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Abstract

Apico-basal polarity establishment is a seminal process in tissue morphogenesis. To func-
tion properly it is often imperative that epithelial cells limit apical membrane formation to a
single domain. We previously demonstrated that signaling by the small GTPase Cdc42,
together with its guanine nucleotide exchange factor (GEF) Tuba, is required to prevent the
formation of multiple apical domains in polarized Ls174T:W4 cells, a single cell model for
enterocyte polarization. To further chart the molecular signaling mechanisms that safeguard
singularity during enterocyte polarization we generated knockout cells for the Cdc42 effector
protein Par6A. Par6A loss results in the formation of multiple apical domains, similar to loss
of Cdc42. In Par6A knockout cells, we find that active Cdc42 is more mobile at the apical
membrane compared to control cells and that wild type Cdc42 is more diffusely localized
throughout the cell, indicating that Par6A is required to restrict Cdc42 signaling. Par6A,
Cdc42 and its GEF Tuba bind in a co-immunoprecipitation experiment and they partially
colocalize at the apical membrane in polarized Ls174T:W4 cells, suggesting the formation
of a trimeric complex. Indeed, in a rescue experiment using Par6A mutants, we show that
the ability to establish this trimeric complex correlates with the ability to restore singularity in
Par6A knockout cells. Together, these experiments therefore indicate that a Tuba/Cdc42/
Par6A complex is required to ensure the formation of a single apical domain during entero-
cyte polarization.

Introduction

The establishment of functionally distinct apical and basolateral domains in epithelial cells is a
seminal step in the organization of epithelial tissues. An important feature of most polarized
cells is that polarization is restricted to the formation of a single apical domain. The small
GTPase Cdc42 has an evolutionary conserved pioneering function in the establishment of an
apical membrane and its signaling has been implicated in safeguarding singularity in yeast cell
polarization [1].
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In the context of an intact epithelial monolayer, cell-cell junctions separate the apical and
basolateral domain and thereby ensure the formation of a single apical domain. Nevertheless,
epithelial cell lines that polarize in the absence of cell-cell junctions rarely form more than one
apical domain [2, 3], indicating that singularity in apical membrane formation is ensured in a
junction-independent manner. Using Ls174T:W4 cells, a single cell model for enterocyte
polarization in which polarity is induced by forced activation of LKB1 [2], we previously dem-
onstrated that Cdc42 signaling is required to ensure the formation of a single apical domain
[4]. For this, Cdc42 activity and mobility at the nascent apical plasma membrane is strictly reg-
ulated by the Cdc42-specific GEF Tuba [5]. However, it remains unclear how the GEF Tuba
can control Cdc42 mobility and which effector(s) Cdc42 engages to ensure the formation of a
single apical domain.

Here, we show that the Cdc42 effector Par6A is required for singularity in enterocyte polari-
zation. We show that Par6A limits the mobility of active Cdc42 at the nascent apical mem-
brane and that Par6A can form a complex with Cdc42 and Tuba. Therefore, this work reveals
that a Tuba/Cdc42/Par6A complex regulates the formation of a single apical domain during
cell polarization.

Materials & methods
Cell culture and plasmids

Ls174T:W4 cells [2] were cultured in RPMI1640 (Sigma) supplemented with 10% FBS (Sigma)
and antibiotics. For the induction of polarization, cells were trypsinized and transferred to
medium containing 1 ug/ml doxycycline (Sigma) for at least 16h. For transient expression of
DNA constructs, cells were transfected using XtremeGene9 (Roche) according to the manufac-
turer’s guidelines.

pK-myc-Par6c (Addgene plasmid # 15474) was a provided by Ian Macara and served as a tem-
plate for to generate pDEST-Par6A using In-Fusion cloning (Clontech). To generate Par6A
(ACRIB), in which amino acids 134 to 151 were deleted, two Par6A PCR fragments were gener-
ated (one upstream of the CRIB domain and one downstream) containing a compatible overhang
and assembled using In-Fusion. The I133A, S134A mutation was introduced using a similar strat-
egy. For the PB1 deletion mutant, the N-terminal 95 amino acids were deleted. N-terminal fusion
proteins of Par6A and these mutants were generated using Gateway cloning (Invitrogen). N-ter-
minal fusions of Cdc42, Tuba and EBP50 were generated using Gateway cloning.

Antibodies

The following antibodies were used for Western blotting: rabbit anti-Par6A (Sigma Prestige,
1:1000), anti-HA (12CA5, Roche, 1:10000), mouse anti-GFP (clones 7.1 and 13.1, Roche,
1:5000), mouse anti-V5 (Invitrogen, 1:5000), mouse anti-GAPDH (6C5, Millipore, 1:5000)
and mouse anti-B-Catenin (BD biosciences, 1:5000).

Generation of Par6A knockout Ls174T:W4 cells

Par6A knockout Ls174T:W4 cells were generated using CRISPR/Cas9-mediated gene disrup-
tion as previously reported [4]. Briefly, Ls174T:W4 cells were transfected with pSpCas9(BB)-
2A-GFP (PX458), encoding an sgRNA (5’ - GCGGGCGGTGCACCAGATCC-3") targeting
the exon encoding the PB1 domain of Par6A. GFP-positive cells were sorted and clonally
expanded. Genomic DNA of candidate clones was isolated and sequenced using the following
primers: FW 5’ - CGAGGTGAAGAGCAAAGTAAG-3’ and RV_5’ ~CAGAGAGTTGGAGGC
AAAAG-3'. Absence of Par6A protein was confirmed by Western blotting.
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Live cell imaging and determining apical membrane mobility of Dendra-
Cdc42(G12V)

At least two days after transfection, cells were trypsinized and cells were seeded on glass bot-
tom dishes (WillCo Wells) in doxycycline-containing medium. Cells were imaged in Leibo-
vitz’s L-15 medium (Invitrogen) at 37°C using an Axioskop2 LSM510 or LSM880 scanning
confocal microscope (Zeiss) with a 63x magnification oil objective (PLAN Apochromat, NA
1.4) using Zen image acquisition software. Apical enrichment of YFP-Cdc42 was quantified by
making a line scan through the apical and basal membrane using Image]. From this the ratio
between average apical and basal membrane pixel intensities was determined. Average enrich-
ment ratios were compared using independent samples t-test with a p-value <0.05 as a cutoff
for significance. Average line plot was generated by determining the average normalized signal
intensities over a 14 pm section where the brush border was positioned in the center.

Apical mobility of Dendra-Cdc42(G12V) was determined as previously described [5]. In
short, transfected cells were polarized and imaged with a Leica SP8x microscope equipped
with a temperature- and CO,-controlled chamber using a 63x oil objective (HC PL APO 63x/
1.40) with Leica LAS AF image acquisition software. After a local 405nm laser pulse, cells were
imaged at 1.5 sec/frame rate. The ratio of the average red signal intensity in the brush border
and the whole cell was determined for every time point and fitted using Matlab with the gen-
eral formula: f(x) = a * eA(-b*x) + c. An average half-life was determined from the fitted curve
and expressed with the 95% CI of the fit. Immobile fractions were determined from the plateau
value of the fit (i.e. “c”) and expressed with the 95% CI of the fit.

Co-immunoprecipitation

Transfected HEK293T cells were scraped in cold lysis buffer (1% Nonidet P-40 substitute; 10%
glycerol; 50 mM Tris-HCI pH 7.4; 2.0 mM MgCl,; 200 mM NaCl; protease and phosphatase
inhibitors) and cleared by centrifugation. Cleared lysates incubated with agarose beads cou-
pled to GFP-binding protein (GBP) for 1h at 4°C while rotating. Beads were washed three
times with lysis buffer and bound proteins were eluted in sample buffer. 5% Of the cleared
lysate was loaded for the total lysate.

For the quantification of relative binding, the background-corrected band intensities of
V5-Par6 signal was divided by the YFP-Tuba signal and normalized to the condition in which
most binding observed. Average relative bindings were compared using paired samples t-test
with a p-value <0,05 as a cutoft for significance.

Results

In search of a Cdc42 effector protein that ensures singularity in apical membrane specification
we focused on the scaffold protein Par6, which contains a CRIB-PDZ module via which it can
specifically interact with GTP-loaded Cdc42 and which has a well-documented role in polarity
establishment [6-8]. Since Par6A is expressed in intestinal epithelial cells and is predominantly
located at the cell cortex where active Cdc42 is located, we generated Ls174T:W4 cells in which
the PARDG6A gene was destroyed using CRISPR-Cas9 [7, 9]. We produced a cell line in which
Par6A expression was lost (further referred to as Par6A k.o.), as detected by Western blotting
using a Par6A specific antibody (Fig 1A). Genotyping confirmed that both alleles of the
PARDGA gene were edited, containing an 11bp deletion and 1bp insertion, which both
resulted in the introduction of a premature stop codon (Fig 1B).

When polarization was induced in Par6A k.o. cells, a large fraction of cells formed multiple
patches of actin-rich microvilli as judged by distribution of the actin marker Lifeact-Ruby (Fig
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Fig 1. Par6A k.o. Ls174T:W4 cells form multiple brush borders upon polarization. A) Western blot of Ls174T:W4 and Par6A k.o. cell
lysate probed with Par6A and oTubulin antibody. B) Alignment of sequence traces of wild type Par6A and the two edited alleles of Par6A k.
o. cells. The top row shows the short guide RNA (sgRNA) used for Cas9 mediated gene disruption and indicated in that sequence is the
protospacer adjacent motif (PAM) sequence. C) Quantification of the fraction of cells that form more than one brush border as determined
by YFP-EBP50 and lifeact-ruby distribution in polarized Ls174T:W4 or Par6A k.o. cells. Error bars indicate sd (n = 3, >75 per experiment) *
p < 0.05 using independent samples t-test. D) Representative images of polarized Ls174T:W4 and Par6A k.o. cells expressing YFP-EBP50
and lifeact-ruby. Scale bars indicate 5um.

https://doi.org/10.1371/journal.pone.0207159.g001

1C). To demonstrate that these actin-rich patches indeed represent an apical brush border, we
expressed the brush border marker YFP-EBP50 [10]. Upon polarization of control Ls174T:W4
cells YEP-EBP50 is restricted to the actin cap that constitutes the apical brush border (Fig 1D).
In Par6A k.o. cells, the actin-rich caps are positive for YFP-EBP50 indicating that these patches
are genuine apical brush borders (Fig 1D). Therefore, Par6A loss phenocopies Cdc42 loss in
Ls174T:W4 cells and results in the formation of multiple apical domains.

We previously showed that Cdc42 mobility at the apical membrane is highly regulated via a
RhoGDI-dependent and Tuba-dependent mechanism and that this regulation is critical for
Cdc42 function [5]. To test whether Par6A contributes to the regulation of Cdc42 mobility we
determined the mobility of constitutively active Cdc42(G12V) at the apical membrane of
polarized Ls174T:W4 cells and Par6A k.o. cells. For this we locally photoconverted Dendra-
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Fig 2. Apical mobility of Cdc42(G12V) is increased in Par6A k.o. cells. A) Average normalized fluorescence decay traces of Dendra-Cdc42(G12V) in
polarized Ls174T:W4 cells (black line, n = 12) and Par6A k.o. cells (red line, n = 17). Light area indicates sem. B) Eviction half-lifes for Dendra-Cdc42
(G12V) in polarized Ls174T:W4 cells and Par6A k.o. cells determined from average decay traces in A using curve fitting. Error bars indicate 95%
confidence interval of the fit. C) Immobile fractions for Dendra-Cdc42(G12V) in polarized Ls174T:W4 cells and Par6A k.o. cells determined from
average decay traces in A using curve fitting. Error bars indicate 95% confidence interval of the fit. D) Representative images of polarized Ls174T:W4
and Par6A k.o. cells expressing YFP-Cdc42 and lifeact-ruby. Scale bars indicate 5um. E) Quantification of apical enrichment of YFP-Cdc42 signal
intensity in polarized Ls174T:W4 and Par6A k.o. cells. Red lines indicate the average and s.e.m. (W4: n = 6; Tuba k.o. n = 8). * p < 0.05 using
independent samples t-test.

https://doi.org/10.1371/journal.pone.0207159.9002

fused Cdc42(G12V) in the brush border and followed its subsequent loss from the converted
region as a consequence of lateral diffusion [5]. We find that the apical mobility of Cdc42
(G12V) is higher in Par6A k.o. cells compared to control cells (Fig 2A & 2B). In addition, the
immobile fraction of Dendra-Cdc42(G12V) molecules was lower in Par6A k.o. cells (Fig 3C).
These findings therefore indicate that Par6A contributes to the regulation of Cdc42 mobility
by immobilizing active Cdc42 at the apical membrane. To determine the consequence of
Par6A loss on Cdc42 localization we determined the apical enrichment of YFP-Cdc42 in polar-
ized Ls174T:W4 cells and Par6A k.o. cells. We find that in Par6A k.o. cells YFP-Cdc42 is more
diffusely localized and is less concentrated at the apical membrane (Fig 2D & 2E). Together,
these findings demonstrate that loss of Par6A-dependent immobilization of active Cdc42 is
required to enrich Cdc42 at the apical membrane.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207159 November 8, 2018 5/11


https://doi.org/10.1371/journal.pone.0207159.g002
https://doi.org/10.1371/journal.pone.0207159

®PLOS | one

A Tuba/Cdc42/Par6A complex controls cell polarization

How can Par6A induce the immobilization of active Cdc42? Since Par6A functions as a
scaffold protein, we hypothesized that Par6A may immobilize active Cdc42 by making it part
of a multiprotein complex. Because we previously demonstrated that, similar to Par6A, the
Cdc42GEF Tuba is also required for the immobilization of constitutively active Cdc42(G12V)
[5], we tested whether Tuba, Par6 and Cdc42 could form a complex. Indeed, we find that
V5-Par6A binds YFP-Tuba and that this binding is increased in the presence of active
HA-Cdc42(G12V) (Fig 3A). Cdc42 itself also co-immunoprecipitates with YFP-Tuba and
V5-Par6A, indicating that it stably associates with this GEF/effector complex.

We next assessed the localization of these proteins in polarized Ls174T:W4 by life cell imag-
ing. Although the distribution is not identical, all three proteins have an overlapping localiza-
tion at the apical domain in polarized Ls174T:W4 cells, compatible with the notion that they
form a trimeric complex (Fig 3B & 3C).

To further test how active Cdc42 can promote the formation of a Tuba/Par6 complex we
tested the ability of Par6A mutants that are unable to bind active Cdc42 to form a trimeric
complex. We find that deletion of the whole CRIB domain and mutation of two residues
required for Cdc42-GTP binding largely abrogates HA-Cdc42 binding (Fig 3D) [7]. In addi-
tion, the binding of these Par6A mutants to YFP-Tuba is reduced, compatible with the notion
that Cdc42 is stabilizing the complex. This residual binding may indicate that Par6A directly
binds YFP-Tuba, but, alternatively, endogenous Cdc42 may be responsible for this binding.

To assess whether the ability to bind active Cdc42 affects Par6A localization and function
we re-expressed wild type and the Cdc42-binding mutants of Par6A in Par6A k.o. cells and
assessed their ability to restore singularity in apical domain formation. We find that wild type
Par6A can largely rescue the singularity defect, indicating that this phenotype is not the result
of an off-target effect of the CRISPR procedure (Fig 4A & 4B). In contrast, expression of the
Cdc42-binding mutants YFP-Par6 A(ACRIB) and YFP-Par6A(S133A,1134A) did not restore
singularity in apical membrane formation (Fig 4A & 4B). In addition, whereas wild type Par6 A
is enriched at the apical domain, such apical accumulation is not observed for either mutant
(Fig 4B). This therefore demonstrates that Par6A requires Cdc42 to become enriched at the
apical membrane and that the interaction with Cdc42 is necessary to ensure singularity in api-
cal membrane specification.

The further signaling pathway engaged by Par6A to regulate singularity is still unclear.
Atypical PKCs (VA and () interact with Par6 and in part mediate the effects of Par6 during
polarity establishment [7]. To get an indication whether aPKCs may contribute to the forma-
tion of a single apical domain, we expressed in Par6A k.o. cells a Par6 A mutant which is unable
to bind aPKCs (YFP-Par6A(APB1)) [11]. We find that this mutant can not rescue the Par6A k.
o. phenotype suggesting that aPKCs are involved in the formation of a single apical domain
(Fig 4A & 4B). However, to elucidate this process in detail requires further investigation.

Discussion

Here we demonstrate that loss of the Cdc42 effector protein Par6A results in the formation of
multiple apical domains in polarized Ls174T:W4 cells, similar to loss of Cdc42 [4]. This indi-
cates that Par6A is the effector of Cdc42 to ensure singularity in apical membrane formation.
Additionally, we demonstrate that Tuba, Cdc42 and Par6A can form a trimeric complex under
overexpression conditions and that they have an overlapping localization at the apical domain.
We find a correlation between the ability of Par6A to support the formation of this trimeric
complex and the ability to restore singularity in Par6A k.o. cells.

The notion that a Tuba/Cdc42/Par6A complex regulates singularity is based on three obser-
vations. Firstly, we find that Par6A and the Cdc42-specific GEF Tuba interact and that this
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Fig 3. Par6A, Cdc42 and Tuba co-immunoprecipitate and colocalize at the apical domain in polarized Ls174T:W4 cells. A) Co-
immunoprecipitation of V5-Par6A, HA-Cdc42(G12V) and YFP-Tuba in HEK293T cells. Bottom: quantification of relative V5-Par6 binding to
YFP-Tuba in the presence and absence of HA-Cdc42(G12V). Error bars indicate s.e.m. (n = 3) * p < 0,05 using paired samples t-test. B) Localization of
mCherry-Tuba, YFP-Par6A and CFP-Cdc42 in polarized Ls174T:W4 cells. Scale bar indicates 5um. C) Left: Plot of average normalized fluorescence
intensities of mCherry-Tuba, YFP-Par6A and CFP-Cdc42 in an apical section of 6 cells. Right: example of apical section used to generate average line
scan. D) Co-immunoprecipitation of V5-Par6A, either WT, ACRIB or [133A,S134A with HA-Cdc42(G12V) and YFP-Tuba in HEK293T cells.

IP = immunoprecipitation, TL = total lysate, WT = wild type. Bottom: quantification of relative V5-Par6 and HA-Cdc42(G12V) binding to YFP-Tuba.
Error bars indicate s.e.m. (n = 4) * p < 0,05 using paired samples t-test.

https://doi.org/10.1371/journal.pone.0207159.9003
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condition) * p < 0.05 using independent samples t-test. n.s. p > 0.05 using independent samples t-test. B)
Representative images of polarized Par6A k.o. cells expressing YFP empty vector (EV), YFP-Par6A(WT), YFP-Par6A
(ACRIB), YFP-Par6A(I133A,5134A) or YFP-Par6A(APB1) in combination with mCherry-EBP50. Scale bars indicate
Sum.

https://doi.org/10.1371/journal.pone.0207159.9004

interaction depends in part on the ability of Par6A to bind active Cdc42. Since GEFs and effec-
tors bind to the same region of a small GTPase, the binding of Tuba, via its catalytic DH
domain, and the binding Par6A, via its CRIB domain, to Cdc42 is mutually exclusive. The
finding that Tuba, Cdc42 and Par6A co-immunoprecipate is therefore most likely explained
by an intrinsic affinity of Par6A towards Tuba which is increased by Cdc42 binding. In
support of this, we find that Par6A binds weakly to Tuba in the absence of (exogenous)

Cdc42 (Fig 3A) and that Cdc42-binding defective Par6A mutants do not completely lose the
ability to bind Tuba (Fig 3D). Secondly, both Tuba [5] and Par6A (Fig 2) are required to
immobilize Cdc42 at the plasma membrane. We demonstrated previously that immobilization
of Cdc42 at the apical plasma membrane is required to safeguard singularity in apical mem-
brane formation [4]. Thirdly, Par6A mutants that are unable to interact with Cdc42 and as a
consequence do not support the formation of a Cdc42/Tuba/Par6A complex are unable to
restore singularity in apical membrane formation when introduced in Par6A k.o. cells. There-
fore these experiments identify Par6A as a Cdc42 effector that ensures singularity in polariza-
tion and provide evidence that the formation of a Cdc42/Tuba/Par6A complex is important in
this process.

The existence of a GEF/effector complex regulating Cdc42 signaling is not without prece-
dence and bears striking resemblance to the Cdc24/Bem1 complex that regulates Cdc42 during
yeast cell polarization [12, 13]. During yeast cell polarization, this complex establishes a posi-
tive feedback loop for the production of active Cdc42 at the incipient bud site [13]. This posi-
tive feedback loop is critical to allow symmetry breaking and for the establishment of a single
cluster of active Cdc42 [14-16]. Therefore, it is tempting to speculate that a Tuba/Cdc42/
Par6A complex may perform a similar function during epithelial cell polarization.

Par6A is a scaffold protein that engages in multiple interactions with important regulators
of cell polarity, including Par3 [8], aPKC [11, 17], Pals1 [18] and Lgl [19]. We now show that
the Cdc42-specific GEF Tuba is able to interact with Par6A in manner that is largely depen-
dent on active Cdc42. Since Tuba is implicated in a variety of polarity processes that depend
on Cdc42 and Par6, this interaction may not only be of relevance for singularity enforcement
but also for junction formation/stability [20, 21] and spindle orientation [22, 23]. What other
proteins are part of the Tuba/Cdc42/Par6 complex and how the composition of this complex
is regulated requires further investigation. The finding that Par6A requires its N-terminal PB1
domain to enforce singularity indicates a role for aPKCs in this process, but additional Par6
binding partners may contribute to safeguard singularity in polarization as well.

In summary, we reveal that Par6A is a Cdc42 effector that is required to ensure the forma-
tion of a single apical domain during enterocyte polarization. We show that Par6A can form a
complex with Cdc42 and its GEF Tuba and that the formation of this complex contributes to
the organization of Cdc42 signaling to regulate singularity. This work thus provides new
insights in the molecular mechanisms of Cdc42 signaling during cell polarization.

Acknowledgments

We thank all our lab members for support and discussion. This work was supported by the
gravitation program “Cancer GenomiCs.nl” of the Netherlands Organization for Scientific
Research (NWO). The Oncode Institute is supported by the Dutch Cancer Society.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207159 November 8, 2018 9/11


https://doi.org/10.1371/journal.pone.0207159.g004
https://doi.org/10.1371/journal.pone.0207159

®PLOS | one

A Tuba/Cdc42/Par6A complex controls cell polarization

Author Contributions

Conceptualization: Lucas J. M. Bruurs, Mirjam C. van der Net, Johannes L. Bos.
Data curation: Lucas J. M. Bruurs, Mirjam C. van der Net.

Formal analysis: Lucas J. M. Bruurs.

Funding acquisition: Johannes L. Bos.

Investigation: Lucas J. M. Bruurs, Mirjam C. van der Net, Susan Zwakenberg.
Methodology: Lucas J. M. Bruurs, Fried J. T. Zwartkruis.

Supervision: Fried J. T. Zwartkruis, Johannes L. Bos.

Validation: Lucas J. M. Bruurs, Mirjam C. van der Net, Susan Zwakenberg.
Visualization: Lucas J. M. Bruurs.

Writing - original draft: Lucas J. M. Bruurs.

Writing - review & editing: Lucas J. M. Bruurs, Mirjam C. van der Net, Susan Zwakenberg,
Fried J. T. Zwartkruis, Johannes L. Bos.

References

1. Caviston JP, Tcheperegine SE, Bi E. Singularity in budding: a role for the evolutionarily conserved small
GTPase Cdc42p. Proceedings of the National Academy of Sciences of the United States of America.
2002; 99(19):12185-90. https://doi.org/10.1073/pnas.182370299 PMID: 12218170

2. Baas AF, Kuipers J, van der Wel NN, Batlle E, Koerten HK, Peters PJ, et al. Complete polarization of
single intestinal epithelial cells upon activation of LKB1 by STRAD. Cell. 2004; 116(3):457—-66. PMID:
15016379

3. GonH, Fumoto K, Ku Y, Matsumoto S, Kikuchi A. Wnt5a signaling promotes apical and basolateral
polarization of single epithelial cells. Mol Biol Cell. 2013; 24(23):3764—74. https://doi.org/10.1091/mbc.
E13-07-0357 PMID: 24088568

4. BruursLJ, Donker L, Zwakenberg S, Zwartkruis FJ, Begthel H, Knisely AS, et al. ATP8B1-mediated
spatial organization of Cdc42 signaling maintains singularity during enterocyte polarization. J Cell Biol.
2015; 210(7):1055-63. https://doi.org/10.1083/jcb.201505118 PMID: 26416959

5. Bruurs LJ, Zwakenberg S, van der Net MC, Zwartkruis FJ, Bos JL. A Two-Tiered Mechanism Enables
Localized Cdc42 Signaling during Enterocyte Polarization. Mol Cell Biol. 2017; 37(7). https://doi.org/10.
1128/MCB.00547-16 PMID: 28069739

6. Etienne-Manneville S, Hall A. Cell polarity: Par6, aPKC and cytoskeletal crosstalk. Current Opinion in
Cell Biology. 2003; 15(1):67—72. PMID: 12517706

7. Joberty G, Petersen C, Gao L, Macara IG. The cell-polarity protein Par6 links Par3 and atypical protein
kinase C to Cdc42. Nature cell biology. 2000; 2(8):531-9. Epub 2000/08/10. https://doi.org/10.1038/
35019573 PMID: 10934474

8. LinD, Edwards AS, Fawcett JP, Mbamalu G, Scott JD, Pawson T. A mammalian PAR-3-PAR-6 com-
plex implicated in Cdc42/Rac1 and aPKC signalling and cell polarity. Nature cell biology. 2000; 2
(8):540-7. Epub 2000/08/10. https://doi.org/10.1038/35019582 PMID: 10934475

9. Gaol, MacaraIG. Isoforms of the polarity protein par6 have distinct functions. J Biol Chem. 2004; 279
(40):41557-62. https://doi.org/10.1074/jbc.M403723200 PMID: 15292221

10. Garbett D, Bretscher A. PDZ interactions regulate rapid turnover of the scaffolding protein EBP50 in
microvilli. J Cell Biol. 2012; 198(2):195-203. https://doi.org/10.1083/jcb.201204008 PMID: 22801783

11.  QiuRG, Abo A, Steven Martin G. A human homolog of the C. elegans polarity determinant Par-6 links Rac
and Cdc42 to PKCzeta signaling and cell transformation. Curr Biol. 2000; 10(12):697—707. PMID: 10873802

12. KozubowskiL, Saito K, Johnson JM, Howell AS, Zyla TR, Lew DJ. Symmetry-breaking polarization
driven by a Cdc42p GEF-PAK complex. Curr Biol. 2008; 18(22):1719-26. https://doi.org/10.1016/j.cub.
2008.09.060 PMID: 19013066

13. Butty AC, Perrinjaquet N, Petit A, Jaguenoud M, Segall JE, Hofmann K, et al. A positive feedback loop
stabilizes the guanine-nucleotide exchange factor Cdc24 at sites of polarization. The EMBO journal.
2002; 21(7):1565-76. https://doi.org/10.1093/emboj/21.7.1565 PMID: 11927541

PLOS ONE | https://doi.org/10.1371/journal.pone.0207159 November 8, 2018 10/11


https://doi.org/10.1073/pnas.182370299
http://www.ncbi.nlm.nih.gov/pubmed/12218170
http://www.ncbi.nlm.nih.gov/pubmed/15016379
https://doi.org/10.1091/mbc.E13-07-0357
https://doi.org/10.1091/mbc.E13-07-0357
http://www.ncbi.nlm.nih.gov/pubmed/24088568
https://doi.org/10.1083/jcb.201505118
http://www.ncbi.nlm.nih.gov/pubmed/26416959
https://doi.org/10.1128/MCB.00547-16
https://doi.org/10.1128/MCB.00547-16
http://www.ncbi.nlm.nih.gov/pubmed/28069739
http://www.ncbi.nlm.nih.gov/pubmed/12517706
https://doi.org/10.1038/35019573
https://doi.org/10.1038/35019573
http://www.ncbi.nlm.nih.gov/pubmed/10934474
https://doi.org/10.1038/35019582
http://www.ncbi.nlm.nih.gov/pubmed/10934475
https://doi.org/10.1074/jbc.M403723200
http://www.ncbi.nlm.nih.gov/pubmed/15292221
https://doi.org/10.1083/jcb.201204008
http://www.ncbi.nlm.nih.gov/pubmed/22801783
http://www.ncbi.nlm.nih.gov/pubmed/10873802
https://doi.org/10.1016/j.cub.2008.09.060
https://doi.org/10.1016/j.cub.2008.09.060
http://www.ncbi.nlm.nih.gov/pubmed/19013066
https://doi.org/10.1093/emboj/21.7.1565
http://www.ncbi.nlm.nih.gov/pubmed/11927541
https://doi.org/10.1371/journal.pone.0207159

®PLOS | one

A Tuba/Cdc42/Par6A complex controls cell polarization

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Altschuler SJ, Angenent SB, Wang Y, Wu LF. On the spontaneous emergence of cell polarity. Nature.
2008; 454(7206):886-9. https://doi.org/10.1038/nature07119 PMID: 18704086

Irazoqui JE, Gladfelter AS, Lew DJ. Scaffold-mediated symmetry breaking by Cdc42p. Nature cell biol-
ogy. 2003; 5(12):1062-70. https://doi.org/10.1038/ncb1068 PMID: 14625559

Goryachev AB, Pokhilko AV. Dynamics of Cdc42 network embodies a Turing-type mechanism of yeast
cell polarity. FEBS letters. 2008; 582(10):1437—-43. https://doi.org/10.1016/j.febslet.2008.03.029 PMID:
18381072

Noda Y, Takeya R, Ohno S, Naito S, Ito T, Sumimoto H. Human homologues of the Caenorhabditis ele-
gans cell polarity protein PAR6 as an adaptor that links the small GTPases Rac and Cdc42 to atypical
protein kinase C. Genes to cells: devoted to molecular & cellular mechanisms. 2001; 6(2):107—19. Epub
2001/03/22.

Hurd TW, Gao L, Roh MH, Macara IG, Margolis B. Direct interaction of two polarity complexes impli-
cated in epithelial tight junction assembly. Nature cell biology. 2003; 5(2):137—42. Epub 2003/01/25.
https://doi.org/10.1038/ncbh923 PMID: 12545177

Plant PJ, Fawcett JP, Lin DC, Holdorf AD, Binns K, Kulkarni S, et al. A polarity complex of mPar-6 and
atypical PKC binds, phosphorylates and regulates mammalian Lgl. Nature cell biology. 2003; 5(4):301—
8. Epub 2003/03/12. https://doi.org/10.1038/ncb948 PMID: 12629547

Otani T, Ichii T, Aono S, Takeichi M. Cdc42 GEF Tuba regulates the junctional configuration of simple
epithelial cells. J Cell Biol. 2006; 175(1):135—46. https://doi.org/10.1083/jcb.200605012 PMID:
17015620

Georgiou M, Marinari E, Burden J, Baum B. Cdc42, Par6, and aPKC regulate Arp2/3-mediated endocy-
tosis to control local adherens junction stability. Curr Biol. 2008; 18(21):1631-8. https://doi.org/10.1016/
j.cub.2008.09.029 PMID: 18976918

Qin Y, Meisen WH, Hao Y, Macara IG. Tuba, a Cdc42 GEF, is required for polarized spindle orientation
during epithelial cyst formation. J Cell Biol. 2010; 189(4):661-9. https://doi.org/10.1083/jcb.201002097
PMID: 20479467

Durgan J, Kaji N, Jin D, Hall A. Par6B and atypical PKC regulate mitotic spindle orientation during epi-
thelial morphogenesis. J Biol Chem. 2011; 286(14):12461-74. https://doi.org/10.1074/jbc.M110.
174235 PMID: 21300793

PLOS ONE | https://doi.org/10.1371/journal.pone.0207159 November 8, 2018 11/11


https://doi.org/10.1038/nature07119
http://www.ncbi.nlm.nih.gov/pubmed/18704086
https://doi.org/10.1038/ncb1068
http://www.ncbi.nlm.nih.gov/pubmed/14625559
https://doi.org/10.1016/j.febslet.2008.03.029
http://www.ncbi.nlm.nih.gov/pubmed/18381072
https://doi.org/10.1038/ncb923
http://www.ncbi.nlm.nih.gov/pubmed/12545177
https://doi.org/10.1038/ncb948
http://www.ncbi.nlm.nih.gov/pubmed/12629547
https://doi.org/10.1083/jcb.200605012
http://www.ncbi.nlm.nih.gov/pubmed/17015620
https://doi.org/10.1016/j.cub.2008.09.029
https://doi.org/10.1016/j.cub.2008.09.029
http://www.ncbi.nlm.nih.gov/pubmed/18976918
https://doi.org/10.1083/jcb.201002097
http://www.ncbi.nlm.nih.gov/pubmed/20479467
https://doi.org/10.1074/jbc.M110.174235
https://doi.org/10.1074/jbc.M110.174235
http://www.ncbi.nlm.nih.gov/pubmed/21300793
https://doi.org/10.1371/journal.pone.0207159

