
Regulation of epithelial tight junction assembly and
disassembly by AMP-activated protein kinase
Bin Zheng and Lewis C. Cantley*

Division of Signal Transduction, Beth Israel Deaconess Medical Center, and Department of Systems Biology, Harvard Medical School, Boston, MA 02115

Contributed by Lewis C. Cantley, November 16, 2006 (sent for review November 10, 2006)

AMP-activated protein kinase (AMPK) is a serine/threonine protein
kinase that plays an important role in maintaining cellular energy
balance. The activity of AMPK is modulated both by the cellular
AMP-to-ATP ratio and by upstream kinases. Recently, AMPK was
shown to be phosphorylated and activated by LKB1, a protein
kinase that plays a conserved role in epithelial polarity regulation
in mammals and Drosophila. Here, we investigate the involvement
of AMPK in the regulation of epithelial tight junction assembly and
cell polarization in MDCK cells. We show that the level of AMPK
phosphorylation increases during calcium-induced tight junction
assembly and cell polarization and that this increase depends on
the kinase activity of LKB1. Expression of a kinase-dead mutant of
AMPK inhibits tight junction assembly as indicated by measure-
ment of transepithelial resistance and analysis of ZO-1 localization
to the tight junction after calcium switch. Conversely, 5-aminoim-
idizole-4-carboxamide riboside, an activator of AMPK, promotes
transepithelial resistance development and tight junction assem-
bly upon calcium switch. Furthermore, 5-aminoimidizole-4-carbox-
amide riboside partially protects the tight junctions from disas-
sembly induced by calcium depletion. These results support an
important role of AMPK in the regulation of epithelial tight
junction assembly and disassembly and suggest an intriguing link
between cellular energy status and tight junction function.

5-aminoimidizole-4-carboxamide riboside � LKB1 � transepithelial
resistance � Zo-1

AMP-activated protein kinase (AMPK) is an evolutionarily
conserved energy sensor in eukaryotic cells (1–3). It is

activated by allosteric binding of AMP and through phosphor-
ylation of its Thr-172 residue in the activation loop by upstream
kinases (1–3). In intact cells, the activation of AMPK can be
triggered by an increased cellular AMP/ATP ratio under energy
stress, such as hypoxia, ischemia, and glucose deprivation.
AMPK can also be activated in response to physiological stimuli,
such as exercise and contraction in skeletal muscle, and to the
peptide hormones leptin and adiponectin (1–3). Upon activa-
tion, AMPK phosphorylates downstream regulatory proteins
and enzymatic effectors to up-regulate ATP-producing catabolic
pathways (i.e., fatty acid oxidation, glucose uptake, and glycol-
ysis) and down-regulate ATP-consuming processes (i.e., fatty
acid, cholesterol, glycogen, and protein synthesis).

Recently, our laboratory and others (4–6) have identified
LKB1 as one of the upstream activating kinases of AMPK. LKB1
is a tumor suppressor that regulates cell growth, proliferation,
metabolism, and polarity (7). PAR4 proteins, the orthologs of
LKB1 in Caenorhabditis elegans and Drosophila, were found to be
important for the establishment of polarity during embryogen-
esis (8, 9). Activation of mammalian LKB1 was shown to induce
cell-autonomous polarization in intestinal epithelial cells (10).
However, the molecular mechanism by which LKB1 regulates
cell polarity is not clear. In addition to AMPK, LKB1 was shown
to be responsible for the activation of 11 other AMPK-like
kinases, including PAR1 kinases/microtubule affinity regulating
kinases (MARKs) (11). Because PAR1 kinases have been
implicated in cell polarity regulation, it has been suggested that
they may mediate the effects of LKB1 on polarity (12). Whether

other downstream kinases of LKB1 are also involved in cell
polarity regulation is largely unknown. Here we report that
AMPK plays a role in the regulation of epithelial tight junction
assembly and disassembly in MDCK cells.

Results
To investigate whether AMPK, as a downstream kinase of LKB1,
also plays a role in cell polarity regulation, we first examined the
phosphorylation status of AMPK Thr-172 during calcium switch
in MDCK cell, a widely used model system to study mammalian
tight junction assembly and epithelial polarity regulation (13).
Calcium depletion from the medium in a confluent monolayer
of MDCK cells causes loss of cell–cell junctions; readdition of
calcium (calcium switch) triggers junction assembly and cell
polarization (13). As shown in Fig. 1A, the level of AMPK
Thr-172 phosphorylation increased �3.5-fold after readdition of
calcium, suggesting that phosphorylation and activation of
AMPK by upstream kinases occurs during tight junction assem-
bly and cell polarization. In addition to LKB1, calmodulin-
dependent protein kinase kinase was recently shown to be an
upstream kinase for AMPK (14–16). To exclude the possibility
that the increase of AMPK phosphorylation was due to the
change of extracellular calcium level per se instead of the
assembly of tight junctions after calcium switch, we performed
similar calcium-switch experiments using subconfluent MDCK
cells and found that the level of Thr-172 phosphorylation did not
change significantly upon calcium switch (Fig. 1 A). To further
determine whether the up-regulation of AMPK Thr-172 phos-
phorylation depends on LKB1, we generated MDCK cells stably
expressing a kinase-dead (KD) mutant (K78I) of LKB1 via
retroviral transduction. When these cells were subjected to
calcium switch, the increase of AMPK Thr-172 phosphorylation
was greatly attenuated compared with that of control cells (Fig.
1B). These results together indicate that AMPK is phosphory-
lated at Thr-172 and activated by LKB1 during calcium-induced
tight junction assembly and cell polarization.

To directly assess whether AMPK may contribute to the
assembly of tight junctions, we generated MDCK cell lines
expressing the AMPK�1 KD mutant (D157A) and monitored
the effect of calcium switch on transepithelial resistance (TER),
a measurement for the paracellular barrier function and integrity
of tight junctions (17). In control MDCK cells, the TER usually
peaked at �12 h after calcium switch and returned to a lower
steady-state level by 48 h (Fig. 2A). Expression of AMPK KD
significantly reduced the peak level of TER, although the
steady-state level did not change (Fig. 2 A). These results indicate
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that the formation of functional tight junctions was suppressed
by expression of AMPK KD mutant.

Depletion of calcium in the medium causes the tight junction
protein ZO-1 to translocate from the cell periphery to the
cytoplasm. Upon readdition of calcium, ZO-1 moves back to the
tight junctions as they assemble. Given the effect of the AMPK
KD mutant on TER development after calcium switch, we
examined the effect of this mutant on ZO-1 translocation. At 8 h
after calcium switch, control MDCK cells showed recovery of
ZO-1 labeling at most cell junctions, whereas cells expressing
AMPK KD showed only partial ZO-1 translocation (Fig. 2B). At
16 h, ZO-1 translocation was complete in both cell lines. These
results together with the TER data suggest that expression of
AMPK KD significantly delayed the tight junction assembly and
that the kinase activity of AMPK is required for the efficient
development of functional tight junctions.

Although the expression of AMPK KD decreased the rate of
ZO-1 assembly at the cell periphery after calcium switch, it did
not appear to affect ZO-1 localization under standard cell
culture conditions used for growth of MDCK cells (data not
shown). These results suggest that AMPK activity accelerates
assembly of tight junctions but that it may not be necessary for
maintenance.

To further evaluate the role of AMPK in tight junction
assembly, we treated MDCK cells with 5-aminoimidizole-4-
carboxamide riboside (AICAR), a precursor of AMP that enters
cells and causes activation of AMPK. It has been shown that
AICAR activates AMPK but not other LKB1-dependent
AMPK-like kinases, including MARKs/PAR1 kinases (11). We
found that treatment of MDCK cells with AICAR enhances the
peak TER levels after calcium switch (Fig. 3A). Consistent with
this finding, AICAR also markedly promoted the translocation
of ZO-1 to the cell periphery after calcium switch (Fig. 3B).
These results are consistent with the results using AMPK KD
and indicate that turning up AMPK activity accelerates tight
junction assembly whereas turning down AMPK activity retards
tight junction assembly. We found no changes in TER or in ZO-1
staining when confluent monolayers of MDCK cells were ex-
posed to AICAR in normal growth medium (data not shown),
suggesting that AICAR doesn’t affect the structure of fully
assembled tight junctions.

To address whether the observed effects of AICAR on tight
junction assembly were mediated by AMPK, we examined the

effect of AICAR on tight junction formation in MDCK cells
expressing AMPK KD. As shown in Fig. 3C, AICAR enhanced
TER after calcium switch in MDCK cells infected with a control
vector but failed to enhance TER in the cells expressing AMPK
KD. These results indicate that the effect of AICAR on pro-
moting TER development depends on the kinase activity of
AMPK.

The stimulatory effects of AMPK on tight junction assembly
raised the possibility that activation of AMPK could be benefi-
cial to the maintenance of tight junction integrity under condi-
tions that may disrupt tight junctions, such as extracellular
calcium depletion. To test this hypothesis, we incubated conflu-
ent MDCK cells in low calcium medium in the presence or
absence of 2 mM AICAR and examined the integrity of tight
junctions through TER measurement and immunofluorescence
analysis. As shown in Fig. 4A, the TER level of cells incubated
in low calcium medium in the absence of AICAR quickly
dropped to �5% of the baseline within 15 min, whereas the TER
level of cells treated with AICAR dropped to and stayed at a
much higher level (�30% of the start point) for �2 h after
calcium depletion (Fig. 4A). Immunofluorescence analysis re-
vealed that, after incubation in the low calcium medium for 1 h,
cells were rounded up and ZO-1 appeared to translocate from
areas of cell–cell contact into the cytoplasm as tight junctions
were disrupted (Fig. 4B). In contrast, there was no apparent
change in cell shape in cells exposed to low calcium medium
containing AICAR, and ZO-1 was maintained at areas of

Fig. 2. Expression of KD mutant of AMPK inhibits TER development and tight
junction assembly. (A) MDCK cells stably expressing FLAG-tagged AMPK KD or
control cells were grown on a Transwell filter for 3 days, incubated in low
calcium medium for 16 h, and switched to normal calcium medium. TER was
measured at the indicated time points after calcium switch. (B) MDCK stable
lines grown on glass coverslips were incubated in low calcium medium for 16 h,
switched to normal calcium medium for the indicated times, and stained for
tight junction marker ZO-1.

Fig. 1. The level of AMPK phosphorylation increases during calcium-induced
tight junction assembly and cell polarization. (A) Confluent or subconfluent
MDCK cells were subjected to calcium switch for the indicated times. Total cell
lysates were used for Western blot analysis with the indicated antibodies. (B)
MDCK cells stably expressing control vector or FLAG-tagged LKB1 KD were
subjected to calcium switch for the indicated times. Total cell lysates were used
for Western blotting with the indicated antibodies. Numbers indicate nor-
malized phospho-AMPK/total AMPK ratios. The data represent three inde-
pendent experiments.
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cell–cell contact (Fig. 4B). Another tight junction protein,
occludin, also was retained at the areas of cell–cell contact in
cells treated with AICAR (Fig. 4B). These results indicated that
activation of AMPK by AICAR inhibits tight junction disassem-
bly induced by calcium depletion.

Discussion
The results presented here indicate that, although AMPK may
not be necessary for maintenance of tight junctions in confluent
MDCK cells, it plays an important role in accelerating tight
junction formation after calcium switch. The results also indicate
that hyperactivation of AMPK can enhance the stability of tight
junctions under conditions of calcium depletion. These results
raise the interesting possibility that during conditions of mild
energy stress leading to elevation of AMP, activation of AMPK
stabilizes contacts between epithelial cells. These findings also
raise the possibility that drugs that activate AMPK could provide
a beneficial effect in diseases during which tight junctions are
disrupted. Proinflammatory cytokines, such as TNF-� and
IFN-� (18), and certain virulence gene products from bacterial
and viral pathogens, such as Helicobacter pylori CagA (19),

Clostridium difficile toxin A (20), and rotavirus VP8 proteins
(21), have been found to induce epithelial tight junction disas-
sembly and thereby increase epithelial permeability. It would be
interesting to test whether AICAR or other means of activating
AMPK can also protect the structure and barrier function of
tight junctions against these agents under pathophysiological
conditions.

In addition to serving as paracellular diffusion barriers (22),
mammalian tight junctions play critical roles in regulating epi-
thelial proliferation and differentiation (23). In Drosophila,
mutations in several epithelial junction proteins were found to
disrupt epithelial polarity and induce overproliferation (24).
Disruption of tight junctions and subsequent loss of cell polarity
in epithelial have been linked to epithelial–mesenchymal tran-
sition and metastasis (23). On the other hand, tight junction
assembly is often accompanied by the suppression of epithelial
cell proliferation (23, 24). Thus, the observation here that
activation of AMPK stabilizes tight junctions and the previous
observations that activation of AMPK induces p53 activation
and cell cycle arrest (25) and blocks the mTOR pathway (26, 27)
are consistent with a general role for AMPK in repressing cell
growth and division.

The function of LKB1 in cell polarization may help to explain
its role as a tumor suppressor. However, the molecular mecha-
nism underlying the regulation of cell polarization by LKB1 is
not well understood. Several of the protein kinases activated by
LKB1, such as Par1/MARKs (28), have been shown to be
involved in regulating cell polarity. Our data presented here
suggest that AMPK also plays a regulatory role in epithelial
polarity and could mediate the effects of LKB1 in polarity
regulation. An attractive model is that AMPK and the MARK
family members have overlapping substrates explaining why
AMPK is not essential for tight junction formation but contrib-
utes to the rate of formation and to the stability of the junctions.
However, it is unlikely that AMPK can mediate all LKB1-
dependent effects on cell polarity. For example, overexpression

Fig. 3. Activation of AMPK by AICAR promotes TER development and tight
junction assembly. (A) MDCK cells grown on Transwell filters were incubated
in low calcium medium for 16 h and switched to normal calcium medium
containing 0.5 mM AICAR. TER was measured at the indicated time points. (B)
MDCK cells grown on glass coverslips were incubated in low calcium medium
for 16 h, switched to normal calcium medium containing 0.5 mM of AICAR for
the indicated times, and stained for ZO-1. (C) MDCK cells stably expressing
AMPK KD mutant or vector control were grown on a Transwell filter for 3 days,
incubated in low calcium medium for 16 h, and switched to normal calcium
medium with or without 0.5 mM AICAR. TER was measured at the indicated
time points and normalized as the fold increase by comparing the values from
cells with and without AICAR treatment.

Fig. 4. AICAR protects calcium depletion-induced tight junction disassem-
bly. MDCK cells were grown on Transwell filters (A) or glass coverslips (B) in
normal growth medium for 3 days and changed to low calcium medium (LCM)
in the presence or absence of 2 mM AICAR. (A) TER was measured at the
indicated time points and normalized to the baseline values before switching
to low calcium medium. (B) Cells were fixed at 1 h after being changed to low
calcium medium and stained with the indicated antibodies.
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of MARK2 (also known as EMK1) was shown to promote
reorganization of microtubule network and induce the formation
of a hepatocyte-like lumen polarity in MDCK cells (28). How-
ever, we did not observe similar effects of AICAR in MDCK
cells (data not shown).

Acetyl-CoA carboxylase (ACC) is a well established substrate
of AMPK involved in fatty acid synthesis. Recent genetic analysis
suggested that mutation in C. elegans pod-2, an ortholog of ACC,
disrupted the anterior–posterior polarity at the one-cell stage
(29). However, we did not detect a significant change in the level
of phospho-ACC (Ser-79) upon calcium switch in MDCK cells
(data not shown), suggesting that ACC may not play a critical
role in this particular model for tight junction regulation. Future
studies may reveal relevant substrates of AMPK involved in this
process.

Materials and Methods
Antibodies and Reagents. Phospho-Thr-172 AMPK and total
AMPK antibodies were purchased from Cell Signaling Technol-
ogy (Danvers, MA). ZO-1 and occludin antibodies were from
Zymed (South San Francisco, CA). AICAR was obtained from
Toronto Research Chemicals (Downsview, ON, Canada).

Cell Culture. MDCK cells were obtained from American Type
Culture Collection (Manassas, VA) and cultured in DMEM
containing 10% FBS. MDCK cells expressing AMPK KD and
LKB1 KD mutants were generated by retroviral gene transfer.
pBabe-puro retroviral constructs containing the FLAG-tagged
AMPK�1 KD mutant (D157A) and LKB1 KD mutant (K78I)
were described previously (5, 26). Amphotropic retrovirus were
generated as described previously (5) and used to infect MDCK
cells. Stable populations were obtained and maintained by
selection with 2 �g/ml puromycin (Sigma, St. Louis, MO).

Calcium Switch and TER Measurements. MDCK cells were plated at
1.5 � 105 cells per squared centimeter and allowed to establish

confluent monolayers for 2–3 d before incubation for 16 h in low
calcium medium (S-MEM containing 5% dialyzed FBS) and
switched to normal calcium medium (low calcium medium
supplemented with 1.8 mM CaCl2) for the indicated times. TER
of MDCK cells grown on 12-mm polycarbonate Transwell filters
(0.4 �m pore size; Corning Costar, Corning, NY) were measured
by using an epithelial voltohmmeter (World Precision Instru-
ments, Sarasota, FL) with three parallel filters for each group of
cells at each time point. TER values were obtained by subtracting
the blank values from the filters and the medium, and expressed
in ohm�cm2.

Western Blot Analysis. MDCK cells were lysed in boiling SDS-lysis
buffer (10 mM Tris, pH 7.5/1% SDS/100 mM NaCl), and extracts
were subjected to SDS/PAGE, immunoblotting, and enhanced
chemiluminescence detection (Pierce, Rockford, IL) as de-
scribed previously (5).

Immunofluorescence Analysis. Cells grown on glass coverslips were
fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized
with 0.1% Triton X-100 for 15 min, blocked with 5% FCS for 1 h,
and incubated with primary antibodies overnight at 4°C, fol-
lowed by incubation with Alexa Fluor 594-conjugated goat
anti-mouse F(ab)2 and/or Alexa Fluor 488 goat anti-rabbit
F(ab)2 (Molecular Probes, Carlsbad, CA) for 1 h. Specimens
were analyzed with an Axiovert microscope with Axiocam
Axiovision 4.2 software (Zeiss, Oberkochen, Germany) and the
appropriate fluorescent filters (Chroma Technology, Rocking-
ham, VT).
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