600125 50 mM) for 30 minutes, then
harvested. Levels of indicated proteins were determined by West-
ern blotting as described above.32

AP-1 transcriptional activity
Caco2 BBE cells were co-transfected with AP-1-luciferase

reporter and pRL-TK plasmids using Lipofectamine 2000 (Invi-
trogen, San Diego, CA, USA) in accordance with the man-
ufacturer’s instructions. After a 24-hour transfection period, the
cells were lysed and luciferase activity was determined using the
Dual Luciferase Reporter Assay System (Promega, Madison, WI,
USA) with a TD-20/20 luminometer (Turner Designs, Sunny-
vale, CA, USA). Firefly luciferase activity was normalized to

Renilla luminescence activity and the activity was presented as
relative units.

Real-time quantitative PCR analysis
Total RNA was extracted from mouse epithelial cells or cul-

tured cells using TRIzol reagent (Invitrogen, Grand Island, NY,
USA). The RNA integrity was verified by electrophoresis. RNA
reverse transcription was performed using the iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA, USA) according to the man-
ufacturer’s protocol. The RT cDNA reaction products were
subjected to quantitative real-time PCR using CTFX 96 Real-
time system (Bio-Rad, Hercules, CA, USA) and SYBR green
supermix (Bio-Rad, Hercules, CA, USA) according to the man-
ufacturer’s protocol. All expression levels were normalized to
b-actin levels of the same sample. Percent expression was calcu-
lated as the ratio of the normalized value of each sample to that
of the corresponding untreated control cells. All real-time PCR
reactions were performed in triplicate.

Statistical Analysis
All data are expressed as mean § SD. All statistical tests were

2-sided. P values of less than 0.05 were considered to be statisti-
cally significant. Differences between 2 samples were analyzed by
Student’s t-test. Multiple comparisons of mean TER in
Figure 4A were performed using Two-Way ANOVA. Since we
are interested in comparison of mean differences between
SL1344 AvrA¡ and AvrAC, the group effects were tested at 0,
30, 60, 120, 160, 240, and 300 minutes. For fluorescence inten-
sity data in Figure 4B, One-Way ANOVA was conducted to
determine the mean differences among the control, AvrA¡ and
AvrAC groups. Statistical analyses were performed using SAS ver-
sion 9.3 (SAS Institute, Inc.., Cary, NC, USA).
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