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The septin complex links the catenin complex to
the actin cytoskeleton for establishing epithelial
cell polarity
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Cell polarity is essential for spatially regulating of physiological processes in metazoans by which hormonal stimulation–secretion
coupling is precisely coupled for tissue homeostasis and organ communications. However, the molecular mechanisms underlying
epithelial cell polarity establishment remain elusive. Here, we show that septin cytoskeleton interacts with catenin complex to organize
a functional domain to separate apical from basal membranes in polarized epithelial cells. Using polarized epithelial cell monolayer as
a model system with transepithelial electrical resistance as functional readout, our studies show that septins are essential for
epithelial cell polarization. Our proteomic analyses discovered a novel septin–catenin complex during epithelial cell polarization. The
functional relevance of septin–catenin complex was then examined in three-dimensional (3D) culture in which suppression of septins
resulted in deformation of apical lumen in cysts, a hallmark seen in polarity-deficient 3D cultures and animals. Mechanistically, septin
cytoskeleton stabilizes the association of adherens catenin complex with actin cytoskeleton, and depletion or disruption of septin
cytoskeleton liberates adherens junction and polarity complexes into the cytoplasm. Together, these findings reveal a previously
unrecognized role for septin cytoskeleton in the polarization of the apical–basal axis and lumen formation in polarized epithelial cells.
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Introduction
Epithelia are the most archetypal polarized tissues in metazo-

ans during phylogenesis, which comprise the foundation for the
majority of secretory organs in the mammalian body (Rodriguez-
Boulan and Macara, 2014). Many epithelial organs consist of
tubes of epithelial cells enclosing a central lumen, such as gas-
trointestinal and renal tissues (Bryant and Mostov, 2008;

Odenwald et al., 2017), whose organization mostly depends on
apical–basal polarity to distinguish the outside surface from the
inside surface of the sheet (O’Brien et al., 2002; Bryant and
Mostov, 2008; Odenwald et al., 2017). Conversely, the disrup-
tion of polarity in epithelial cells often compromised the defense
system against pathogen invasion, such as Helicobacter pylori
and SARS-CoV-2 infection (McCaffrey and Macara, 2011; Sousa
et al., 2019). During epithelial polarity establishment, cell–cell
junctions are organized by adhesion proteins and the underlying
actin cytoskeleton (Li and Gundersen, 2008; Campos et al.,
2016; Dogterom and Koenderink, 2019). However, how the cyto-
skeleton orchestrates apical–basal polarity establishment is a
key question in morphogenesis.

Septins are guanosine-50-triphosphate (GTP)-binding pro-
teins belonging to a family of proteins that are highly
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conserved in eukaryotes. There are 13 encoded septins in
humans (SEPT1–SEPT12 and SEPT14). Based on homology of
sequence and protein domains, septins can be classified into
four subgroups, namely the SEPT2, SEPT3, SEPT6, and SEPT7

subgroups (Kinoshita, 2003; Mostowy and Cossart, 2012;
Neubauer and Zieger, 2017). SEPT7 is thought to be a unique
and perhaps irreplaceable subunit that binds to SEPT2 and
SEPT6 subfamily members, which can assemble into hetero-
oligomeric complexes and higher-order structures, including fil-
aments and rings (Mostowy and Cossart, 2012; Torraca and
Mostowy, 2016). Our early studies show that septin network
orchestrates accurate mitotic cell division from chromosome
segregation to cytokinesis (Zhu et al., 2008; Zheng et al.,
2018). Septins have been recognized as the fourth component
of the cytoskeleton because of their filamentous appearance
and their association with cellular membranes, actin filaments,
and microtubules (Mostowy and Cossart, 2012; Pous et al.,
2016), which play important roles in orchestrating cellular pro-
cesses. Previously studies have shown that in budding yeast,
septins recruit membrane proteins to cleavage furrow during
asymmetric cell division to determine cell polarity (McMurray
and Thorner, 2009) and also provide birthmark for neuron divi-
sion (Boubakar et al., 2017). In the mammalian epithelial cells,
SEPT2 spatially organizes the growth and apicobasal distribu-
tion of microtubule network (Bowen et al., 2011). In addition,
SEPT2 antagonizes MAP4 from microtubules and associates
with polyglutamylated tubulin cytoskeleton, therefore regulat-
ing the efficiency of post-Golgi vesicle transport and columnar-
shaped polarized epithelia (Spiliotis et al., 2008). Recent work
showed that in endothelial cells, SEPT2 associates with actin
filaments and VE-cadherin to orchestrate the integrity of cell
junction and barrier function (Sidhaye et al., 2011; Kim and
Cooper, 2018). However, in contrast with actin and microtu-
bules, relatively little is known about the role and mechanism
of action underlying septin-mediated epithelial apical–basal
polarity establishment.

Here, we show that human septin cytoskeleton is localized
to the lateral membrane in polarized epithelial cells.
Biochemically, septins interact with catenin complex and serve
as a link between catenin complex and actin filaments.
Importantly, septins are essential for accurate lumen formation
during cyst maturation in three-dimensional (3D) culture. Thus,
septin–catenin interaction provides a spatiotemporal link be-
tween epithelial apical–basal polarity establishment and glan-
dular lumen formation.

Results
Septins are essential for epithelial polarity establishment

Our early studies show that SEPT7 forms a link between ki-
netochore distribution of CENP-E and the mitotic spindle check-
point (Zhu et al., 2008). Given the polarity establishment after
mitotic exit, we sought to examine the precise function of
SEPT7 in cell polarity establishment. To this end, 3D culture
system of Caco-2 cell cysts was established and infected with

lentiviral-based shRNA to suppress various septin protein
expressions. As shown in Supplementary Figure S1A, infection
of shSEPT7 resulted in time-dependent suppression of septin
protein levels with an optimal time at 72 h postinfection.

To examine whether all of septin members were required for
cyst formation, we carried out immunofluorescence microscopic
analysis of 3D cysts by examination of apical and lateral mem-
brane markers. As shown in Figure 1A, Caco-2 cells embedded in
Matrigel developed into well-organized cysts on Day 6, which
was hallmarked by the apical localization of ezrin, an actin-
based cytoskeletal linker essential for apical polarity establish-
ment and dynamic membrane–cytoskeletal remodeling (Yao
et al., 1996; Bisaria et al., 2020). Almost all cysts in the control
group exhibit characteristic open lumen, the hallmark of polar-
ized 3D cell culture, by which ezrin distribution exhibits ring-like
structure marking the interconnected apical membrane of Caco-
2 cells. As shown in Figure 1A (top panel), the adherens junction
maker b-catenin is distributed mainly at the lateral membrane of
polarized Caco-2 cells, which is readily apparent in magnified
image (Figure 1B). Higher magnification of the merged image
revealed polarized distribution of ezrin and b-catenin, which is
characteristic of mature cyst (Figure 1B).

We next examined the distribution pattern of ezrin relative
to b-catenin in septin-suppressed cysts achieved by shRNA-
mediated knockdown. Surprisingly, examination of shSEPT-
treated crest in the same batch revealed that a typical
phenotype of no-lumen given the collapse of hollow crests
(Figure 1A, middle and lower panels). Careful examination of
the merged image revealed that collapse of lumen exhibited
disorganization of cellular polarity as ezrin and b-catenin be-
came aggregated (Figure 1A, lower panels). Further examination
of enlarged image of septin-suppressed cysts indicated that
suppression of SEPT7 resulted in phenotypes including multilu-
men, no-lumen, and small cyst, which reflects the importance
of SEPT7 in polarity establishment. Our statistical analyses
show that suppression of SEPT2/6/7 perturbed lumen sealing,
which is evident by no-lumen or multilumen cysts (Figure 1C).

To characterize whether the delocalization of b-catenin is a
result of lost SEPT7 scaffold, we carried out western blotting
analysis of b-catenin in shRNA-treated cysts. Our analyses
show that the protein expression level of b-catenin and ezrin
has no change, suggesting that the observed delocalization of
b-catenin was not due to its protein degradation. To probe the
interrelationship among three septin isoforms, we carried out
western blotting analysis to examine whether suppression of
one septin isoform affects the expression of the other two iso-
forms, as SEPT2/6/7 exists as a hetero-hexamer. As shown in
Figure 1D, suppression of SEPT7 by shRNA resulted in a reduc-
tion of SEPT7 protein level in addition to destabilized SEPT2

and SEPT6 protein levels in Caco-2 cells. This line of observa-
tion is consistent with studies in HeLa cells and MDCK cells
(Kremer et al., 2005, 2007; Sellin et al., 2011), in which
SEPT7 functions as an integral filamentous complex
(Sirajuddin et al., 2007). Thus, we conclude that perturbation
of SEPT2/6/7 functional integrity by suppression of SEPT7

396 | Wang et al.

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab036#supplementary-data


protein level resulted in the perturbation of accurate lumen
formation.

To validate the significance of septins in epithelial polarity
establishment, we introduced a septin filament inhibitory
compound forchlorfenuron (FCF) into 3D culture of Caco-2
cells. FCF is a membrane-permeable compound that disrupts
the polymerization of SEPT2/6/7 in vivo (Hu et al., 2008). To
assess whether septin cytoskeleton is critical for epithelial
polarization, we introduced FCF into the culture media during

the process of cyst formation. Similar to what was observed in
septin-suppressed cysts, characteristic lumen structure was
perturbed in the presence of FCF, while DMSO-treated cysts
were morphologically matured, judged by immunofluores-
cence staining of actin and tubulin (Supplementary Figure
S1B). We next assessed the effect of FCF on the maintenance
of cell polarity by treating cysts with FCF after the cysts were
fully formed. As shown in Supplementary Figure S1B, treat-
ment of 6-day well-formed cysts with FCF for 24 h resulted in

Figure 1 Septins regulate Caco-2 cyst morphogenesis. (A) Caco-2 cells were infected with control shRNA or shSEPT2, shSEPT6, and
shSEPT7 lentiviruses, respectively, and then plated in Matrigel to allow cystogenesis. cysts were grown for 6 days and presented different
phenotypes, which were identified by the apical membrane maker ezrin (red), the adherens junction maker b-catenin (green), and DAPI
(blue). A confocal section through the middle region of the cyst using 20� objectives is shown. Scale bar, 20 lm. (B) Representative phe-
notypes in control and SEPT7-depleted cysts from A labelled for ezrin (red) and b-catenin (green) as indicated. Three representative pheno-
types of luminal abnormalities were observed in shSEPT7 cysts (multilumen, no-lumen, and small cysts). A confocal section through the
middle of the cyst using 63� objectives is shown. Scale bar, 20 lm. (C) Quantification of cyst phenotypes in A. Cysts organized by Caco-2
cells infected with control shRNA lentivirus (n¼100), shSEPT2 lentivirus (n¼ 120), shSEPT6 lentivirus (n¼ 120), and shSEPT7 lentivirus
(n¼120), respectively. Data represent mean ± standard error of the mean (SEM) from three independent experiments. (D) Representative
western blotting analysis of shSEPT2, shSEPT6, and shSEPT7 lentivirus-mediated knockdown efficiency for real-time imaging experiment
shown in A.
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the characteristic phenotype of no-lumen and multilumen
cysts (Supplementary Figure S1C), indicating that septin func-
tion is essential for polarity maintenance. Thus, we conclude
that SEPT7 complex is required for establishment and mainte-
nance of epithelial apical–basal polarity during cyst
morphogenesis.

Septin filaments localize at adherens junction in polarized
epithelial cells

To delineate the mechanisms of action underlying septin
cytoskeleton organization of epithelial polarity, we first exam-
ined the precise localization of septins using polarized Caco-2
monolayers (illustrated in Figure 2A and B). The two-dimensional

Figure 2 Septin filaments localize at adherens junction in polarized epithelial cells. (A) Schematic illustration of 2D cell culture. Caco-2 sin-
gle cells were plated onto coverslip and grown for 3 days to form 100% confluent monolayers, which have distinct cell junction.
(B) Schematic presentation of the organization of SEPT2/6/7 hetero-hexamer. (C and D) Representative immunofluorescence images of
Caco-2 monolayers. Cells were fixed, permeabilized, and stained with anti-SEPT2/6/7 (red) and anti-b-catenin or anti-E-cadherin (green),
respectively. Note that SEPT2/6/7 and adherens junction markers colocalize at cell junction. A single section through the middle of mono-
layers is shown. Scale bar, 20 lm. (E) Schematic presentation of 3D cell culture. Caco-2 single cells were seeded in Matrigel and grown for
6 days to allow cyst formation with an open lumen. (F and G) Representative immunofluorescence images of Caco-2 3D cysts. Cysts were
fixed and stained with anti-SEPT2/6/7 (red) and anti-b-catenin or anti-E-cadherin (green). Note that SEPT2/6/7 and adherens junction
markers colocalize at lateral membrane in 3D cyst model. A single confocal section through the middle of cysts was projected. Scale bar,
20 lm.
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(2D) Caco-2 monolayers exhibit characteristic columnar shape
showing distinct apical and basolateral membranes. We carried
out confocal laser scanning of polarized cells from apical to
basolateral membranes of cells labelled with SEPT2/6/7 and
the adherens junction makers b-catenin/E-cadherin, respec-
tively. As shown in Figure 2C and D, b-catenin and E-cadherin
exhibited characteristic lateral labelling at cell–cell junction of
polarized Caco-2 cells. Careful examination revealed a similar
lateral labelling of SEPT2/6/7 which is superimposed onto that
of b-catenin and E-cadherin. However, the localization of SEPT2/
6/7 appeared less focused to the junctional complex compared
to that of b-catenin and E-cadherin.

To further examine the precise localization of SEPT2/6/7 rela-
tive to that of the adherens junction makers b-catenin/E-cadherin
in 3D cysts (illustrated in Figure 2E), we carried out confocal micro-
scopic analysis of immunofluorescence-labelled Caco-2 cysts.
As shown in Figure 2F, Caco-2 cells formed matured cyst in which
lumen structure is fully developed and b-catenin exhibits charac-
teristic lateral membrane distribution. Examination of SEPT2/6/7

staining in the b-catenin-marked cysts revealed superimposition
of SEPT2/6/7 labelling onto that of b-catenin labelling. In addition,
SEPT2/6/7 also distribute to basal membrane (Figure 2F). We next
examined the distribution pattern of SEPT2/6/7 relative to that
of E-cadherin. Consistent with what was seen in the b-catenin-
marked cysts (Figure 2G), SEPT2/6/7 distribution is superimposed
onto that of E-cadherin labelling at the lateral membrane. Thus,
we conclude that majority of septin cytoskeleton is located at
cell–cell junction of polarized 2D monolayers where E-cadherin
and b-catenin are localized.

Septins are required for adherens junction integrity but not
tight junction integrity

We next asked whether septins are required for the stability of
cell–cell junction complex. To this end, we knocked down endog-
enous SEPT7 and examined the distribution of adherens junction
proteins and tight junction proteins. Caco-2 cells were infected
with shControl or shSEPT7 lentiviruses for 12 h followed by 2D
polarization. Western blotting analyses showed that suppression
of SEPT7 by shRNA resulted in a reduction of 92%±3% of SEPT7

protein (Figure 1D). The polarized cells were then fixed and
stained for SEPT7 and E-cadherin followed by laser-scanning
confocal microscopic analysis. As shown in Figure 3A, SEPT7

colocalizes with E-cadherin in control shRNA-treated cells.
However, suppression of SEPT7 resulted in dramatic reduction of
basolaterally distributed E-cadherin. We further examined the
impact of SEPT7 suppression on the distribution of a/b-catenin
and occludin, respectively. Consistent with the importance
of SEPT7 in localizing a/b-catenin to the junctional complex,
suppression of SEPT7 dramatically suppresses the lateral locali-
zation of a/b-catenin (Figure 3B and C). However, the localiza-
tion of occludin to the lateral membrane is independent
of SEPT7 (Figure 3D). As shown in Supplementary Figure S2, sup-
pression of SEPT2 or SEPT6 also resulted in significant reduction

of a/b-catenin and E-cadherin signal intensities, further confirm-
ing that SEPT2/6/7 form a functional complex to maintain
adherens junction integrity.

To validate the impact of SEPT7 deficiency on E-cadherin and
other junctional complex components, we carried out micro-
scopic analysis of the Z sections according to our previous
studies (Liu et al., 2007). Although SEPT7 and E-cadherin were
detected predominantly in the lateral region in Caco-2 cells, as
seen in the confocal apical X–Y section of the cell monolayer
(Figure 3A), their colocalization to the lateral membrane
was readily apparent when the Z sections were projected
(Figure 3E). In addition, SEPT7 distribution to apical membrane
was also observed when a minor fraction of SEPT7 was
detected on the basal membrane of the cells as the Z sections
were projected (Figure 3E). However, E-cadherin was no longer
observed on the lateral membrane in shSEPT7-treated cells,
suggesting that lateral localization of E-cadherin is a function
of SEPT7.

We then scored the localization of a/b-catenin to the lateral
membrane in shSEPT7-treated cells. As shown in Figure 3F and
G, a/b-catenin localization to the lateral membrane was dra-
matically reduced. However, the localization of occludin to the
lateral membrane was not altered by the suppression of SEPT7

(Figure 3H). Thus, septin cytoskeleton is essential for adherens
junction establishment and stability, while the stability of tight
junction was barely affected by the suppression of SEPT7. To
validate that suppression of septins did not affect the stability
of a/b-catenin and E-cadherin proteins, we carried out western
blotting analysis on these cells. As shown in Figure 3I, the sta-
bility of a/b-catenin and E-cadherin proteins was not altered by
the suppression of SEPT7. Thus, we propose that SEPT2/6/7

are necessary for adherens junction stability but not tight junc-
tion stability.

Junctional localization of septins depends on E-cadherin
E-cadherin-dependent adherens junction is a quaternary com-

plex composing of the transmembrane protein E-cadherin, as
well as the cytoplasmic proteins b-catenin and a-catenin. We next
asked whether lateral distribution of septin filaments is regulated
by adherens junction complex. To this end, we treated Caco-2
cells with shRNA followed by monolayer formation. As shown in
Figure 4A, E-cadherin colocalizes with SEPT7 to the lateral mem-
brane in polarized Caco-2 cells. Suppression of E-cadherin (E-cad)
eliminated lateral localization of SEPT7, suggesting an interde-
pendent relationship between SEPT7 and E-cadherin. However,
suppression of b-catenin and a-catenin did not alter lateral locali-
zation of SEPT7, but the localization appeared less focused
to the cell junction compared to control group (Figure 4B
and C). We carried out confocal microscopic analysis of
the Z sections as described above. As shown in Figure 4D, sup-
pression of E-cadherin resulted in no lateral localization of
SEPT7, which confirms the requirement of E-cadherin for SEPT7

distribution. Consistent with what was observed in X–Y confocal
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Figure 3 Septins are required for catenin maintenance but not tight junction. (A–C) Representative immunofluorescence staining of SEPT7

(red) and adherens junction proteins (green) E-cadherin (A), b-catenin (B), and a-catenin (C) in control and SEPT7-depleted monolayers.
Caco-2 cells were infected with control shRNA or shSEPT7 lentivirus, respectively, and then plated onto coverslip to allow monolayer forma-
tion. Cells were fixed after 100% confluency followed by visualization using confocal microscopy. Note that cells become flatter and adhe-
rens junction proteins are diminished under depletion of SEPT7. A confocal section through the middle of monolayers is shown. Scale bar,
20 lm. (D) Representative maximum projections of Z-stack images of control and SEPT7-depleted Caco-2 monolayers. Cells labelled for
SEPT7 (red) and the tight junction protein occludin (green) are shown. Scale bar, 20 lm. (E–H) The X–Z axis side views of monolayers from
apical–basal membrane in A–D are shown. Confocal Z sections were taken along the entire depth of the monolayers and showed that
SEPT7 apparently colocalizes with adherens junction proteins at lateral membrane. The staining of adherens junction proteins is dimin-
ished as the cells are depleted of SEPT7. However, tight junction protein localizes at apical–lateral membrane and keeps intact as SEPT7 is
depleted. (I) Western blotting analyses of adherens junction proteins and tubulin in Caco-2 cells infected with control or shSEPT2/6/7 len-
tiviruses, respectively, in parallel with the immunofluorescence assays shown in A–D.
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sections, suppression of b-catenin and a-catenin did not alter lat-
eral localization of SEPT7 (Figure 4E and F). SEPT2 and
SEPT6 have the same consequence as SEPT7 under suppression
of E-cadherin, b-catenin, or a-catenin (Supplementary Figure
S3). As a quality control, western blotting analyses confirmed

that suppression of E-cadherin, b-catenin, or a-catenin did not al-
ter the expression levels of SEPT2/6/7 proteins in the aforemen-
tioned experiments (Figure 4G). Thus, we conclude that the septin
cytoskeleton localization to the lateral membrane is a function of
E-cadherin.

Figure 4 Junctional localization of septins depends on cadherin. (A) Representative immunofluorescence staining of SEPT7 (red) and E-cad-
herin (green) in control and E-cadherin-depleted monolayers. Caco-2 cells were infected with control shRNA or shE-cadherin lentivirus, re-
spectively, and then plated onto coverslip to allow monolayer formation. Note that the staining of SEPT7 is diminished as E-cadherin is
depleted. Scale bar, 20 lm. (B) Representative immunofluorescence staining of SEPT7 (red) and b-catenin (green) in control and b-catenin-
depleted monolayers. Scale bar, 20 lm. (C) Representative immunofluorescence staining of SEPT7 (red) and a-catenin (green) in control
and a-catenin-depleted monolayers. All of the above images were from a confocal section through the middle region of monolayers. Scale
bar, 20 lm. (D–F) The X–Z axis side views of monolayers from apical–basal membrane shown in A–C. Confocal Z sections were taken along
the entire depth of the monolayers and showed that the lateral localization of SEPT7 is dependent on E-cadherin rather than a/b-catenin.
Scale bar, 20 lm. (G) Western blotting analyses of SEPT2, SEPT6, SEPT7, and tubulin in Caco-2 cells infected with control, sha-catenin,
shb-catenin, and shE-cadherin lentiviruses, respectively, in parallel with the immunofluorescence assays shown in A–C.
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Septin cytoskeleton recruits b-catenin to synergize with
E-cadherin for functional adherens junction

The above immunofluorescence analyses indicate that the
localization of SEPT2/6/7 depends on E-cadherin, while sep-
tin cytoskeleton is required for adherens junction assembly.
We reason that SEPT7 may act as a scaffold for recruitment
of a/b-catenin onto E-cadherin. To examine whether the inter-
action between E-cadherin and b-catenin is affected in the ab-
sence of septins, we carried out an immunoprecipitation
assay of E-cadherin from Caco-2 cells treated with scramble
shRNA and shSEPT2/6/7. As shown in Figure 5A, in the ab-
sence of SEPT7, the amount of b-catenin bound to E-cadherin
was substantially reduced. Statistical analyses showed that
removal of SEPT7 reduced the amount of b-catenin to
59% ±4% coimmunoprecipitated with E-cadherin, and dele-
tion of SEPT2 or SEPT6 likewise reduced the interaction be-
tween b-catenin and E-cadherin (Figure 5B), consistent with
our hypothesis that septin cytoskeleton serves as a scaffold
mediating the interaction between E-cadherin and a/b-cate-
nin. To further examine whether septin cytoskeleton serves as
a direct link between E-cadherin and b-catenin and evaluate
the physical binding interface region of SEPT2/6/7 involved in
this binding, we generated a series of SEPT truncation
mutants for binding assays. As shown in Supplementary
Figure S4A, GST-tagged E-cadherin cyto-domain and b-catenin
proteins were used as matrices to absorb recombinant MBP-
SEPT2/6/7 proteins purified from bacteria. As shown in
Supplementary Figure S4B–D, SEPT2/6/7 proteins bind to
b-catenin, while SEPT2 proteins exhibit strong binding to E-
cadherin cyto-domain. Our analyses showed that the SEPT2/
6/7 GTP-binding (M) domains physically interact with b-cate-
nin. In addition, SEPT6/7 M domain showed weak binding to
E-cadherin cyto-domain. Thus, we conclude that septin cyto-
skeleton physically interacts with E-cadherin and b-catenin
and serves as a scaffold to stabilize the interaction of b-cate-
nin and E-cadherin.

To assess the precise function of b-catenin–SEPT interaction
in epithelial polarization, we engineered a competitive
membrane-permeable peptide containing the M domain of
SEPT2/6/7 (Figure 5C; Akram et al., 2018). As shown in Figure
5D, immunoprecipitation assay showed that TAT-GFP-SEPT2/6/7-M
can compete with GFP-b-catenin and disrupt the b-catenin–SEPT
association, while the negative control TAT-GFP did not interfere
with the interaction between b-catenin and SEPT. To determine
whether the b-catenin–SEPT interaction is required for adherens
junction integrity and epithelial apical–basal polarity establish-
ment, we treated cells with TAT-GFP-SEPT2/6/7-M and TAT-GFP, re-
spectively, and allow cells to grow into monolayers. As expected, in
the presence of 3lM TAT-GFP-SEPT2/6/7-M, cells became flat and
E-cadherin and b-catenin did not concentrate on cell junction com-
pared with TAT-GFP group (Figure 5E and F). Thus, we conclude that
the physical link between b-catenin and SEPT is important for epi-
thelial lateral membrane integrity and apical–basal polarization.

Septins are necessary for efficient epithelial cell polarity/barrier
formation

After demonstration of septin cytoskeleton in stabilizing ad-
hesion junction complex in a biochemical assay, we next asked
whether the interactions of SEPT2/6/7 with adherens junction
are functionally important for epithelial polarity. To this end,
transepithelial electrical resistance (TEER) assay was used to
measure the para-cellular permeability in the absence of
SEPT2/6/7 (illustrated in Figure 6A). In fully polarized Caco-2
monolayer, the TEER was 1400 X cm2. The resistance was abol-
ished when Caco-2 cell monolayer was treated with FCF (Figure
6B). Similar perturbation of TEER was observed when actin cy-
toskeleton was perturbed by Latrunculin B (Lat.B), a chemical
specifically perturbing actin filament. Interestingly, depolymeri-
zation of microtubule by Nocodazole did not compromise the
TEER, suggesting that the adherens junction integrity is a func-
tion of actin and septin cytoskeleton but not microtubule net-
work. Importantly, this chemical inhibition of septin filaments
was reversible as removal of FCF resumed the transepithelial
resistance, suggesting that septin filaments are essential for
functional adherens junction. Our immunofluorescence analy-
ses confirmed that both actin and SEPT2/6/7 are compromised
in FCF-treated cells (Supplementary Figure S5A). Consistent
with our hypothesis, removal of FCF restored the integrity of
septin filaments (Supplementary Figure S5B).

To examine whether the compromised TEER is a specific
function of perturbed association of septin filaments with
E-cadherin, we carried out shRNA-mediated knockdown of
SEPT2/6/7 and E-cadherin, respectively. The impacts of
SEPT2/6/7 and E-cadherin deficiencies on Caco-2 polarity were
assessed by TEER (Figure 6C). As shown in Figure 6D, control
shRNA-treated Caco-2 cell monolayer exhibits typical measure-
ment of TEER�1000 X cm2. However, Caco-2 cell monolayers
depleted of SEPT2/6/7 exhibited much lower TEER with a mean
value �600 X cm2. Polarized epithelial cells exhibit accurate
plasticity as cells undergo polarization–depolarization cycle
associated with cell division. To examine whether septin defi-
ciency would alter the Caco-2 plasticity in polarization, Caco-2
cells grown in normal Dulbecco’s modified Eagle medium
(DMEM) were switched to low Ca2þ DMEM for 12 h. Those
Caco-2 cells exhibited no connectivity or polarity as the TEER
was zero. Moreover, cells were then switched to high Ca2þ

DMEM to enable control shRNA-treated cells to establish con-
tacts and connectivity. Consistent with the literature and exper-
imental design, those control Caco-2 cells successfully
established polarity and transepithelial resistance within 36 h
of Ca2þ supplement as the TEER reached 1500 X cm2. However,
the TEER of SEPT2/6/7-suppressed cells was capped at
600 X cm2 even with an extended period of time. The deficiency
in TEER was also observed in E-cadherin-suppressed mono-
layers (Figure 6D). Thus, we conclude that SEPT2/6/7 filaments
connect E-cadherin and synergize with catenin for functional
adherens junction in polarized epithelial cells.
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Figure 5 Septins recruit b-catenin to E-cadherin. (A) Caco-2 cells were transfected with control shRNA, shSEPT2, shSEPT6, and shSEPT7,
respectively. Cells were harvested and subjected to immunoprecipitation with E-cadherin antibody or IgG, and the immunoprecipitates
were separated by sodium dodecyl sulphate�polyacrylamide gel electrophoresis (SDS–PAGE) followed by western blotting using indi-
cated antibodies. Note that E-cadherin brought down less b-catenin from SEPT2/6/7-depleted cells than control cells. (B) Quantitative
analysis of the relative b-catenin intensity in shSEPT2/6/7 groups compared to control group. Data represent mean ±SEM from three in-
dependent experiments. Statistical significance was tested by two-sided t-test. ***P< 0.001, ****P<0.0001. (C) Coomassie Brilliant
Blue staining of SDS–PAGE gel was used to assess the quality and quantities of the purified recombinant peptides TAT-GFP-His, TAT-
GFP-SEPT2-M-His (TAT-GFP-2M-His; amino acids 35–306), TAT-GFP-SEPT6-M-His (TAT-GFP-6M-His; amino acids 39–305), and TAT-GFP-
SEPT7-M-His (TAT-GFP-7M-His; amino acids 31–296). (D) HEK293T cells expressing FLAG-SEPT2/6/7 and GFP-b-catenin were subjected
to immunoprecipitation with FLAG antibody in the presence of TAT-GFP or TAT-GFP-SEPT2/6/7-M (TAT-GFP-2M/6M/7M) for overnight in-
cubation and immunoblotted with His, FLAG, and GFP antibodies, respectively. Immunoblotting analysis showed that the interaction of
b-catenin and SEPT2/6/7 was perturbed by the addition of TAT-GFP-SEPT2/6/7-M (TAT-GFP-2M/6M/7M). (E and F) Caco-2 monolayers
were cultured to 70% confluence followed by introducing 3 lM TAT-GFP or TAT-GFP-SEPT2/6/7-M (TAT-G-2M/6M/7M) into DMEM at 37

�C
for overnight. Cells were fixed after 100% confluence followed by immunostaining with indicated antibodies. Note that the staining of
b-catenin/E-cadherin is diminished upon SEPT2/6/7-M peptide competition.
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Discussion
We have shown that septin filaments physically interact with

E-cadherin and are essential for a stable association of
E-cadherin with a-catenin and b-catenin for stable hierarchical
interactions in adherens complex formation and stability
(Figure 6E). The failure of stable septin–adherens complex for-
mation strongly indicates that septin filaments function in ac-
curate adherens junction formation. This reinforces and
extends previous observations of septin function in epithelial

cell polarity establishment (Spiliotis et al., 2008; Founounou
et al., 2013).

Actin cytoskeleton and microtubules are well known to pro-
vide the structural basis for epithelium polarity establishment
(Li and Gundersen, 2008). Actin cytoskeleton develops regula-
tory molecule asymmetry distribution, while microtubules
maintain the stability of the polarity protein organization
(Hartsock and Nelson, 2008; Gavilan et al., 2015; Dogterom
and Koenderink, 2019). Cell junctional complexes associated

Figure 6 Septins are necessary for efficient epithelial cell polarity/barrier formation. (A) Schematic presentation of the method for TEER test
of Caco-2 monolayers with drug treatment. Caco-2 single cells were plated onto transwell and grown for several days until confluent mono-
layers were established. After monolayers achieved maximal TEER, cells were treated with different drugs and TEER was monitored every
2 h. (B) Monolayers on transwell were treated with DMSO, FCF, Nocodazole, or Lat.B and TEER was monitored every 2 h. Data represent
mean ±SEM from three independent experiments. (C) Schematic presentation of the method for TEER test of Caco-2 monolayers expressing
control shRNA, shSEPT2, shSEPT6, or shSEPT7 under Ca2þ switch assay. Monolayers were cultured in Ca2þ-free minimum essential medium
(MEM) with 10% dialyzed FBS for 16 h to break the Ca2þ-dependent cell junction and minimal TEER was achieved. Afterwards, the culture
medium was changed to DMEM containing 10% fetal bovine serum (FBS) to reconstruct cell junction and TEER was monitored every 2 h.
(D) Development of TEER after Ca2þ switch in control, SEPT2/6/7-depleted, and E-cadherin-depleted cells. Data represent mean ±SEM from
three independent experiments. (E) Working model accounting for the function of septin cytoskeleton in epithelial apical–basal polariza-
tion and adherens junction integrity maintenance. SEPT2/6/7 filaments bind with E-cadherin and b-catenin directly to promote the stability
of E-cadherin-dependent adherens junction at lateral membrane.
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with actin cytoskeleton and cell membrane provide contacts
between neighboring epithelial cells and thus regulate epithe-
lial barrier formation and control tissue architecture (Gibson
and Perrimon, 2003; Harris and Tepass, 2010). Epithelial apico-
basal axis orientation and organ culture are orchestrated
by several polarity molecular pathways, e.g. par3–par6–aPKC
polarity complex is activated by cdc42 and targeted to apical
surface along with spindle bio-orientation completion (Jaffe
et al., 2008; Qin et al., 2010; Xia et al., 2015) and subse-
quently stabilizes adherens junction and tight junction proteins
to apical–lateral membrane (Aberle et al., 1994; Hartsock
and Nelson, 2008; Nelson, 2009; Pinheiro and Bellaiche,
2018). Herein, we report that human SEPT2/6/7 filaments
recruit E-cadherin to b-catenin to maintain adherens junction to
cytoskeleton and establish apical–basal polarity. Loss of septin
proteins results in epithelial barrier breakdown and polarity
molecule distribution disorder.

In epithelial tissue morphogenesis, how cell apical–basal
polarity is established and how single lumen is formed are fun-
damental questions. Using 2D and 3D cultured Caco-2 cells, we
have demonstrated the functional relevance of septin filaments
in epithelial cell polarization. Future studies will be required to
delineate the mechanisms of action underlying septin–E-cad-
herin interaction using spectral imaging and superresolution
imaging analyses (Xia et al., 2014; Liu et al., 2020a). We and
colleagues had established the role of SEPT7–CENP-E in accu-
rate chromosome segregation during mitosis (Spiliotis et al.,
2005; Zhu et al., 2008). It would be of great interest to dissect
the molecular machinery that links mitotic exit and cellular po-
larity establishment. The establishment of gastric organoids for
studying mitotic chromosome movements and epithelial cell–
pathogen interaction will enable us to study the hierarchical
interactions of SEPT7/E-cadherin/b-catenin during mitotic exit
and epithelial cell polarity establishment using gastric organo-
ids (Yao and Smolka, 2019; Liu et al., 2020b).

In sum, we established an interrelationship between the
SEPT2/6/7 complex and E-cadherin in the orchestration of epi-
thelial cell polarity and connectivity. We propose that the
SEPT2/6/7 complex forms a link between the assembly of
adherens junctional complex and epithelial polarity via a direct
SEPT7–E-cadherin contact. Because E-cadherin is absent from
yeast, we reason that metazoans evolved an elaborate polarity
establishment and maintenance machinery to ensure faithful
cell–cell communication to orchestrate tissue homeostasis and
faithful renewal in epithelial tissues.

Materials and methods
Cell culture and drug treatments

Caco-2 cells were purchased from the American Type Culture
Collection and maintained as monolayers in advanced DMEM
(Invitrogen) with 10% (v/v) FBS (HyClone) and 100 units/ml
penicillin plus 100 lg/ml streptomycin (Invitrogen) at 37

�C in a
humidified atmosphere with 8% CO2. The cells were routinely
tested for mycoplasma contamination.

For 2D cell culture, Caco-2 cells were digested into single
cells and 3�10

5 cells were plated onto coverslips in 24-well
plates and overlaid with 500 ll medium. Cells were grown until
100% confluent.

For 3D cell culture, Caco-2 cells were digested into single
cells and 5�10

4 cells were mixed with 30 ll ice-cold Matrigel
(Corning) followed by plating on eight chambered coverglass
(Thermo Fisher Scientific/Nunc). The mixture was incubated
into 37

�C to solidify for 15 min and overlaid with 250 ll me-
dium. Cells were grown in gel for 6–8 days until cysts formed.

For drug treatment, septin assembly inhibitor FCF (Sigma
32974) was used at 100 lM for 12 h, Lat.B (Sigma) used at
10 lM for 12 h, and Nocodazole (Sigma) used at 10 mM for
12 h.

Plasmids and shRNA
To generate GST-tagged adherens junction proteins, polymer-

ase chain reaction-amplified b-catenin and E-cadherin fragments
were cloned into the pGEX-6P1 vector (GE Healthcare), while for
different constructs expressing MBP-tagged septins with a C-ter-
minal 6�His-tag, SEPT2, SEPT6, and SEPT7 truncation fragments
were cloned into the pET30a-MBP vector (a gift from Prof.
Tengchuan Jin at University of Science and Technology of China)
by ClonExpress II One Step Cloning Kit (Vazyme). To generate
TAT-GFP-SEPT2/6/7-M-His fusion proteins, an 11-amino acid TAT
sequence followed by GFP and SEPT-M truncation was inserted
into the pET-22b vector. TAT-GFP-His and TAT-GFP-SEPT-M-His fu-
sion proteins were expressed and purified as described
previously.

For endogenous gene knockdown experiments, shRNA
sequences were inserted into the lentivirus-based PLKO.1
vector via EcoRI and AgeI sites. The following sequences target
different genes: shSEPT2: 5

0-GGTGAATATTGTGCCTGTCAT-30;
shSEPT6: 5

0-CCTGAAGTCTCTGGACCTAGT-30; shSEPT7: 5
0-CTT

GCAGCTGTGACTTATAAT-30; shb-catenin: 5
0-GCTTGGAATGAGA

CTGCTGAT-30; sha-catenin: 5
0-GGACCTGCTTTCGGAGTACAT-30;

shE-cadherin: 5
0-GCACGTACACAGCCCTAAT-30.

Antibodies
Rabbit anti-SEPT2 (ab88657; 1:1000 for western blotting

(WB); 1:200 for immunofluoresence (IF)), anti-SEPT6

(ab138036; 1:1000 for WB; 1:200 for IF), and anti-SEPT7

(ab18602; 1:1000 for WB; 1:200 for IF) antibodies were from
Abcam. Mouse anti-b-catenin (sc-7963; 1:1000 for WB; 1:200

for IF) antibody was from Santa Cruz. Rabbit anti-b-catenin
(8480; 1:400 for IF), mouse anti-E-cadherin (14472; 1:1000 for
WB; 1:400 for IF), Alexa Fluor 555-Phalloidin (8953; 1:5000 for
IF), and anti-MBP-tag (2396; 1:2000 for WB) antibodies were
from Cell Signaling Technology. Mouse anti-occludin (33-1500;
1:400 for IF) and anti-a-catenin (13-9700; 1:1000 for WB;
1:400 for IF) antibodies were from Thermo Fisher Scientific.
Mouse anti-a-tubulin (T9017; 1:2000 for WB) and anti-a-tubu-
lin-FITC (F2168; 1:5000 for IF) antibodies were from Sigma.
Mouse anti-ezrin (610602; 1:2000 for WB; 1:400 for IF) was
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form BD Biosciences. Secondary antibodies were from Jackson
Immune Research Laboratory.

TEER
For TEER measurement, 3� 10

5 cells were plated onto a 1.12-
cm2 surface area of 0.4-mm-pore translucent polyester mem-
brane transwell inserts (Corning, 3460). After 3–4 days, conflu-
ent monolayers were established and TEER was measured by
Millicell ERS-2 instrument (Millipore). For drug treatment experi-
ment, after monolayers achieved maximal TEER, cells were
treated with different drugs and TEER was monitored every 2 h.
For Ca2þ switch experiment, confluent monolayers were cultured
in Ca2þ-free MEM with 10% dialyzed FBS for 16 h to break the
Ca2þ-dependent cell junction and achieve minimal TEER before
changing medium with DMEM containing 10% FBS to reconstruct
cell junction and monitor TEER every 2 h. The unit of TEER value
is X cm, which was obtained by subtracting membrane blank
value and multiplying the surface area of the insert.

Lentiviral infection
The lentivirus-based vector PLKO.1, psPAX2, and pMD2.G

were ordered from Addgene. Lentivirus packaging was performed
by using Max PEI-based cotransfection of HEK293T cells with
psPAX2, pMD2.G, and the lentiviral vector PLKO.1. Supernatant
medium of packaging cells was harvested up to 48 h of transfec-
tion and filtered through a 0.22-mm filter. For infection, Caco-2
cells were cultured in DMEM with virus at the ratio of 1:1 and
supplemented with 8mg/ml polybrene (Sigma) and incubated for
12 h. Afterwards, the culture medium was changed to DMEM con-
taining 10% FBS followed by selection with puromycin.

Immunoprecipitation and western blotting
For immunoprecipitation, Caco-2 cells depleted of endoge-

nous septins were harvested and lysed in RIPA buffer (20 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, and 2 mM EDTA) supplemented with
protease inhibitor cocktail (Sigma). After pre-clearing with pro-
tein A/G resin, the lysate was incubated with E-cadherin anti-
body at 4

�C for 24 h with gentle rotation. Protein A/G resin was
then added to the lysates, and they were incubated for another
6 h. The Protein A/G resin was then spun down and washed
three times with RIPA buffer before being resolved by SDS–
PAGE, and then proteins were transferred onto nitrocellulose
membrane and immunoblotted with the indicated antibodies.
For FLAG-tagged protein immunoprecipitation, the FLAG-M2

resin was added to the lysates and incubated for 4 h before
washing. The intensity of bands was quantified by Image J.

Recombinant protein preparation and GST pull-down assay
The plasmids of GST-fusion, His-MBP-tagged proteins were

transformed into Escherichia coli strain BL21 or Rosetta (DE3),

and protein expression was induced with 0.2 mM isopropylthio-
b-galactoside, with shaking overnight at 16

�C for 20 h. Bacteria
expressing MBP-SEPT-His6 fusion proteins were suspended and
lysed by sonication in Ni-NTA binding buffer (50 mM NaH2PO4,
pH 8.0, 300 mM NaCl, and 10 mM imidazole) with protease in-
hibitor cocktail and 1 lg/ml PMSF and incubated with Ni-NTA
agarose (Qiagen) for 1 h at 4

�C. The agarose was washed three
times in Ni-NTA binding buffer and eluted with Ni-NTA binding
buffer supplemented with 250 mM imidazole.

Bacteria expressing GST-fusion proteins were suspended and
lysed by sonication in phosphate-buffered saline (PBS) supple-
mented with protease inhibitor cocktail and 1% Triton X-100.
The preparation was incubated with Glutathione-Sepharose
4B (GE Healthcare Life Science) for 1 h at 4

�C. The resin was
washed three times.

For GST pull-down assay, GST and GST-tagged fusion
proteins-bound glutathione beads were incubated with purified
and eluted MBP-SEPT-His6 fusion in pull-down buffer (50 mM
Tris–Cl, pH 8.0, 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT, and
5% glycerol) with protease inhibitor cocktail plus 0.1% Triton
X-100 for 4 h at 4

�C. The resins were washed three times with
pull-down buffer containing 0.2% Triton X-100, followed
by boiling in SDS-sample buffer. The samples were subjected
to SDS–PAGE gel and western blotting detection using an anti-
MBP antibody.

Purification of recombinant TAT-GFP proteins and interrogation
of SEPT–b-catenin in vivo

For directly assessing the functional importance of the SEPT–
b-catenin interaction in adherens junction integrity, a
membrane-permeable peptide containing SEPT amino acids in-
volving binding interface between SEPT and b-catenin was con-
structed as previously described (Cao et al., 2015; Adams et
al., 2016; Akram et al., 2018). Caco-2 cells were cultured to
70% confluency before introducing TAT-GFP-SEPT2/6/7-M pep-
tide into medium, with an optimal concentration at 3 lM. The
treated cells were fixed after reaching 100% confluency and
permeabilized followed by immunofluorescence staining.

Purification of recombinant proteins was carried out as de-
scribed previously (Akram et al., 2018). Briefly, the His fusion
proteins from bacteria in the soluble fraction were purified us-
ing Ni-NTA agarose (Qiagen). To test the efficacy of SEPT-M pep-
tide, 293T cells expressing FLAG-SEPT2/6/7 and GFP-b-catenin
were subjected to immunoprecipitation with FLAG antibody in
the presence of TAT-GFP or TAT-GFP-SEPT2/6/7-M peptide for
overnight and immunoblotted with His, FLAG, and GFP antibod-
ies, respectively.

Immunofluorescence
For visualization and quantitative analyses, monolayers and

3D Caco-2 cysts were fixed with PBS containing 3.7% parafor-
maldehyde for 10 min followed by permeabilization with 0.2%
Triton X-100 for 3 min. After blocking with the PBS with 0.05%
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Tween-20 buffer containing 1% bovine serum albumin (Sigma)
for 1 h at room temperature, the fixed cells were incubated with
primary antibodies in a humidified chamber for 1 h at room tem-
perature or overnight at 4

�C, followed by secondary antibodies
for 1 h at 37

�C. The DNA was stained with 4
0,6-diamidino-2-phe-

nylindole (DAPI) (Sigma). All images were collected using a Zeiss
laser-scanning confocal microscope (Zeiss LSM 880). To gener-
ate side views of 2D monolayers, fixed and stained samples
were scanned every 0.5 lm at Z axis from apical to basal mem-
brane and reconstructed by LSM 880 microscope. The laser
wavelengths used were 405, 488, and 561 nm and the laser in-
tensity was kept to a minimum. Images analysis and fluores-
cence intensity measurements were performed with ZEN
software and Image J.

Statistics
All statistics are described in the figure legends. Two-sided

unpaired Student’s t-test was applied for experimental compar-
isons, using GraphPad Prism. All western blotting analyses
were taken from three separated experiments. No statistical
method was used to predetermine sample size. All data were
expected to have normal distribution.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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