Mechanisms involved in AMPK-mediated deposition of tight junction components to the plasma membrane
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ABSTRACT

AMP activated protein kinase (AMPK) activation
promotes early stages of epithelial junction
assembly. AMPK activation in MDCK renal
epithelial cells facilitates localization of the
junction-associated proteins aPKC and Par3 to
the plasma membrane and promotes conversion
of Cdc42, a key regulator of epithelial
polarization and junction assembly, to its active
GTP bound state. Furthermore, Par3 is an
important regulator of AMPK-mediated aPKC
localization. Both aPKC and Par3 serve as
intermediates in AMPK-mediated junction
assembly, with inhibition of aPKC activity or
Par3 knockdown disrupting AMPK’s ability to
facilitate zonula occludens (ZO-1) localization.
AMPK phosphorylates the adherens junction
protein afadin and regulates its interaction with
the tight junction protein zonula occludens (ZO)-
1. Afadin is phosphorylated at two critical sites,
S182 (residing within an aPKC consensus site)
and S1049 (residing within an AMPK consensus
site), that are differentially regulated during
junction assembly and that exert different effects
on the process. Expression of phospho-defective
mutants (S182A and S1082A) perturbed ZO-1
localization to the plasma membrane during
AMPK-induced junction assembly. Expression
of S182A increased the ZO-1/afadin interaction,
while S1049A reduced this interaction during
extracellular calcium-induced junction assembly.
Inhibition of aPKC activity also increased the

Z0-1/afadin interaction. Taken together, these
data suggest that aPKC phosphorylation of afadin
terminates the ZO-1/afadin interaction, and thus
permits the later stages of junction assembly.

Epithelial cells serve as barriers that separate
different tissues and body compartments from
one another. These barriers both protect an
organism from its external environment and
mediate the import and export of substances,
often against steep concentration gradients.
Epithelial cells are attached to one another
through highly specialized protein complexes
that constitute a variety of intercellular junctions,
including tight junctions (TJs) and adherens
junctions (AJs) (1). These junctions work
together to not only facilitate adhesion between
the lateral domains of adjacent cells but also to
help to establish cell polarity (2).

The assembly of junction complexes is an
early and critical step in the organization of
individual epithelial cells into an intact, polarized
and  functionally = competent  monolayer
epithelium. Hundreds of transmembrane and
cytoplasmic proteins have been identified that
dynamically interact with each other to promote
adherens and tight junction assembly and
maturation (3). One obligate scaffolding protein
includes zonula occludens-1 (ZO-1), which itself
has been shown to potentially interact with more
than 400 proteins (4). During the early stages of



junction assembly, ZO-1 localizes to the nascent
adherens junction, where it associates with the AJ
scaffolding protein afadin—an interaction critical
for the assembly and maturation of AJs and TJs
(5). In association with junction maturation, ZO-
1 dissociates from afadin and translocates to the
tight junction, where it tethers transmembrane
tight junction proteins to the actin cytoskeleton
(5,6).

Much remains unknown about the molecular
mechanisms that promote the formation of Als
and TJs, including the nature of the cellular
machinery that regulates the ZO-1-afadin
association. Previous observations from our
group and others demonstrate that in the Madin-
Darby canine kidney (MDCK) epithelial cell
model, AMP-activated kinase (AMPK) plays an
active role in initiating transient junction
formation by specifically phosphorylating afadin
in vitro and increasing the level of afadin bound
to ZO-1 (7-10). AMPK plays important roles in
the cellular response to energy deprivation and
has been implicated in processes that contribute
to epithelial polarization (10,11).

Additional regulators of AJ and TJ formation
include the atypical protein complex C (aPKC)-
Par3-Par6 complex proteins. aPKC
phosphorylates several AJ and TJ proteins to
promote their stable localization at the plasma
membrane (12-14). aPKC interacts with the Par
polarity proteins Par3 and Par6, which serve as
scaffolding proteins to coordinate the proper
localization of aPKC during junction assembly
(15). Regulation of aPKC activation may occur
via at least two different mechanisms: relief of
Par6 suppression of aPKC activity through GTP-
bound Cdc42 as well as through phosphorylation
of a PKC by upstream kinases (16,17). GTP-
bound Cdc42 is important for junction assembly
and inactivation of aPKC kinase activity during
epithelial polarization (18,19). The knockdown
of aPKC, Par3, or Par6 have each been
individually shown to prevent ZO-1 and afadin
localization to sites of cell-cell contact (20).

Here, we sought to further eclucidate the
mechanisms through which AMPK regulates
junction assembly and to explore the relationship
between AMPK and aPKC-mediated events. We
report for the first time that AMPK promotes both
Par3 and aPKC localization to the plasma
membrane during junction assembly and that

aPKC inhibition prevents AMPK-mediated
junction assembly by affecting the ZO-1/afadin
interaction. ~We also analyzed afadin
phosphorylation and identified residues that are
important for the ZO-1/afadin interaction. Thus,
our results demonstrate that AMPK-mediated
junction assembly is dynamic and involves the
participation of many junction proteins, with
aPKC performing as a central player in this
process.

Results

AMPK regulates aPKC localization during
junction assembly

In the MDCK epithelial cell model system, the
presence of extracellular Ca®" is critical for the
formation and maintenance of intercellular
junctions. Exposure to low concentrations of
extracellular Ca?" disrupts intercellular junctions
while the restoration of Ca’" to normal
concentration levels leads to the deposition of
junction proteins at sites of cell-cell attachment
(2,21). This manipulation has come to be known
as the “Ca®" switch.” Consistent with our
previous findings, we were able to demonstrate
that the Ca®" switch promotes AMPK
phosphorylation (Supplemental Figure 1A)
(8,9,22). We employed this paradigm in
experiments designed to assess whether AMPK
regulates aPKC during junction formation.
AMPK is a heterotrimer, requiring the proper
assembly of all three subunits together to be
functionally active. The knockdown of one
subunit is thus sufficient to ablate AMPK
activity. Expression of AMPK subunit isoforms
differs among tissues and we targeted the ol
subunit of AMPK, which is the predominant o
subunit isoform expressed in MDCK cells, to
achieve effective knockdown of AMPK function
(AMPK al KD) in our studies (23). A short
hairpin (sh) RNA construct targeting AMPK’s a1
subunit was stably transfected into MDCK cells.
The efficacy of this approach has been previously
demonstrated (22). Control cells were created by
transfecting MDCK cells with an empty vector
(referred to as AMPK WT cells). Previous studies
from our lab have demonstrated that AMPK
knockdown in cultured cells affects the rate of
Z0-1 localization to the plasma membrane during



tight junction formation and decreases the
magnitude of the transepithelial resistance (9).
We first examined whether AMPK activation
could regulate aPKC localization by performing
immunofluorescence studies to monitor aPKC
deposition at the plasma membrane. We cultured
AMPK al KD and AMPK WT cells to
confluency in normal Ca* media (1.8 mM Ca*",
NCM) before incubating them in low Ca*" media
(5 uM Ca®’, LCM) for 16h. Following the
reintroduction of NCM for 2 hours (the “Ca*"
switch or CS), cells were fixed for
immunofluorescence studies. We found that,
following incubation in LCM for 16h, aPKC was
diffusely localized throughout the cytoplasm in
both AMPK WT and KD cells (Fig. 1A). We
observed that following the Ca*" switch, the
quantity of aPKC that was distributed at the
plasma membrane in control cells was
significantly higher than that observed in AMPK
KD cells (Fig. 1A, B). The increase in aPKC
localization to the plasma membrane in AMPK
WT cells in response to the calcium switch was
consistent with what we observed in WT MDCK
cells subjected to the calcium switch for one hour
(Fig. 1C, D). We found that there was no
difference in the quantity of aPKC protein
expression in AMPK WT versus KD cells under
steady state, LCM, or calcium switch conditions
(Supplemental Fig. 2A, B). Examination of
confocal z-stack images also demonstrated that
aPKC and ZO-1 co-localized with one another
during the calcium switch, confirming previously
published reports (24) (Supplemental Figure 3).
These results indicate that AMPK expression
plays an important role in regulating aPKC
localization during Ca’"  switch-mediated
junction assembly. To determine whether AMPK
activity is involved in regulating aPKC
localization, we monitored whether
pharmacological activation of AMPK by 2mM 5-
aminoimidizole-4 carboxamide riboside
(AICAR), an AMPK activator, for 2h would also
promote aPKC localization to the plasma
membrane. We cultured MDCK cells to
confluency in NCM before subjected them to
LCM for 16 hours. AICAR (2 mM) was then
introduced in LCM for 1h (LCM+AICAR).
Following AICAR treatment, we observed a
significant increase in the number and length of
strands of aPKC labeling located at the plasma

membrane without any changes in aPKC
expression (Fig. 1C, D and Supplemental Fig.
2C). AMPK activation was verified by assessing
the level of AMPK phosphorylation following
AICAR treatment (Supplemental Figure 1A, B).
Taken together, the AMPK KD and AICAR
results indicate that AMPK activity is involved in
regulating aPKC localization during junction
assembly.

To probe how AMPK regulates aPKC
localization and function, we monitored whether
AMPK similarly controls the distributions and
activities of two critical regulators of aPKC
activity and localization, Cdc42 and Par3. When
in its GTP-bound form, Cdc42 upregulates aPKC
activity and promotes aPKC apical membrane
localization (25-27). Consequently, we measured
whether AMPK affects the level of Cdc42-GTP.
We performed the Ca®" switch manipulation on
AMPK al KD and AMPK WT for 2 hours before
lysing the cells and measuring Cdc42-GTP levels
by using pull-down assays that employ the GST-
Pakl effector domain as an affinity reagent that
interacts specifically with GTP bound but not
GDP bound Cdc42 (28,29). We found that,
despite similar levels of total Cdc42 expression at
steady state and during the calcium switch,
control cells exhibited a robust increase in
Cdc42-GTP levels in response to the Ca*" switch
at 2h, whereas AMPK KD cells failed to display
a similar increase (Fig. 2A, B and Supplemental
Fig. 2A, B). In fact, Cdc42-GTP levels were
similar between LCM and Ca®" switch conditions
in AMPK KD cells, suggesting that AMPK is a
significant regulator of the formation of Cdc42-
GTP during Ca®-induced junction assembly
(Fig. 2A, B). The increase in Cdc42-GTP levels
in AMPK WT cells subjected to the calcium
switch was consistent to what we found in WT
MDCK cells (Fig. 2C, D). To further evaluate the
role of AMPK in this process, we next analyzed
whether AMPK activation in an LCM
environment alone is sufficient to promote Cdc42
nucleotide exchange leading to increases in the
levels of GTP-bound Cdc42. WT MDCK cells
grown to confluence in NCM were incubated in
LCM for 16h before being exposed to 2mM
AICAR for 2h (LCM+AICAR). We found that
AMPK activation resulted in a 2-fold increase in
Cdc42-GTP levels without affecting total level of
Cdc42 expression (Fig. 2C, D and Supplemental



Fig. 2C). The magnitude of the increase observed
was comparable to that achieved during the Ca®*
switch (Fig. 2C, D). To ensure that the effects of
AICAR were mediated by AMPK, we analyzed
the effect of AICAR on Cdc42-GTP levels in
AMPK KD cells and found that these cells failed
to exhibit an increase Cdc42-GTP in response to
AICAR treatment (Fig. 2A, B). Taken together,
these studies support the conclusion that AMPK
expression and activity play important roles in
promoting the formation of Cdc42-GTP during
junction assembly.

Par3 is an important scaffolding protein that
localizes to the nascent adherens junction during
the early stages of junction assembly,
subsequently transitioning to a predominantly
tight junction distribution when junctions have
matured  (30,31). Following Cdc42-GTP-
mediated aPKC activation, aPKC interacts with
Par3 and the protein complex is subsequently
recruited to primordial junctions (12,32). Our
confocal imaging experiments reveal that Par3
and ZO-1 co-localized with one another during
the calcium switch (Supplemental Figure 3). We
subsequently evaluated Par3’s role during
junction assembly by monitoring the effects of
shRNA-mediated Par3 knockdown (Par3 KD) on
calcium-switch mediated junction assembly
(Supplemental Figure 2D). Both Par3 KD cells
and their WT counterparts were subjected to the
calcium switch and ZO-1 localization was
monitored by immunofluorescence. We observed
that the length of ZO-1 localization at the plasma
membrane was significantly decreased in Par3
KD cells compared to control cells,
demonstrating that Par3 contributes to ZO-1
localization during junction assembly (Fig. 3A,
B).

To determine whether AMPK could regulate
Par3 localization, we performed the Ca** switch
manipulation on AMPK al KD and AMPK WT
cells for 2h before monitoring Par3 deposition
through immunofluorescence analysis. We found
that, following incubation in LCM for 16h, Par3
was diffusely localized throughout the cytoplasm
while the level of total Par3 protein expression
remained unchanged during both steady state and
calcium switch conditions (Supplemental Figs.
2A, 2B, and 3). We also observed that, following
the Ca®" switch, Par3 was localized at the plasma
membrane to a significantly lesser extent in

AMPK al KD cells as compared to control cells.
These results indicate that AMPK expression is
involved in regulating Par3 localization during
Ca**  switch-mediated junction  assembly
(Supplemental Fig. 4). The increase in Par3
localization at the plasma membrane in AMPK
WT cells during the calcium switch is consistent
with what we found in WT MDCK cells (Fig. 4A,
B). To determine if AMPK activity plays a role
regulating Par3 localization, we monitored
whether activation of AMPK by 2mM AICAR
for 2h could also promote Par3 localization to the
plasma membrane in cells that were maintained
in LCM (Fig. 4A, B). MDCK cells were cultured
to confluency in NCM before being subjected to
LCM for 16 hours. 2 mM AICAR was introduced
for 2h (LCM+AICAR) prior to
immunofluorescence analysis. We found that,
following AICAR treatment, there was a
significant increase in the number and length of
strands labeling for Par3 located at the plasma
membrane without any changes in the level of
Par3 protein expression (Fig. 4A, B and
Supplemental Fig. 2C). These results confirm that
AMPK activity plays an important role in
regulating Par3 localization during junction
assembly.

To assess whether Par3 acts as an intermediate
in AMPK-mediated junction assembly, we first
monitored the effects of Par3 KD on ZO-1
localization. We again promoted AMPK-
mediated junction assembly by treating Par3 KD
or control cells incubated in LCM for 16 hours
with 2 mM AICAR for 2 hours. Compared to
activity in control cells, we found that ZO-1
localization at the plasma membrane was
significantly decreased in Par3 KD cells exposed
to LCM+AICAR conditions (Figure 3C, D).
These results indicate that Par3 is an important
intermediate in  AMPK-mediated junction
assembly.

aPKC inhibition prevents AMPK-mediated
junction assembly and increases the
association between ZO-1 and afadin

Since our studies show that AMPK regulates
aPKC localization to the plasma membrane and
may control aPKC activity through promotion of
the formation of Cdc42-GTP, we next sought to
ascertain whether aPKC plays a role in AMPK-
mediated junction assembly by determining the



effects of aPKC inhibition on this process. We
used a cell-permeable myristoylated
pseudosubstrate inhibitor of aPKC activity to
pharmacologically inhibit aPKC (33-35). We first
monitored the effects of aPKC inhibition during
the Ca®>" switch to test the efficacy of the
inhibitor. MDCK cells grown to confluence were
incubated in LCM for 16h prior to being pre-
treated for 2h with or without 10uM or 25uM
aPKC inhibitor in LCM. NCM was introduced for
another 2h in the continued presence of the
inhibitor. In concert with what has been
previously reported, we found that aPKC
inhibition at 10uM was sufficient to partially
prevent Ca®" switch-mediated junction assembly
and that this effect occurred in a dose-dependent
manner (Fig. 5A, B) (13,36). We and others have
previously found that the Ca*" switch maneuver
induces AMPK activation, as evidenced by its
phosphorylation at Thr 172 on its o subunit
(8,10). Inhibition of aPKC activity did not affect
this Ca®" switch induced AMPK phosphorylation
(Fig. 5D). To monitor the role of aPKC in
AMPK-mediated junction assembly, MDCK
cells grown to confluency were again incubated
in LCM for 16h, then pre-treated for 2h with or
without 10uM aPKC inhibitor in LCM before
being subject to AMPK activation by 2mM
AICAR in the continued presence or absence of
the aPKC inhibitor. We observed that, compared
to cells treated with AICAR alone, those
incubated in the presence of aPKC inhibitor with
AICAR had a significantly lower level of ZO-1
distributed at the plasma membrane (Fig. 5A, C).
This result suggests that AMPK-mediated
junction assembly requires aPKC activity.

We have previously reported that AMPK
activation promotes the formation of an
interaction between ZO-1 and afadin (8). Since
the data presented here indicate that aPKC acts
downstream of AMPK to regulate junction
assembly, we further probed whether these
functional activities converge within one
pathway. We specifically monitored whether
aPKC is a regulator of the AMPK-mediated ZO-
l/afadin interaction by assessing whether
inhibition of aPKC activity alters the extent of
this interaction. MDCK cells were grown to
confluence before being incubated in LCM for
16h. Cells were pre-treated with or without 10uM
aPKC inhibitor for 2h before 2mM AICAR was

introduced for another 2h in the continued
presence or absence of the inhibitor. To measure
the level of ZO-1/afadin interaction, we
performed co-immunoprecipitation studies in
which endogenous afadin was
immunoprecipitated using an antibody directed
against afadin and the quantity of co-precipitating
Z0-1 was subsequently assessed by western
blotting using an antibody directed against the
endogenous ZO-1 protein. In these studies,
AMPK activation by AICAR led to an increase in
the ZO-1/afadin interaction (Fig. 5E, F).
Inhibition of aPKC further increased the level of
the ZO-1/afadin interaction during both the LCM
incubation and following AMPK activation by
AICAR as compared to that observed under
similar conditions when aPKC activity was not
inhibited (Fig. 5E,F). These results indicate that
aPKC inhibition increases the extent of the
interaction between ZO-1 and afadin specifically
when adherens and tight junctions are not present
(LCM conditions) and during AMPK-mediated
junction assembly (LCM + AICAR conditions).
Inhibition of aPKC did not significantly affect the
extent of the ZO-1/afadin interaction during the
Ca*" switch, suggesting that the interaction may
reach its maximal level during the Ca*" switch or
there may be additional mechanisms that also
regulate the interaction and that are unaffected by
aPKC inhibition (Fig. 5G, H).

Afadin phosphorylation at S228 and S1102 are
regulators of junction assembly

Since protein phosphorylation is a common
regulator of protein activity, we investigated how
the ZO-1/afadin interaction is controlled by
afadin phosphorylation. We first probed for
whether afadin phosphorylation is changed
during the Ca®*" switch relative to LCM
conditions by wusing Phos-tag acrylamide
containing gels in concert with western blotting.
The Phos-tag reagent binds to phosphate groups,
and its addition to acrylamide gels permits
separation of proteins based on molecular weight
as well as upon phosphorylation status (37).
Proteins that are more heavily phosphorylated
migrate at a slower rate in acrylamide gels
containing the Phos-tag than their non-
phosphorylated counterparts. We found that
afadin phosphorylation robustly increased in
response to the Ca** switch (Fig. 6A).



To identify the specific afadin residues
phosphorylated during the Ca®" switch and to
assess whether phosphorylation at these residues
is differentially regulated by this manipulation,
we used a stable isotope dimethyl labeling
quantitative proteomics strategy (38). Afadin was
immunoprecipitated from cells maintained in
LCM only or from LCM-incubated cells that
were subjected to the Ca** switch, and the
resulting immunoprecipitates were separated by
SDS-PAGE. In-gel trypsin digestion followed by
dimethyl labeling was performed, with samples
subjected to the Ca®" switch labeled with CD,O
and LCM samples labeled with CH,O prior to
being mixed in a 1:1 ratio (39). Phosphorylated
peptides were enriched by TiO, binding prior to
analysis by mass spectrometry (40). Relative
phosphopeptide abundance was normalized
according to the median value of the relative
abundance of all non-phosphorylated afadin
peptides within the same sample. While there
were many sites on afadin that were found to be
phosphorylated, two residues were of significant
interest: S228 and S1102 (Supplemental Figure
5). The peptide that includes the S1102 residue
contains the consensus sequence for AMPK
recognition (41). While phosphorylation at this
site was previously determined to be promoted by
AMPK activation, in the present study we did not
detect any changes in the phosphorylation level
of S1102 in response to the Ca®" switch
manipulation (Table 1) (8). In contrast, S228
displayed an upregulation in its phosphorylation
level in response to the Ca?* switch by 1.703-fold
(CI: 1.399-2.007). The peptide that contains the
S228 residue also bears the consensus sequence
for aPKC recognition (41).

Since phosphorylation at S228 and S1102 may
be important for aspects of junction assembly, we
sought to determine whether phosphorylation at
either of these sites is important for regulating
Z0-1 localization or for the interaction between
afadin and ZO-1. We investigated the role of
S228 and S1102 phosphorylation by generating
phospho-defective mutant forms of afadin, in
which these residues were individually replaced
with alanine residues. These mutations were
introduced into constructs containing the mus
musculus cDNA sequence for HA-tagged afadin
at ecither the S216 or S1083 sites (which
correspond with the S228 and S1102 sites in

canis familiaris afadin) and the constructs were
stably transfected into wild-type MDCK cells. As
a control, a construct encoding the HA-tagged
wild-type mus musculus cDNA sequence afadin
was also stably transfected into wild-type MDCK
cells. Under steady state conditions, HA-tagged
wild-type, S216A, and S1083A afadin localized
to the plasma membrane (Supplemental Fig. 6A).
The total level of afadin expression was increased
by approximately 50% in cells expressing wild-
type afadin and to a similar extent in cells
expressing S216A mutant afadin compared to
cells  transfected with  empty  vector
(Supplemental Fig. 6B, C). Total afadin
expression was increased by ~200% in cells
expressing the HA-tagged S1083A afadin mutant
as compared to cells transfected with an empty
vector (Supplemental Fig. 6B, C).

To assess whether and how the absence of
phosphorylation at afadin residues S216 and
S1083 might impact junction assembly, we
monitored whether expression of these mutant
afadin proteins affected the localization of ZO-1
during the Ca?' switch and AMPK-mediated
junction assembly. Confluent MDCK cells stably
transfected with constructs containing HA-tagged
wild-type afadin or afadin carrying the S216A or
S1083A mutations were subject to the Ca®’
switch or 2mM AICAR treatment for 2h, and ZO-
1 localization was monitored by
immunofluorescence. We found that the
introduction of the S216A mutation leads to a
decrease in ZO-1 translocation to the plasma
membrane following AICAR treatment but did
not perturb ZO-1 localization in response to the
Ca*" switch (Fig. 6B, C, and D). The distribution
of ZO-1 to the plasma membrane was found to be
significantly lower in cells expressing S1083A
HA-tagged afadin during both the Ca*" switch as
well as in response to AMPK activation by
AICAR compared to those detected in cells
expressing HA-tagged wild-type afadin (Fig. 6E,
F, and G). Since the endogenous afadin is still
expressed in these cells, it appears that the
expression of the S216A or S1083A mutant
afadin may exert a dominant-negative effect
during junction assembly. However, additional
mechanisms initiated by the Ca** switch may also
be able to compensate for the dominant-negative
properties of the S216A mutant protein.
Together, these  results suggest that



phosphorylation at S216 or S1083A of mus
musculus afadin play modulatory roles during
junction assembly.

Since afadin’s interaction with ZO-1 is
important for junction assembly, we also assessed
whether S228 or S1102 phosphorylation affects
afadin’s ability to interact with ZO-1. Using the
same MDCK cells stably transfected with HA-
tagged wild-type afadin or afadin containing the
S216A or S1083A mutation, we measured the
extent of the ZO-1/HA-afadin interaction in
response to the Ca®>" switch by performing co-
immunoprecipitation  experiments. In the
following studies, HA-tagged afadin was
immunoprecipitated using an antibody directed
against the HA epitope tag and the level of
endogenous ZO-1 that interacts with the HA-
tagged afadin was monitored by western blotting.
The calcium switch was performed for 2 hours in
MDCK cells transfected with one of the HA-
tagged constructs. In cells expressing the wild
type HA-tagged afadin construct, we observed an
increase in the ZO-1/HA-tagged afadin
interaction in response to the Ca*" switch relative
to LCM levels, consistent with the behavior of
endogenous afadin (Fig. 7A, B). Using the same
experimental setup, we found that in MDCK cells
expressing HA-tagged afadin that contains the
S216A mutation, the extent of the ZO-1/HA-
tagged afadin interaction was substantially larger
during the LCM incubation relative to cells
transfected with wild-type afadin (Fig. 7A, B).
The extent of this interaction was not further
increased by the Ca*" switch (Fig. 7A, B). In
contrast, in cells expressing S1083A afadin, we
observed a low level of interaction between ZO-
1 and afadin under LCM incubation conditions
that remained low despite Ca®" switch (Fig. 7C,
D). These results indicate that during the Ca**
switch, the absence of phosphorylation at the 216
residue in mus musculus afadin may promote the
interaction  between ZO-1 and afadin.
Phosphorylation at S216 and S1083 appear to
exert opposite effects on the interaction between
afadin and ZO-1. While the ability to become
phosphorylated at S1083 appears to be important
in initiating a Ca®" switch induced association
between ZO-1 and afadin, phosphorylation at
S216 appears to be required for the termination of
this association that accompanies the later stages
of junction formation and maturation. Loss of the

capacity to become phosphorylated at S216
results in the formation of a stable interaction
between ZO-1 and afadin that persists
independent of the presence of extracellular
calcium and of the stimuli that induce junction
assembly.

Discussion

Epithelial adherens and tight junction
assembly is a complex and incompletely
understood process that involves cooperation
between numerous proteins and the coordination
of many different signaling pathways. Since
perturbations in junction structure and functions
are important features of a number of
pathophysiological conditions, including
inflammatory bowel disease, ischemic acute
kidney injury, and cancer metastasis (42-44), it is
important to understand the processes that
promote junction integrity. Although AMPK is a
well-known regulator of cell polarity, the relevant
signaling pathways that participate up-or
downstream of AMPK in epithelial polarization
are currently still unclear. The work presented
here was designed to expand our understanding
of the proteins that participate downstream of
AMPK to regulate AMPK-mediated adherens
and tight junction assembly.

Since the aPKC/Par3/Cdc42 polarity complex
proteins are central regulators of junction
assembly and cell polarity, we explored whether
and how AMPK influences and is influenced by
these proteins in exerting its effects on junction
formation (45). We found that AMPK serves as
an upstream regulator of the aPKC/Par3/Cdc42
localizations and activities of components of this
critical polarity complex. Furthermore, we find
that AMPK and aPKC may phosphorylate afadin
at S1102 and S228, respectively, to coordinate
their antagonistic roles regulating the ZO-
1/afadin interaction and to ultimately promote
junction assembly. Taken together, these results
not only reaffirm that AMPK plays a significant
role regulating the development of the adherens
and tight junction, but that the signaling
mechanism downstream of AMPK is complex
and dynamically regulated.

Our data indicate that AMPK is responsible
for promoting the localization of both aPKC and
Par3 to the plasma membrane and for regulating



the level of GTP-bound Cdc42. These results
indicate that AMPK is an upstream regulator for
both aPKC and Par3 localization to the plasma
membrane during calcium switch-induced
junction assembly. It remains to be determined
whether additional intermediate proteins are
involved in these functional interactions. Since
Par3 itself also interacts with aPKC and has a
demonstrated role in regulating aPKC
localization, additional studies are required to
establish whether AMPK regulates Par3 and
aPKC independently or whether the three
proteins participate in a single pathway (46). It
has been reported that Par3 phosphorylation by
upstream kinases such as Rassf5 and Ndr
regulates its localization; consequently, it is
reasonable to hypothesize that AMPK may serve
a similar function (47,48).

Several separate studies have shown that
AMPK regulates the activities of members of the
GTP-binding Rho family proteins. AMPK may
interact directly with both RhoA and Racl or
indirectly regulate Racl through its guanine
nucleotide exchange factor Tiaml (49,50). Our
results indicate that AMPK may play a similar
role for Cdc42, through which it regulates the
formation of Cdc42 GTP and thus modulates
Cdc42 activity. Additional investigations are
required to determine whether AMPK is a direct
or indirect regulator of Cdc42. Perhaps not
surprisingly, we found that AMPK ol KD leads
to only a 50% reduction in the fraction of Cdc42
that is in the GTP bound state in response to
stimuli that initiate junction formation.
Consequently, it appears that AMPK may be only
one of many regulators of the GTP-bound status
of Cdc42 during the process of junction
assembly.

The adherens junction protein afadin interacts
sequentially during junction assembly with many
different junction proteins (5,51,52). It seems
logical to suggest that afadin’s capacity to
participate in these interactions must be
dynamically regulated in order to define both
spatially and temporally the complements of
proteins with which it interacts with during
distinct phases of junction assembly. A common
mechanism for regulating protein activity or
assembly is through phosphorylation. We found
by mass spectrometric analysis that afadin is
phosphorylated at several different sites.

Although there have been a number of studies
investigating the phosphorylation status of afadin
by wupstream kinases, little is understood
concerning how  afadin  phosphorylation
specifically affects junction assembly and the
Z0-1/afadin interaction (53,54). In concert with
previous studies, our data indicate that both
AMPK and aPKC may regulate the
phosphorylation status of afadin at S1102 and
S228 respectively (8). S228 is located in the first
Ras-associating domain and S1102 is located in
the PDZ domain, and both of these domains are
important for protein-protein interactions and
regulation. We demonstrated that the absence of
phosphorylation at these positions not only
perturbs AMPK-mediated junction assembly by
decreasing the ability for ZO-1 to localize to the
plasma membrane, but that these phosphorylation
sites also specifically coordinate the level of ZO-
1/afadin interaction. Phosphorylation at S228 and
S1102 appear to decrease and increase the extent
or stability of ZO-1/afadin interaction,
respectively. These results are consistent with the
idea that through sequential phosphorylation and
dephosphorylation, afadin is able to play a role
that may evolve during the course of junction
assembly. It will be interesting in future studies
to assess whether regulation of afadin’s
phosphorylation at other sites may similarly help
to define afadin’s participation in the initiation of
junction assembly and in the maturation of the
resultant junctional complexes.

The data presented here are consistent with a
model in which activation of AMPK promotes
Par3 localization to the plasma membrane, which
has been shown in the literature to in turn recruit
aPKC. AMPK’s activation of Cdc42 further leads
to aPKC activation. AMPK activity would also
result in phosphorylation of afadin at S1102,
which would promote its interaction with ZO-1
and thus drive the recruitment of ZO-1 to forming
adherens junctions. Activation of aPKC would in
turn phosphorylate afadin at S228 (which resides
within a predicted aPKC phosphorylation site) to
promote ZO-1’s dissociation from afadin, thus
freeing ZO-1 to interact with transmembrane
components of the tight junction and to
participate in the maturation of assembling
junctions (Fig. 8). It is interesting to note that a
conceptually similar mechanism, in which
phosphorylation  regulates the interaction



between the tight junction protein ZO-2 and 14-
3-3 proteins, has recently been shown to regulate
the deposition of ZO-2 during junction formation
(55). While the scheme presented in Figure 8
encompasses the results of the present studies,
additional work will be required to determine
whether all of its predictions are observed and
whether it is sufficient to account fully for the role
of AMPK in junction assembly. Most
importantly, future studies will be required to
determine whether afadin is subject to sequential
phosphorylation by AMPK at S1102 and by
aPKC at S228 that cause afadin to interact with
Z0-1 and then to dissociate from this interaction,
respectively.

Additional investigations are also needed to
evaluate more fully whether additional
components are required downstream of AMPK
to promote AMPK-mediated junction assembly.
Since we found that the knockdown of AMPK al
subunit prevents the redistribution of aPKC and
Par3 to the plasma membrane during the Ca?*
switch, these findings suggest that AMPK plays
an important role in regulating aPKC and Par3
localization in a way that cannot be compensated
through other mechanisms activated by the Ca**
switch. In light of the numerous reported
regulators of Par3 and aPKC localization,
including  phosphoinositide-3-kinase,  small
GTPase Rapl, afadin, Willin, Morgl, and
Crumbs3, it seems surprising that AMPK alone
would have such a significant role controlling the
distribution of Par3 and aPKC under these
circumstances (46,56-59). This suggests the
interesting possibility that other regulators of
aPKC or Par3 localization may depend upon or
act downstream of AMPK.

While AMPK is widely understood to serve as
an energy sensor and regulator of metabolism, its
role as a promoter of adherens and tight junction
assembly has been largely considered separately
from its energy sensing functions (8-10,60).
AMPK activation during the Ca*" switch occurs
without any significant changes to cellular
energetics, consistent with the paradigm that
AMPK’s role as an energy sensor is distinct from
its role as a regulator of junction assembly (9).
The activation of AMPK decreases the activities
of several energy consuming cellular processes,
such as cell growth and protein/fatty acid
synthesis (61). Since junction formation and the

maintenance of junction integrity requires
dynamic and rapid molecular turnover, which
very likely are energy-consuming processes, it
thus seems somewhat counter-intuitive that
AMPK activation promotes junction assembly
(62-64). It is important to note however, that
AMPK does not inhibit all energy consuming
processes. For example, it plays a significant role
in activating glycolysis to increase cellular ATP
levels and promote cell survival (60). Perhaps
more importantly, although maintaining junction
integrity maintenance may be energy consuming
at a cellular level and thus unfavorable in the
context of an individual cell’s energy stress, loss
of junction integrity can lead to catastrophic
effects at the levels of tissues, organs and
organisms. In the kidney, for example, disturbed
junctional integrity induced by ischemic injury
can lead to severe perturbations in renal tubular
fluid and solute absorption, which has the
potential to threaten an organism’s continued
viability. Similarly, loss of junctional integrity as
a consequence of intestinal hypoperfusion can
lead to severe bacterial infections (43,65). Faced
with potentially life-threatening consequences for
the organism, it may be advantageous for
epithelial cells to expend some energy even in the
face of their own energy deprivation so as to
preserve junction integrity in order to preserve
organ function and survival of the organism.
Thus, AMPK’s role as an energy sensor may
permit it to ensure that energy-requiring
processes like junction maintenance continue
even in the face of energy deficits.

There appears to be a growing and fascinating
convergence between components of cellular
machineries that participate in metabolic
regulation and in orchestrating junction
assembly, further supporting the idea that the two
processes are inter-linked. For example, studies
examining AMPK’s role in regulating metabolic
processes demonstrate that aPKC acts
downstream of AMPK to promote insulin-
induced GLUT4 translocation (66). Our results
indicate that aPKC also plays a role in AMPK-
mediated junction assembly. It thus appears that
AMPK may be able to concurrently increase both
cellular glucose levels and to ensure the
maintenance of junction integrity to promote cell
and tissue survival by signaling through aPKC. It
will be interesting to continue to explore both of



these processes in order to elucidate further the
extent of the overlap in the pathways that connect
AMPK regulation of aPKC activity to
metabolism and to junction assembly.

Experimental procedures

Plasmids and cell lines
Par3 KD cells

Gene transfer lentiviral plasmids were
purchased from VectorBuilder (pLV U6 shRNA-
hPGK  puro, VBI170922-1159qea). These
plasmids allow expression of shRNA directed
against PAR3 together with a puromycin
resistance marker. Positive control (pLKO.1-
puro-CMV-TagRFP, SHC012) and non-target
control shRNA (anti-luciferase, VB170922-
1161yfy) were purchased from Sigma-Aldrich
and VectorBuilder respectively.

Lentiviral vectors were generated with the
GIGA Viral Vectors platform. Briefly Lenti-X
293T cells (Clontech®, 632180) were co-
transfected with gene transfer lentiviral plasmid,
pSPAX2 (Addgene®, Cambridge, MA, USA)
plasmid and a VSV-G encoding plasmid (67).
Viral supernatants were collected 48h, 72h and
96h post transfection, filtered (0.2uM) and
concentrated 100 x by ultracentrifugation. The
lentiviral vectors were then titrated with qPCR
Lentivirus Titration (Titer) Kit (ABM®, LV900,
Richmond, BC, Canada). MDCK cells were
transduced with lentiviral vectors (50 TU/cell)
allowing the dual expression of shRNA and
puromycin resistance protein. Transduced cells
were selected with 3pg/mL  puromycin
(Invivogen, ant-pr-1). The absence of RCL and
mycoplasma in cell supernatant was confirmed
with qPCR Lentivirus Titration kit and
MycoAlert™ PLUS Mycoplasma Detection Kit
(Lonza, LT07-710) respectively.

Afadin S216A and S1083A cell lines

The constructs encoding the wild-type mus
muscularis afadin protein or its S1083A mutant
cloned into the pcDNA3.1.neo vector were kindly
provided by Dr. Yoshimi Takai. Sequence
encoding an HA epitope tag was added to the N-
terminus of the encoded protein. A site directed
mutation at S216 was introduced by Quikchange
Pfu turbo enzyme (Agilent Technologies, Santa
Clara, CA). The PCR reaction mixture contained
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45ng template DNA, 10x Pfu turbo reaction
buffer, 0.26mM of each dNTP, 0.26uM of each
primer and 2.5 units of Pfu turbo enzyme in 50ul.
The mixture was heated at 95°C for 2 min and
then subjected to thermal cycling (18 cycles of
95°C for 30 sec, 55°C for 1 min and 68°C for 11
min). Following subcloning, the gene was fully
sequenced to ensure that the mutation was present
and that no additional mutations were introduced
by PCR. Stable cell lines were generated by
transfection of MDCK cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) and selection
was achieved by culturing cells in medium
supplemented with 400mg/ml G418 (Invitrogen).

Antibodies

Rabbit anti-AMPK al and anti-pAMPK
(T172) were purchased from Cell Signaling
(Danvers, MA). Both mouse and rabbit anti-
aPKC{ were purchased from Santa Cruz
Biotechnology (Dallas, TX). Rabbit anti-Par3
was purchased from Millipore (Billerica, MA).
Both mouse and rabbit anti-ZO-1 were purchased
from Invitrogen. Rabbit-anti-human-I-afadin was
purchased from Sigma-Aldrich (St. Louis, MO).
Mouse anti-aHA was purchased from Roche
(Indianapolis, IN). Alexa Fluor 488-conjugated
goat anti-mouse IgG and Alexa Fluor 594-
conjugated goat anti-rabbit IgG were purchased
from Molecular Probes (Carlsbad, CA). HRP-
conjugated goat anti-mouse IgG and HRP-
conjugated goat anti-rabbit IgG were purchased
from Jackson ImmunoResearch (Westgrove,
PA). Goat anti-mouse IRDye® 800CW and anti-
rabbit IRDye® 680CW were purchased from Li-
Cor BioSciences (Lincoln, NE).

Cell culture

MDCK cells were maintained in o-MEM
(Invitrogen) supplemented with 10% fetal bovine
serum (GIBCO-BRL, Grand Island, NY), 2mM
L-glutamine (GIBCO-BRL), 50 U/ml penicillin
(GIBCO-BRL), and 50mg/ml streptomycin
(GIBCO-BRL). All cells were grown in a
humidified incubator at 37°C and 5% CO»
atmosphere and were recently authenticated and
tested for contamination.

Ca*" switch and drug exposure experiments
MDCK cells were seeded on tissue culture
plastic (for immunoblotting experiments) or on




glass coverslips (for immunofluorescence
experiments) in a-MEM containing 1.8 mM Ca**
(normal Ca?' medium) until they formed a
confluent monolayer. Cells were then washed
four times with PBS before being incubated in
Ca*'-free S-MEM (GIBCO-BRL) supplemented
with 5% dialyzed fetal bovine serum, 2 mM L-
glutamine, 50U/ml penicillin and 50 mg/ml
streptomycin for 16 hours. Cells were then
returned to normal Ca®’-containing o-MEM
medium or exposed to drugs for various time
intervals as indicated. AICAR was purchased
from Calbiochem (San Diego, CA) and aPKC{
pseudosubstrate (myristoylated) was purchased
from Enzo Life Sciences (Farmingdale, NY).
Another aPKC{ inhibitor, SC-3098, was
purchased from Santa Cruz (Santa Cruz, CA).

Immunofluorescence and quantification of
aPKC, Par3, and ZO-1 staining

Cells grown on coverslips were washed twice
with PBS and fixed in 100% methanol at room
temperature for 7 min. Cells were then washed
three times with PBS before being permeabilized
in  03%  Triton X-100/0.15%  BSA
(permeabilization buffer) in PBS for 15 min at
room temperature. These cells were then blocked
in GSDB (16% goat serum (Invitrogen), 20 mM
sodium phosphate (pH 7.4), 450 mM NaCl, 0.3%
Triton X-100) for 30 min at room temperature.
Cells were incubated in primary antibody diluted
1:100 in GSDB for 1 h at room temperature and
then washed 3 times in permeabilization buffer.
The corresponding secondary antibody and
Hoechst reagent (Molecular Probes) were diluted
1:200 and 1:10000 in GSDB, respectively. This
mixture was added to the cells for a one-hour
incubation. Cells were then washed 3 times in
PBS before being mounted using Vectashield
(Vector Laboratories, Burlingame, CA). The cells
were visualized on a Zeiss LSM 780 confocal
laser-scanning microscope. Brightness and
contrast settings were chosen such that all pixels
were in the linear range.

To quantify the average length of aPKC, Par3,
or ZO-1 per cell, four fields were randomly
selected from each coverslip and the total length
of aPKC, Par3, or ZO-1 localized at junction sites
in each field was outlined manually and measured
using Image J software. An investigator blinded
to the conditions of each image performed a
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confirmatory experiment measuring ZO-1
lengths to ensure that there was no investigator
bias. The total number of cell nuclei per field was
counted and the average aPKC, Par3, or ZO-1
length per cell was thus calculated. Statistical
analysis was performed using the two-tailed
Student’s t-test.

Immunoblotting
Cells were lysed on ice in 20 mM Tris 7.4, 250

mM sucrose, 50 mM NaCl, 50 mM NaF, 5 mM
sodium pyrophosphate, 1 mM sodium
orthovanadate, 2 mM fresh dithiothreitol (DTT),
1% Triton, and protease inhibitors (Roche) and
sonicated for 30 seconds. Cell lysate was
centrifuged at 14,000 rpm at 4°C for 30 min and
the supernatant was collected. The proteins were
separated by SDS-PAGE using standard
protocols and electrophoretically transferred to
0.2-um or 0.45-um nitrocellulose membranes
(Bio-Rad, Hercules, CA). Proteins separated by
Phos-tag SDS-PAGE (Wako, Richmond, VA)
according to manufacturer’s protocols were
transferred to PVDF membranes (Millipore).
The membranes were blocked with milk solution
(150mM NaCl, 20 mM Tris, 5% milk (w/v), 1%
bovine serum albumin (BSA), 0.1& Tween (v/v),
pH 7.5) and probed with primary antibody
(diluted 1:1000 in 5% BSA solution) and the
corresponding IRDye®- or HRP-conjugated
secondary (diluted 1:10000) antibodies. The
immunoreactive bands were visualized with
Odyssey Infrared Scanner (Li-Cor Biosciences)
or an enhanced chemiluminescence detection kit
(ECL, Amersham Biosciences, Pittsburg, PA).
For Par3 WT and KD cells, total protein
quantification was obtained using a ChemiDoc
MP gel imager (BioRad). No membrane stripping
for re-blotting was required as proteins that were
of similar molecular weights were be probed with
primary antibodies of different species and thus
could be visualized with secondary antibodies
conjugated to different IRDye®s simultaneously.

Immunoprecipitation

Cells were lysed on ice in 20mM Tris pH 7.4,
150 mM NaCl, ImM EDTA, 1% Triton and
protease inhibitors and sonicated for 15 seconds.
Cell lysate was centrifuged at 14,000 rpm at 4°C
for 30 min after which the supernatant was
collected. Lysates prepared for afadin




immunoprecipitation were incubated with rabbit
anti-I-afadin antibody and Protein G agarose
beads (Thermo Scientific, Waltham, MA) at 4°C
overnight. Beads were collected by centrifugation
at 2,000 rpm and the pellets were washed 3 times
with lysis buffer and 2 times with PBS for 5 min
with rotation at 4°C. Lysates prepared for HA
immunoprecipitation were incubated with anti-
HA magnetic beads (Pierce, Waltham, MA) for
30 min at room temperature and washed
according  to  manufacturer’s  protocol.
Immunprecipitates and total cell lysates were
resolved with 8% SDS-PAGE using standard
protocols and analyzed by immunoblotting using
the antibodies specified.

Cdc42 Activity Assay

Cdc42 Pakl-binding domain-GST tagged
construct (kindly provided by Dr. Martin
Schwartz, Yale University) was expressed and
collected using glutathione-sepharose 4B beads
(Amersham) as previously described (68). Cells
were lysed on ice in GST-Fish buffer (10%
glycerol, 50mM Tris pH 7.4, 100mM NaCl, 1%
NP-40, 2mM  MgCl,, ImM  sodium
orthovanadate, and protease inhibitors) and
sonicated for 5 seconds. Cell lysates were
centrifuged at 14,000 rpm at 4°C for 5 min and
extracts containing 500ug of total proteins were
incubated with 20ug glutathione-bound Pakl
beads (GST-PBD) on a rotator for 15 minutes at
4°C. Beads were collected by centrifugation at
2,000 rpm and washed twice with GST-Fish
buffer. Cdc42 bound to GST-PBD and total cell
extracts were resolved by 15% SDS-PAGE using
standard  protocols and  analyzed by
immunoblotting using the antibodies specified.

Mass Spectrometry Sample Preparation
Immunoprecipitated afadin protein resolved
by SDS-PAGE was visualized with Coomassie
Blue staining, excised from the gel, and gel
fragments were cut into Imm? pieces. Gel pieces
were sequentially washed with fresh solutions
containing 50% (v/v) acetonitrile (ACN), 25 mM
NH;HCOj3 and 50% (v/v) ACN, 5SmM NH4HCO:.
Proteins were digested overnight at 37°C in a
solution containing 45mM NH4HCOs3, 5% ACN,
and 13.33 ng/ul trypsin (Promega, Madison, WI).
Peptides were extracted from gel pieces with
1.67% formic acid (FA) in 66.6% ACN. Samples
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were loaded onto stage tips assembled in house
(2X1.06mm punches of Empore C18 extraction
disks (3M, Maplewood, Minnesota) in a 200ul
pipette tip), washed twice with 0.5% acetic acid,
and eluted with 80% acetonitrile, 0.5% acetic
acid. In-solution peptide labeling was performed
using 100 mM TEAB, 4% formaldehyde (CH,O
or CD;0), 0.6M cyanoborohydride, 1% (v/v)
ammonia and 5% (v/v) formic acid in water.
Peptides from cells subjected to CS conditions
were labeled using CD,0 and those from cells
under LCM conditions were labeled using CH,O.
Samples were then combined in a 1:1 ratio. lul
was taken from each sample and mixed with 19%
formic acid, 27 mM sodium phosphate, pH 8.2
and 0.02% TFA for relative quantification of total
afadin peptides (non-enriched sample). The
remaining phosphopeptides were enriched by
reconstitution in 20ul of binding buffer (50%
ACN, 0.5% TFA) and loaded onto stage tips
assembled in-house (1x0.6mm punch of Empore
C18 extraction disks in a 200ul pipette tip, loaded
with 400ug of Titanshere TiO2 microspheres (GL
Sciences, Tokyo, Japan)). Tips were washed
twice with binding buffer and once with 80%
ACN, 0.1% FA. Peptides were eluted with 1%
NH4OH followed by 80% ACN, 0.1% FA.
Peptides were dried and reconstituted in a
solution of 19% formic acid, 27 mM sodium
phosphate, pH 8.2, and 0.02% TFA for
LC/MS/MS analysis.

Chromatographic separation was performed
on an a Waters nanoAcquity system with a vented
split configuration on a 32 mm 150 um ID trap
column packed in-house with 3 pm ReproSil-Pur
C18-AQ 120A resin (Dr. Maisch) and a 200 mm
75 um ID PicoFrit analytical column (New
Objective, Altamonte Springs, FL) packed in-
house with 1.9 pm ReproSil-Pur C18-AQ 120A
resin (Dr. Maisch) using a nonlinear, 90-minute
gradient from 5% to 95% ACN (with 0.1% FA)
and analyzed on a LTQ Orbitrap Velos (Thermo
Fisher Scientific). Peptides were detected in data
dependent mode using a Top 10 data dependent
acquisition method and HCD dissociation. Data
were searched using Maxquant v1.5.1.0. The
ratios of TiO, enriched phosphopeptides were
normalized according to the averages of all afadin
non-phosphopeptide ratios from the
corresponding non-enriched samples. Putative



kinases were determined by motif scan according
to MIT Scansite 4.0 (41).
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Figure Legends

Figure 1 AMPK regulates aPKC localization
during junction assembly

(A) Confluent MDCK cells were stably
transfected with empty pSUPER vector (AMPK
WT) or pSUPER containing shRNA directed
against AMPK ol (AMPK al KD) and were
incubated in media containing 5 uM Ca*" (low
calcium media, LCM) for 16h. Fresh LCM or
media containing 1.8 mM Ca®" (calcium switch)
were introduced for 2h. Cells were fixed and
immunostained for aPKC. Scale bar: 30 pm. (B)
Quantification of aPKC localization at sites of



junction assembly. Data were analyzed for each
experimental condition based on four randomly
obtained views from three independent
coverslips. Error bars represent the s.e.m. of the
length of aPKC per cell within each of the four
selected fields of view. The asterisks (*) denote
that there is a significant difference due to the
calcium switch (p < 0.05) compared to LCM
conditions based on the Student’s t-test. (C)
Confluent WT MDCK cells were incubated in
media containing 5 uM Ca*" (low calcium media,
LCM) for 16h. Fresh LCM with or without 2mM
AICAR was introduced for 1h. Cells undergoing
the calcium switch were introduced to media
containing 1.8 mM Ca?®’ for 1h. Cells were fixed
and immunostained for aPKC. Scale bar: 30 um.
Arrowheads indicate sites of junction assembly.
(D) Quantification of aPKC localization at sites
of junction assembly. Data were analyzed for
each experimental condition based on four
randomly obtained views from three independent
coverslips. Error bars represent the s.e.m. of the
length of aPKC per cell within each of the four
selected fields of view. The asterisks (**) denote
that there is a significant difference due to the
presence of AICAR or the calcium switch (p <
0.01) compared to LCM conditions based on the
Student’s t-test.

Figure 2. AMPK regulates the level of GTP-
bound Cdc42

(A) Confluent MDCK cells were stably
transfected with pSUPER containing shRNA
against the AMPK al isoform (AMPK al KD) or
the empty vector (AMPK WT) and incubated in
media containing 5 pM Ca*" (low calcium media,
LCM) for 16h. Fresh LCM with or without 2mM
AICAR or media containing 1.8 mM Ca®"
(calcium switch) were introduced for 2h. Cell
lysates from each condition was obtained and
analyzed for GTP-bound Cdc42 via a pulldown
assay as described in Materials and Methods.
Equal amounts of precipitates were then
separated on SDS-PAGE and probed with anti-
Cdc42 antibody. Cells lysates were analyzed by
Western blot with the Cdc42 antibody. (B)
Quantification of the immunoreactive signal for
Cdc42 in precipitates normalized to the level of
Cdc42. Data were analyzed for each experimental
condition based on three independent
experiments and represent mean intensity relative
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to LCM(WT) level £ S.E.M. The asterisks denote
that there is a significant difference due to the
presence of AICAR (p < 0.01) or the calcium
switch (p <0.0001) compared to LCM conditions
based on the Student’s t-test. (C) Confluent
MDCK cells were incubated in media containing
5 uM Ca** (low calcium media, LCM) for 16h.
Fresh LCM with or without 2mM AICAR or
media containing 1.8 mM Ca®" (calcium switch)
were introduced for 2h. Cell lysates from each
condition was obtained and analyzed for GTP-
bound Cdc42 via a pulldown assay as described
in Materials and Methods. Equal amounts of
precipitates were then separated on SDS-PAGE
and probed with anti-Cdc42 antibody. Cells
lysates were analyzed by Western blot with the
Cdc42 antibody. (D) Quantification of the
immunoreactive signal for Cdc42 in precipitates
normalized to the level of Cdc42. Data were
analyzed for each experimental condition based
on three independent experiments and represent
mean intensity relative to LCM(WT) level +
S.E.M. The asterisks denote that there is a
significant difference due to the presence of
AICAR (p < 0.01) or the calcium switch (p <
0.0001) compared to LCM conditions based on
the Student’s t-test.

Figure 3. Par3 expression is important for
both calcium switch and AMPK-mediated
Z0O-1 localization to the plasma membrane
MDCK cells grown to confluency were incubated
in media containing 5 uM Ca®>" (low calcium
media, LCM) for 16h prior to being introduced to
fresh LCM, LCM containing 2mM AICAR or
media containing 1.8mM Ca®" (normal calcium
media, NCM) for one or two hours as indicated.
(A, C) Cells were fixed and immunostained for
Z0-1. Scale bar: 30 um. Arrowheads indicate
sites of junction assembly. (B, D) Quantification
of ZO-1 localization at sites of junction assembly.
Data were analyzed for each experimental
condition based on four randomly obtained views
from three independent coverslips. Error bars
represent the s.e.m. of the length of Par3 per cell
within each of the four selected fields of view.
The asterisks (***) denote that there is a
significant difference due to the presence of
AICAR (p < 0.01) or the calcium switch (p <
0.01) compared to LCM conditions based on the
Student’s t-test.



Figure 4. AICAR promotes the localization of
Par3 to the plasma membrane

(A) Confluent MDCK cells were incubated in
media containing 5 pM Ca*" (low calcium media,
LCM) for 16h. Fresh LCM with or without 2mM
AICAR was introduced for 1h. Cells undergoing
the calcium switch was introduced to media
containing 1.8 mM Ca?®’ for 1h. Cells were fixed
and immunostained for Par3. Scale bar: 30 um.
Arrowheads indicate sites of junction assembly.
(B) Quantification of Par3 localization at sites of
junction assembly. Data were analyzed for each
experimental condition based on four randomly
obtained views from three independent
coverslips. Error bars represent the s.e.m. of the
length of Par3 per cell within each of the four
selected fields of view. The asterisks (**) denote
that there is a significant difference due to the
presence of AICAR (p < 0.01) or the calcium
switch (p <0.0001) compared to LCM conditions
based on the Student’s t-test.

Figure 5. aPKC inhibition decreases both
calcium switch- and AMPK-mediated ZO-1
localization to sites of junction assembly and
affects the level of interaction between ZO-1
and afadin during junction assembly

Confluent MDCK cells were incubated in media
containing 5 pM Ca*" (low calcium media, LCM)
for 16h. Cells without aPKC inhibition (— aPKCi)
were introduced to fresh LCM, switched to media
containing 1.8mM Ca*" (normal calcium media,
NCM), or 1 mM AICAR for the indicated time
points (upper panel). Cells subject to aPKC
inhibition (+ aPKCi) were pre-treated with the
indicated concentration of aPKC psuedosubstrate
inhibitor for 2h before being introduced to fresh
LCM, NCM, or ImM AICAR containing aPKC
inhibitor for the indicated quantity and time
points. (A) Cells were fixed and immunostained
for ZO-1. Scale bar: 30 pm. (B, C) Quantification
of ZO-1 localization at sites of junction assembly.
Data were analyzed for each experimental
condition based on four randomly obtained views
from three independent coverslips. Error bars
represent the s.e.m. of the length of ZO-1 per cell
within each of the four selected fields of view.
(D) Cells lysates were probed with the indicated
antibodies by Western blot analysis. (E, G) Cell
lysates from each condition were obtained and
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immunoprecipitated using antibody directed
against afadin and Protein G agarose beads. Equal
amounts of immunoprecipitates were then
separated on SDS-PAGE and probed with anti-
Z0O-1 antibody. Total cells lysates were
simultaneously subjected to immuobloting using
anti-ZO-1 and afadin antibodies. (F, H)
Quantification of the immunoreactive signal for
ZO-1 in immunoprecipitates normalized to the
level of immunoprecipitated afadin. Data were
analyzed for each experimental condition based
on five independent experiments and represent
mean intensity relative to LCM level = S.E.M.
The asterisks denote that there is a significant
difference due to the presence of aPKC inhibition
(p < 0.01) or the calcium switch (p < 0.001)
compared to LCM conditions based on the
Student’s t-test.

Figure 6. Afadin phosphorylation is an
important component of AICAR- and calcium
switch-mediated junction assembly

(A) Confluent MDCK cells were incubated in
media containing 5 uM Ca** (low calcium media,
LCM) for 16h. Fresh LCM with or without 2mM
AICAR or media containing 1.8 mM Ca*
(calcium switch) were introduced for 2h.
Alkaline phosphatase treatment was performed at
37°C for 1h. Cell lysates were separated by phos-
tag acrylamide gel electrophoresis. Western blot
analysis was used to probe for protein expression
with the anti-Afadin antibody. (B and E)
Confluent MDCK cells stably transfected with
HA-tagged afadin corresponding with the wild-
type mus musculus cDNA sequence (upper
panels) or containing the S216A or S1083A
mutations (lower panels) were incubated in media
containing 5 uM Ca2+ (low calcium media,
LCM) for 16h. Fresh LCM with or without 2mM
AICAR or media containing 1.8mM Ca*"
(calcium switch) were introduced for 2h. Cells
were fixed and immunostained for ZO-1. Scale
bar: 30 um. (C, D, F and G) Quantification of ZO-
1 localization at sites of junction assembly. Data
were analyzed for each experimental condition
based on four randomly obtained views from
three independent coverslips. Error bars represent
the s.e.m. of the length of ZO-1 per cell within
each of the four selected fields of view. The
asterisks (****) denote that there is a significant
difference due to the calcium switch or AICAR



(p < 0.001) compared to LCM conditions based
on the Student’s t-test.

Figure 7. S216A and S1083A mutations in
afadin influence its interaction with ZO-1

(A and C) Confluent MDCK cells stably
transfected with HA-tagged afadin corresponding
with the wild-type mus musculus cDNA
sequence, the S216A or the S1083A mutation
were incubated in media containing 5 uM Ca2+
(low calcium media, LCM) for 16h. Fresh LCM
or media containing 1.8mM Ca®' (calcium
switch) for 2h. Cell lysates from each condition
were obtained and immunoprecipitated with HA-
antibody conjugated beads. Equal amounts of
immunoprecipitates were then separated on SDS-
PAGE and probed with anti-ZO-1 and anti-HA
antibody. Total cells lysates were simultaneously
subjected to immuobloting using anti-ZO-1
antibody. (B and D) Quantification of the
immunoreactive  signal for ZO-1 in
immunoprecipitates normalized to the level of
immunoprecipitated HA-tagged afadin. Data
were analyzed for each experimental condition
based on three independent experiments and
represent mean intensity relative to LCM (WT)
level £ S.E.M. The asterisks (***) denote that
there is a significant difference due to the
presence of the calcium switch (p < 0.001)
compared to LCM conditions based on the
Student’s t-test.

Figure 8. Schematic diagram of proposed
model for how AMPK regulates Par polarity
complex proteins

A) Activation of AMPK leads to 1) Par3
translocation to the plasma membrane, 2) aPKC
translocation to the plasma membrane and
phosphorylation either directly (2a) or via
activation of GTP-bound Cdc42 (2b), and 3)
Afadin  phosphorylation at S1102. B)
Phosphorylated afadin in turn interacts with ZO-
1 to promote its localization to the nascent
adherens junction, while activated aPKC
phosphorylates afadin at S228 to C) promote the
dissociation of afadin from ZO-1 such that ZO-1
may then translocate to the nascent tight junction.

Table 1. Selected peptides from native afadin
(uniprot: F1PSUG) identified by LC-MS/MS
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Confluent WT MDCK cells were incubated in
media containing 5 pM Ca*" (low calcium media,
LCM) for 16h. Cells undergoing the calcium
switch were introduced to media containing 1.8
mM Ca?" for 2h. Phosphopeptides were identified
through LC-MS/MS analysis of afadin
immunoprecipitated from MDCK cells subjected
to LCM or CS conditions. Afadin peptides were
subjected to titanium dioxide (TiO) enrichment
to isolate phosphopeptides. Unambiguous
assignment of phosphorylation sites are indicated
in underlined S. Normalized ratios were obtained
by comparing the phosphopeptide ratios of TiO,-
enriched samples relative to the ratios of their
non-phosphorylated counterparts (n = 6). Putative
kinases were determined by searching MIT
Scansite 4.0.
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5216 214-TISNPEVVMK-223 [1196.551 1.703 1.399-2.007)aPKC
1081-TSSVVTLEVAK-
51083 |1091 1212.6 0.9413 0.8695-1.013JAMPK

Table 1
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