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Abstract
Tissue morphogenesis requires orchestrated execution of the epithelial cell 
polarity program. Small GTPases of the Rho family are central players in the 
various processes that contribute to cell polarization. Cdc42 in particular has 
an evolutionary conserved function in apico-basal polarity establishment by 
pioneering the formation of an apical plasma membrane. In order to function 
as pioneer factor, Cdc42 must break initial cellular symmetry and establish a 
polarity axis. Importantly, polarization at multiple sites can be detrimental to 
cellular function and therefore cells must ensure that only one polarity axis is 
established.
 
Here, epithelial cell polarity and signaling by the small GTPase Cdc42 during 
cellular polarization will be introduced. An overview is provided on symmetry 
breaking by small GTPases and the mechanisms that safeguard singularity in 
polarization will be discussed.
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Epithelial cell polarity
ell morphology and function are intimately linked. A paramount example 
of this are polarized enterocytes that constitute the major cell type of 

the intestinal epithelium. The primary function of these cells is to transport 
nutrients from the intestinal lumen to the underlying blood vessels, while 
providing a barrier to bacteria and xenobiotics. For this enterocytes develop a 
highly specialized (“apical”) front and (“basal”) rear. The apical domain (which 
faces the intestinal lumen) is hallmarked by densely packed microvilli, which 
increase apical membrane surface and thereby allow efficient nutrient uptake. In 
addition, apical tight junctions provide a physical barrier between neighboring 
cells and thus ensure epithelial monolayer integrity. On the other side of 
the cell, the basal domain regulates nutrient passage to the circulation and 
contacts the basement membrane, thereby tethering the epithelial monolayer 
to the underlying tissue. The importance of this specific cellular morphology is 
highlighted by the notion that disruption of apico-basal polarity is causative to 
human diseases (e.g. microvillous inclusion disease) and that polarity is almost 
universally lost during cancer progression1-3.
 
Because of this importance, the establishment and maintenance of apico-basal 
polarization in enterocytes is strictly regulated. Cell polarization is essentially 
the result of a combination of various cellular processes which need to be executed 
in a concerted manner4. These processes include among others: establishment 
of an apico-basal axis, rearrangement of the cytoskeleton and organelles, 
organization of apical and basal vesicular transport, remodeling of the apical 
plasma membrane and assembly of apical junctional complexes. Signaling 
by small GTPases is involved in many of these processes and these proteins 
therefore have a critical function in cell polarization5,6.

Signaling by small GTPases
The human Ras superfamily of small GTPases comprise a group of approximately 
170 membrane-bound proteins, which resemble the Ras oncogene and function as 
molecular switches7. These 170 proteins are further subdivided into Ras, Rho, Rab 
and Arf families based on structural and functional resemblance. Nonetheless, 
all have a common biochemical mechanism which allows their binary signaling: 
when bound to guanosine diphosphate (GDP) the protein is considered inactive, 
whereas activation results from binding to guanosine triphosphate (GTP). This 
induces a conformational rearrangement in the switch regions resulting in 
binding of effector proteins that activate downstream signaling8,9. GTP-loading 
is catalyzed by guanine nucleotide exchange factors (GEFs) which liberate GDP 
and allow substitution with more abundant GTP10. On the other hand, signal 
termination occurs when GTP is hydrolyzed to GDP. Although intrinsic GTPase 
activity can reset the system, it is generally too slow to enable dynamic regulation. 
Instead, GTPase-activating proteins (GAPs) function to boost intrinsic GTPase 
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activity and thereby induce signal termination. Many GEFs and GAPs are 
multidomain proteins whose activity is subjected to additional regulation. This 
therefore allows for precise spatial and temporal control over GTP-loading and 
consequently over the signaling output of small GTPases10.
 
Whereas the GDP/GTP cycle enables switch-like activation of small GTPases, 
an additional dimension of regulation originates from the localization of small 
GTPases. All small GTPases are subjected to isoprenyl lipid modification 
involving the covalent attachment of either a farnesyl or geranylgeranyl moiety 
to a C-terminal cysteine11. This provides membrane affinity to a low degree and 
therefore secondary membrane targeting motifs are often present in the form of 
either a polybasic region or cysteines that can be dynamically palmitoylated12,13. 
The composition of these secondary membrane targeting motifs and the presence 
of additional localization signals differs between small GTPases and thus add to 
the spatial regulation of GTPase signaling14. 

Furthermore, small GTPases of the Rho family are substrate for guanosine 
nucleotide dissociation inhibitor (GDI)-mediated membrane dissociation, where 
GDP-bound Rho proteins are extracted from membranes and sequestered in the 
cytosol in an inactive complex with the GDI15. Importantly, the interaction with 
RhoGDI can be modulated by phosphorylation of either RhoGDI or client Rho 
protein16,17. Similar GDI-like interactions of PDEδ have been reported to control 
the localization of polybasic region containing GTPases, like KRas, thereby 
expanding the mechanisms of spatial regulation18. The mechanisms that control 
GTPase localization act in concert with GEF/GAP mediated control over GTP-
loading to achieve high spatiotemporal control over GTPase signaling.
 
The Rho family of GTPases is composed of 22 proteins in mammals, of which three 
members are most extensively studied: RhoA, Rac1 and Cdc4219. Signaling by Rho 
proteins regulates the actin cytoskeleton and thereby controls cellular morphology, 
cell migration, junction formation and cell polarization. For this Rho proteins are 
activated by RhoGEFs that are hallmarked by the presence of a Dbl-homology (DH) 
domain, which is typically flanked by a PH domain, and inactivated by RhoGAPs10. 
Humans harbor 70 DH domain and 66 RhoGAP containing proteins that can have 
different specificities towards different Rho proteins, thereby allowing precise 
control of Rho activity and enabling selective signaling by related Rho GTPases. 
 
Signaling by Rho GTPases is involved in a variety of processes during epithelial 
cell polarization. For instance, β1-Integrin binding to the extracellular matrix 
of the basement membrane results in activation of Rac1, which instructs 
orientation of the polarity axis20-22. Alternatively, apical RhoA activation is 
primarily implicated in generating actomyosin contractility to enable apical 
constriction. This is crucial during epithelial lumen formation in vivo, which 
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involves epithelial sheet invagination at the apical membrane and subsequent 
folding of the monolayer into an epithelial tube23,24.

Delineating the specific roles of Rho, Rac and Cdc42 during cell polarization 
has proven to be challenging and care must be taken to interpret data based on 
overexpression of constitutively active or dominant negative mutants. Because 
of the high degree of molecular crosstalk between Rho GTPases these mutants 
often interfere with signaling by other Rho GTPases. Indeed, phenotypes of 
dominant negative mutants often do no overlap with knockout phenotypes25-27.
 
Cdc42 signaling mechanisms during cell polarization
Whereas Rac and RhoA are primarily implicated in cell polarization by regulating 
axis establishment and actomyosin contractility respectively, signaling by Cdc42 
orchestrates a variety of processes that contribute to cell polarization (Fig. 1). 
Since Cdc42 is one of the first determinants of apico-basal polarity and because 
it controls many polarity-defining processes, Cdc42 has been considered to be the 
center of polarity signaling28. Indeed, the pioneering role of Cdc42 in polarity was 
demonstrated by showing that Cdc42 signaling precedes signaling by other Rho 
GTPases and that ectopic activation of Cdc42 is sufficient to induce polarization29,30.  
Here, the functions of Cdc42 signaling during epithelial cell polarization will be 
discussed. A summary of the molecular mechanisms involved in these processes 
is provided in figure 2.
 
Apical domain specification
Cdc42 is a pioneering factor in the establishment of an apical domain as it is 
among the first molecular determinants of an apical membrane. Although it is 
still unclear which Cdc42GEF(s) activate Cdc42 for apical domain specification, 
two GEFs have been strongly implicated, namely Tuba and Dbl331,32. Upon 
activation, Cdc42-GTP recruits and activates atypical protein kinase C (aPKC) 
via the Cdc42 effector partitioning defective (Par) 6. Together with recruitment 
by Par3, this mechanism results in apical localization and activation of aPKC33. 
The apical Par3/Par6/aPKC complex, also named Par complex, can be considered 
the major effector of Cdc42 signaling during epithelial cell polarization as its 
formation initiates many other processes required for polarity establishment.
 
Apical membrane specification by the Par complex results from phosphorylation 
of various basolateral proteins by aPKC, thereby invoking their apical exclusion34. 
Most notably, phosphorylation of Par1, which specifies the basolateral 
membrane, results in membrane dissociation by the 14-3-3 protein Par5 and 
apical exclusion of Par135,36. Conversely, Par1 functions as a kinase to prevent 
apical proteins from trespassing the basolateral membrane. Par3 is among the 
Par1 phosphorylation targets thus creating a mutual exclusive system for apical 
and basolateral membrane specification37.
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As Cdc42 is among the first determinants of the apical membrane, the 
question arises how Cdc42 itself becomes localized. It has been suggested that 
phosphatase and tensin homolog (PTEN), by generating phosphatidylinositol 
(4,5)-bisphosphate (PI(4,5)P2) at the apical membrane, provides a docking site 
for the scaffold protein Annexin2, which selectively binds GTP-loaded Cdc42 
and ensures its apical confinement38. Additionally, local Cdc42 activation and 
consequent apical domain specification has been suggested to involve apical 
recruitment of the Cdc42GEF Dbl3 by phosphorylated Ezrin32. 
However, because PTEN localization and Ezrin phosphorylation are both 
dependent on Cdc42 these mechanisms likely reflect positive feedback 
mechanisms to control Cdc42 localization and activation in cells that are already 
polarized39-41. Alternatively, Cdc42 may become localized in a symmetry breaking 
process, which does not require pre-existing landmarks but involves positive 
feedback mechanisms to concentrate Cdc42 at the nascent apical domain42. Such 
a mechanism has been shown to control Cdc42 localization during yeast cell 
polarization and will be considered later in more detail43. 

Apical protein transport
Directional delivery by vesicular transport functions as a sorting mechanism 
to segregate apical and basolateral proteins during cell polarization44,45. Apical 
recycling endosomes, as marked by the Rab11 small GTPase, have a seminal 
function in the sorting and delivery of apical proteins31,46,47. Cdc42 is required to 
target recycling endosomes to the nascent apical plasma membrane and therefore 
contributes to the delivery of apical membrane components31. 
In the absence of Cdc42 recycling endosomes are formed, indicating that Cdc42 
is not required for recycling endosome formation, but they are not transported to 
the apical membrane31,48. Instead, recycling endosomes remain in the cytosol and 
may ultimately form ectopic lumina31. A failure to target recycling endosomes to 
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Apical domain specification
Polarized membrane traffic
Junction formation
Regulation of actin cytoskeleton
Spindle orientation
Regulation of microtubule network
and organelle positioning

Cdc42-directed processes during
cell polarization:

Figure 1: Cdc42-directed processes during epithelial cell polarization
Overview of the cellular processes controlled by Cdc42 that contribute to cell polarization.  
Note that although listed here as separate processes, most processes are intimately connected.
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the apical membrane underlies the enteropathy Microvillous Inclusion Disease 
(MVID), a disease caused by mutations in the motor protein for recycling 
endosomes, MyosinVb49. Interestingly, inducible Cdc42 knockout mice develop an 
MVID phenotype, further indicating that Cdc42 is required for apical targeting 
of recycling endosomes50. 
Although it is apparent that Cdc42 is required for apical targeting of recycling 
endosomes, the molecular machinery that Cdc42 employs for this is still largely 
unclear. Upstream of Cdc42, knockdown of the GEF Tuba fully phenocopies 
the apical trafficking defects of Cdc42 knockdown in CaCo2 and MDCK cyst 
cultures, suggesting that Tuba activates Cdc42 to regulate apical transport31,51. 
Downstream of Cdc42, two mechanisms have been proposed to mediate the effects 
on recycling endosomes directionality, which are not mutually exclusive. On the 
one hand, Cdc42 interacts with the exocyst complex, which tethers endosomes 
to the plasma membrane and is required for cargo release52. Illustrating this, 
Cdc42/Par-dependent regulation of the exocyst complex is required for ciliogenesis 
and therefore explains the polycystic kidney disease (PKD) phenotype of kidney-
specific Cdc42 knockout mice53-55. On the other hand, Cdc42 may regulate 
recycling endosomal directionality by modulating the actin cytoskeleton, over 
which recycling endosomes are transported by the actin-guided motor protein 
MyosinV56-58. 
 
Junction formation
The formation of apical tight junctions obstructs lateral diffusion of membrane 
proteins and thus contributes to the maintenance of cell polarity. In addition, 
tight junctions ensure the formation of a sealed lumen thereby ensuring epithelial 
barrier function. Cdc42 signaling is required for the formation and maintenance 
of tight junctions through diverse mechanisms59,60. 
Tuba is the only GEF implicated in regulating Cdc42 at cell-cell junctions61,62. 
However, Tuba is not required for junction formation or stability and Tuba loss 
only affects junctional morphology, a phenotype that could originate from the role 
of Tuba in apical domain specification or modulation of the actin cytoskeleton61,62. 
Therefore, it remains unknown whether there is a specific GEF that regulates 
Cdc42 activity to control junction formation. Nevertheless, two RhoGAPs are 
implicated in controlling Cdc42-dependent formation of apical cell-cell junctions: 
SH3BP1 and Rich163,64. 
 
Various effectors where found to be critical for Cdc42-dependent tight junction 
formation: the Par complex has a critical role in the positioning of the apical 
junction complex, which in part is controlled by phosphorylation of Crumbs365,66. 
Other reports have linked the Par complex to the direct regulation of E-Cadherin, 
thereby contributing to cell-cell junction formation67,68. However, the effects of 
Cdc42/Par on E-Cadherin localization are most likely indirect via regulation of 
E-Cadherin recycling69,70. 
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Next to Par-dependent positioning of apical junctions, Cdc42 signaling controls 
junction formation via the kinases MRCK and PAK471,72. These effectors have 
been primarily implicated in junction formation of migrating cells and their 
effects are believed to be dependent on regulation of the actin cytoskeleton. Given 
the intimate connectivity between the actin cytoskeleton and cell-cell junctions it 
is technically challenging to dissect these processes.
 
Organization of the actin cytoskeleton 
The actin and microtubule cytoskeleton contribute to cell polarization by 
providing the infrastructure required for directional transport44,73. This function 
is best illustrated during yeast cell polarization: upon bud formation, actin 
cables project towards the apical cap and serve as the track for Myosin-based 
cargo transport towards the nascent bud74,75. As a consequence, disruption of 
the actin cytoskeleton by Latrunculin B treatment prevents polarized growth 
and bud establishment74. However, apical clustering of Cdc42 is only marginally 
compromised in Latrunculin B-treated yeast cells, indicating that Cdc42 
polarization is actin-independent and suggesting that Cdc42 clustering precedes 
actin remodeling75,76. 
 
Whereas the role of actin modulation by Cdc42 in polarizing yeast cells is 
relatively straightforward, it is far less clear to what extent actin organization 
by Cdc42 contributes to mammalian cell polarization. In polarized epithelial 
cells, the adaptor neural Wiskott-Aldrich syndrome protein (NWASP) has been 
primarily implicated in regulating the actin cytoskeleton in a Cdc42-dependent 
manner51,61. NWASP forms a trimeric complex with Tuba and Cdc42 and depletion 
of NWASP in MDCK cysts results in the formation of multiple lumen, thus 
phenocopying Cdc42 and Tuba loss51,61. Furthermore, Cdc42 deletion in kidney 
epithelial cells results in a strong decrease in NWASP activation55. Functionally, 
NWASP stabilizes junctional actin and thereby contributes to the formation of 
the actin belt that constitutes the zonula adherens77.

Spindle orientation
The orientation of cell division is a critical regulatory mechanism in stem cell 
homeostasis and lumen formation78-80. In an epithelial tissue cell division is 
generally oriented in parallel to the monolayer and this configuration requires 
Cdc42 signaling79,81. A failure to ensure this planar orientation can result in 
defective barrier function but can also cause cell eviction into the lumen, a 
process that is implicated in breast cancer progression82,83. Indeed, mammary-
specific Cdc42 deletion results in lumen filling and affects mammary tissue 
architecture84.

Deletion of Cdc42 in polarized MDCK cysts causes loss of planar spindle 
orientation and subsequently leads to the formation of multiple lumen25. 
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Also in vivo, during Xenopus laevis development, Cdc42 is required for planar 
spindle orientation during neural tube closure85. In addition, inducible deletion 
of Cdc42 in the auditory epithelium results in the formation of ectopic lumen, 
which may originate from erroneous spindle orientation86. 
 
Cdc42 controls spindle orientation via multiple signaling routes. A module 
composed of Tuba/Cdc42/Par complex contributes to spindle orientation and 
positioning by phosphorylating proteins of the mitotic machinery87-91. Whereas 
this module operates at the apical plasma membrane, a second signaling module 
controlling spindle orientation composed of Intersectin2/Cdc42/PAK2 is localized 
to centrosomes92,93. Both modules are non-redundant in the control of spindle 
positioning in polarizing MDCK cysts. Finally, a third Cdc42 module has been 
implicated in microtubule attachment to the kinetochores, via which it could be 
involved in spindle orientation81,94,95. Whether this function of Cdc42 contributes 
to spindle orientation in polarized epithelia has not yet been studied.
 
Regulation of the microtubule network and organelle positioning
The microtubule network is required for polarized organization of organelles and 
vesicular traffic44,96. Polarized epithelial cells typically align the nucleus, golgi 
and centrosomes/MTOC along the apico-basal polarity axis, with the nucleus 
located at the basal aspect and the golgi and MTOC located between the nucleus 
and the apical plasma membrane. A similar distribution is observed in migrating 
cells, where the MTOC is located between the nucleus and the protrusive front96.  
 
The microtubule network is critically required to establish this configuration 
because it serves as the tracks over which dynein-mediated organelle 
(re)positioning occurs96. Cdc42 is required to establish the typical polarized 
organelle distribution by both regulating the microtubule network and the 
actin cytoskeleton28,97. Although the mechanisms of Cdc42-mediated MTOC 
orientation have been primarily studied in the context of cell migration, it is 
likely that similar mechanisms operate during epithelial cell polarization given 
the strikingly similar organelle distribution. 

Cdc42 is activated to induce MTOC reorientation during cell migration upon 
monolayer scratching98. Activated Cdc42 regulates the microtubule network 
and organelle positioning through various mechanisms which involve a distinct 
molecular machinery99. Firstly, Cdc42 controls MTOC positioning by organizing 
the microtubule network and by controlling dynein activity99-102. Secondly, Cdc42 
controls nuclear movement via an actin-based signaling module where Cdc42 
activates MRCK and Myosin II97,103. Both microtubule-based regulation of MTOC 
positioning and actin-based control of nuclear movement is ultimately required 
to establish the typical organelle distribution in polarizing cells97.
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Organization of Cdc42 polarity signaling 
Although presented here as distinct functions, many of the Cdc42-governed 
signaling routes are highly interconnected. For instance, the actin cytoskeleton 
contributes to junction formation and conversely, cell-cell junctions are 
instructive cues in the organization of the actin cytoskeleton104. Similarly, Cdc42 
controls the organization of the actin and microtubule cytoskeleton allowing 
polarized membrane traffic, but MyosinV-dependent trafficking also controls 
spindle orientation during yeast cell polarization105. Furthermore, although 
mitotic spindle orientation in an epithelial monolayer is instructed by the 
apico-basal polarity axis, spindle orientation in turn dictates positioning of the 
apical membrane58,106. Finally, Cdc42 organizes the actin cytoskeleton to control 
E-cadherin recycling, thereby affecting junction formation69,70. These examples 
therefore illustrate that although Cdc42 employs distinct signaling modules to 
coordinate different polarization processes, most of the Cdc42-directed processes 
are ultimately connected. Because of this connectivity, molecular dissection 
of Cdc42 signaling during cell polarization has proven to be challenging. 

A common theme in Cdc42 polarity signaling routes is their organization by 
feedback mechanisms. For instance: Cdc42-dependent apical membrane 
specification in enterocytes is followed by brush border formation. During 

Figure 2: Summary of the molecular mechanisms of Cdc42 signaling during cell polarization
Overview of the signaling pathways involved in various Cdc42-controlled polarity processes. 
Proteins in green are GEFs, in red are GAPs and in blue are direct Cdc42 effectors.
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microvilli formation, ERM phosphorylation is induced and this results in 
the recruitment of the Cdc42GEF Dbl332,107-109. Apical recruitment of Dbl3 
in turn ensures spatially restricted Cdc42 activity to control apical domain 
specification32. Experimentally, this feedback mechanism is partly revealed by 
the finding that overexpression of Dbl3 or a constitutively active Ezrin mutant 
results in Cdc42 activation and consequent enlargement of the apical domain32. 
A second example of feedback control over Cdc42 signaling is control of Cdc42 
localization by membrane traffic during cell migration. Here, Cdc42/Par complex-
mediated organization of polarized membrane trafficking contributes to Cdc42 
accumulation at the leading edge because Cdc42 itself is delivered to the leading 
edge by vesicles110. 
 
What is the relevance of these feedback regulations in Cdc42 signaling for cell 
polarization? In general positive feedback mechanisms function to amplify a weak 
signal, which may be relevant during Cdc42-directed symmetry breaking111,112. 
Additionally, positive feedback mechanisms prevent termination of Cdc42 
signaling and thereby create bi-stability in signaling111-113. For polarization, this 
means that once initiated cells are committed to polarizing and that an apical 
domain is not readily dismantled once formed. Finally, feedback mechanisms 
in Cdc42 signaling may ensure that a single apical domain is specified by 
establishing competition42,114-116. This aspect will be discussed later in more detail.
 
From an experimental point of view, the connectivity between the different 
polarization processes and the existence of feedback mechanisms provide a 
serious challenge for delineating Cdc42 signaling pathways. Since interference 
with downstream processes will cause effects upstream in the pathway it 
is challenging to establish hierarchy in signaling. Furthermore, pathway 
interference can indirectly affect multiple polarization processes at the same 
time making it difficult to establish causality. These two factors therefore greatly 
complicate interpretation of experimental data on polarity signaling pathways.
 
Small GTPases of the Rho family, and Cdc42 in particular, are crucial signaling 
molecules in the establishment of cell polarity. Two features of small GTPase 
signaling are particularly relevant for cell polarization. Firstly, the exquisite 
spatial and temporal control over GTPase signaling by GEFs and GAPs allows 
for highly localized activation of downstream signaling pathways in a well-
timed manner. For example, the ability to restrict Cdc42 activity to limited part 
of the cell is crucial to spatially confine Par6/aPKC-dependent apical domain 
specification32. Similarly, Rac1 is locally activated to position the apico-basal 
polarity axis and an inability to ensure spatially restricted Rac activation prevents 
axis establishment117. Furthermore, temporally distinct waves of Cdc42 activation 
during yeast cell polarization are required to establish proper bud sites118.  
Secondly, the modular organization of GTPase signaling enables stringent 
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control over multiple processes by a single GTPase. By engaging different GEFs, 
GAPs and effectors, Cdc42 can control junction formation, spindle orientation 
and polarized membrane traffic at the same time without signal interference. 

Symmetry breaking during cell polarization
De novo establishment of cell polarity requires breaking of cellular symmetry in 
order to establish a polarity axis119,120. The polarity axis then serves to instruct the 
next steps in polarization, ultimately leading to the establishment of functionally 
distinct apical and basal domains. In the context of cell polarity, symmetry 
breaking often involves the clustering of polarity signaling molecules from an 
initially homogenous distribution115,121-123. In various systems, Cdc42 functions as 
the pioneering factor in apical membrane specification and its clustering is often 
a symmetry breaking event76,124-126.
 
From a signaling perspective, symmetry breaking provides a very fundamental 
problem because by definition no pre-existing landmarks are available to instruct 
segregation of signaling components. Instead, symmetry breaking involves a 
combination of cell-intrinsic mechanisms via which an initial random fluctuation 
or an external stimulus triggers complete cell polarization. These mechanisms 
generally include115,120,127:
 (1) amplification of a (stochastic) signal by means of positive feedback   
 systems  
 (2) repression of ectopic clustering by long range inhibition  
 (3) prevention of cluster dissipation 
The combined outcome of these mechanisms is a system where a fluctuation in 
signaling is amplified to generate a single cluster without the need for pre-existing 
landmarks, thereby breaking the initial cellular symmetry115,120.

Spatial control over symmetry breaking
Although no pre-existing landmarks are required for symmetry breaking, spatial 
cues can be used to bias the location where symmetry breaking takes place. 
This is best exemplified in polarizing yeast cells where clustering of Cdc42 is a 
symmetry breaking event in the establishment of an apical domain76. 

Although Cdc42 clustering is sufficient to induce bud formation, yeast cells 
prevent re-usage of previous bud sites by means of a bud site selection machinery, 
which ensures that Cdc42-mediated symmetry breaking always takes place 
adjacent to the previous bud site136-138. Nevertheless, when bud site selection is 
disabled, Cdc42 clustering and concomitant bud formation still occurs, though 
in a spatially randomized manner139. This therefore demonstrates that bud 
site selection is not required for Cdc42-dependent symmetry breaking and only 
functions to provide spatial bias to where Cdc42 clustering will initiate137. 
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Often though, the trigger for symmetry breaking also provides spatial 
information, thereby ultimately dictating the position of the polarity axis. This 
is exemplified during C. elegans embryo development, where symmetry breaking 
upon fertilization is initiated when the sperm microtubule organizing center 
(MTOC) moves towards the cell cortex121,140. This causes a local inactivation 
of RHO-1 and cessation in actomyosin contractility. Local loss of actomyosin 
contractility establishes an actomyosin flow that drives anterior deposition of the 
‘apical’ Par proteins (PAR-3, PAR-6 and PKC-3) ultimately generating cortical 
asymmetry141. Importantly, the sperm MTOC reaching the cell cortex is both the 
initiating trigger for symmetry breaking as well as the spatial cue that dictates 
positioning of the polarity axis.

Singularity in cell polarization
In order to successfully polarize, cells must ensure that one – and only one – 
polarity axis is established during symmetry breaking. For some cells, limiting 
polarization to a single domain is pivotal. For instance, if yeast cells form 
more than one bud, DNA missegregation occurs, resulting in aneuploidy142. 

Box 1: Turing-type pattern formation and symmetry breaking
Based on the three aforementioned mechanisms, Alan Turing in his 1952 
paper “the Chemical Basis of Morphogenesis” established a mathematical 
framework that provided a paradigm for symmetry breaking and pattern 
formation in biology128.
In a prototypical Turing reaction-diffusion system, symmetry is broken by two 
interacting molecules (“morphogens”): a rapidly-diffusing inactive molecule, 
that is capable of long range inhibition, and a slowly-diffusing active signaling 
molecule, that is able to promote its own synthesis. In such a system, a 
relatively immobile cluster of active molecules will grow locally, while the 
rapidly diffusing inhibitor curbs clusters expansion. Importantly, the function 
of a diffusible inhibitor is dispensable as other means of long range inhibition 
(e.g. sequestering of a critical factor for activation) will result in a similar 
network behavior115,120,127-129.
The resulting Turing system is able to break symmetry and can mathematically 
account for the formation of a variety of biological patterns, including those 
of fish skin pigmentation, insect corneal surfaces and digit patterns130-133. In 
the context of cell polarization, Turing-like reaction-diffusion dynamics have 
been used to model symmetry breaking clustering of Cdc42 during yeast 
cell polarization, of Rop during root hair cell polarization in plants and of 
HRas in axon specification43,134,135. Because of its straightforward biochemical 
requirements and its ability to account for complex biological phenomena such 
as symmetry breaking and singularity in polarization, Turing-type reaction-
diffusion dynamics provide an attractive framework to study cell polarization.
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Alternatively, migrating cells could split apart when opposing migratory fronts 
are formed143-145. In order to ensure singularity in polarization, cells must either 
suppress formation of secondary polarization sites or be capable of resolving 
multiple polarization sites. The first mechanism is dependent on long range 
inhibition and frequently involves mechanochemical signaling144. The second 
mechanism requires the establishment of a ‘winner-takes-all’ competition 
between co-existing clusters to establish a single dominant polarization site146. 
Examples of both mechanisms will be discussed here with a focus on the role of 
small GTPases.

Competition between scarce polarity factors
In polarizing yeast cells, singularity in bud formation is ensured by Cdc42147. The 
mechanisms of Cdc42-dependent singularity regulation have been thoroughly 
investigated and it provides the prime example of how singularity in polarization 
is enforced by competition for limited polarity factors. 

During yeast cell polarization, nascent polarity clusters engage in a greedy 
competition for scarce polarity factors such as Cdc42, Bem1 and Cdc24146. Positive 
feedback recruitment of these factors to growing clusters ultimately creates a 
competition in which larger clusters are more effective in sequestering polarity 
factors, thereby eliminating smaller clusters146,148. This ensures that one winning 
Cdc42 cluster is formed and thereby prevents formation of multiple buds. 
 
As a consequence of this, slowing the competition between clusters, by reducing 
the mobility of polarity factors, impairs the ability to resolve multiple clusters 
and thereby results in yeast cells with multiple buds. In yeast, this has been 
demonstrated using various approaches: Howell et al. engineered an artificial 
feedback mechanism involving actin-dependent endocytic recycling of Bem1, 
which is a critical polarity factor for yeast148. As a consequence, this feedback 
occurs at a slower rate compared to the endogenous diffusion-based feedback 
circuit and thus slows down competition between growing clusters. This slow 
feedback mechanism was able to support polarization, but resulted in the 
formation of multiple buds148. Alternatively, Bendezu et al. showed that a Cdc42 
mutant that is insensitive to RhoGDI- and endocytosis-dependent plasma 
membrane removal has reduced mobility but can support cell polarization149. 
Nonetheless, yeast cells expressing this mutant frequently formed multiple buds 
in a randomized pattern. 

Whereas these experiments used artificial mechanisms to demonstrate that 
competition for polarity factors ensures singularity in bud formation, various 
mechanisms regulate this competition under endogenous conditions. Cdc42 
mobility is a crucial factor in this as already indicated by the finding of Bendezu 
et al. that a mutant of Cdc42 with decreased mobility violates singularity in 
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budding149. Decreasing Cdc42 mobility by deletion of RhoGDI slows competition 
between co-existing polarity clusters and results in the formation of multiple buds 
in a fraction of cells142,146. In addition, Cdc42 mobility is regulated by interaction 
with membrane lipids and by endocytosis150-152. Although important for Cdc42 
cluster establishment, it remains unclear whether these mechanisms governing 
Cdc42 mobility contribute to singularity enforcement153. 
Taken together, these findings support the idea that singularity in yeast cell 
budding is ensured by a fast competition for a limited pool of polarity factors 
between nascent clusters.
 
A similar competition may ensure singularity in root hair formation of 
Arabidopsis trichoblast cells154. Evidence for this is the finding that mutations 
in SUPERCENTIPEDE1 (SCN1), which encodes a RhoGDI that controls the 
mobility of Rop GTPases, result in trichoblast cells with multiple root hairs155. 
Furthermore, competition between two clusters for available Cdc42 and 
its activator GEF1 facilitate bipolar growth in fission yeast and controls cell 
morphology156,157.
 
A mammalian example where competition between polarity factors ensures 
singularity is the specification of a single axon out of multiple dendrites during 
neuronal polarization158. In this process, the small GTPase HRas has a crucial 
function as illustrated by the finding that expression of constitutively activated 
HRas(Q61L) results in neurons with multiple axons122. A positive feedback 
mechanism which involves PI3K and vesicular transport drives confinement of 
HRas activity to a single neurite and thereby specifies the nascent axonal growth 
cone122. Therefore, singularity in axon formation is considered to originate from 
a winner-takes-all competition for HRas between neurites.
 
Mechanical control of singularity
Next to establishing a competition for scarce polarity factors, singularity in 
polarization can be achieved via long range inhibition by means of mechanical 
regulation129,159,160. This means of singularity enforcement has been primarily 
studied in the context of unidirectional cell migration, where a dominant 
migratory front suppresses the formation of additional protrusions. For instance 
in migrating neutrophils, where membrane tension functions as a long range 
inhibitory signal to prevent secondary pseudopod formation144. Similarly, 
membrane tension prevents the formation of multiple fronts during unidirectional 
migration of fish keratocytes161.

A seminal question that arises from this is how membrane tension is able 
to safeguard singularity in polarization during cell migration. Two general 
mechanisms have been proposed: firstly, increases in membrane tension provide 
a direct physical barrier to the actin polymerization required for the formation 
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of secondary protrusions161,162. Indeed loss of membrane tension, induced by 
vesicles fusion, results in the formation of multiple protrusive fronts in migrating 
keratocytes and causes cell splitting145. Secondly, increased membrane tension 
can trigger negative feedback signaling that inhibits actin polymerization163. 
During neutrophil migration for instance, this mechanochemical signaling route 
involves tension dependent activation of PLD2 and mTORC2 which subsequently 
inhibits actin polymerization by inhibiting the WAVE2 complex163. At least for 
polarizing neutrophils, both mechanisms are required to ensure the formation of 
a single leading edge and consequently for efficient chemotaxis.
 
Another example of how singularity can be enforced by mechanical cues is the 
establishment of a polar tube outgrowth during Schizosaccharomyces pombe 
spore germination. Here, the physical constraint imposed by the rigid outer 
spore wall inhibits Cdc42 clustering, thereby preventing cell polarization125. At 
the first crack of the outer spore wall during hatching, this constraint is relieved 
and a polar cap can stabilize. The release from this physical constraint therefore 
ensures that polar growth initiates at the site of outgrowth where mechanical 
inhibition of cell polarization is lost. 
 
Singularity in apical domain specification during epithelial cell 
polarization
Apico-basal polarization in epithelial cells almost universally results in the for-
mation of a single apical domain. A notable exception are hepatocytes that typi-
cally polarize with multiple, smaller apical domains that form the bile canaliculi. 
It is generally considered that cell-cell contacts are instructive in apical domain 
specification and thereby safeguard singularity in polarization1,2,164,165. However, 
this is challenged by the finding that various epithelial cell lines can fully 
polarize in vitro in the absence of cell-cell contacts, either by forced activation 
of polarity signaling or by applying physiological stimuli166,167. Strikingly, these 
single cell model systems for epithelial cell polarization rarely form multiple 
apical domains, raising the question how epithelial cells ensure singularity in 
apical domain specification.
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Box 2: Model systems for studying cell polarization in vitro.
A variety of cell-based in vitro model systems have been developed to 
understand the molecular mechanisms of cell polarization. Some cell lines are 
able to polarize in 2D cultures when cultured to confluency. Among these cell 
lines, the CaCo2 colon carcinoma cell line and its derivatives and the canine 
MDCK cell line have been widely used to study epithelial cell polarization. 
More exotic cell lines exist that are used to study epithelial cell polarization 
of specific organs, for example WIF/B9 cells, a rat hepatoma/human fibroblast 
hybrid cell line used to study hepatocyte polarization168. 
These model systems have provided many insights in the molecular 
mechanisms of amongst others, epithelial barrier function, microvilli formation 
and junction assembly. However, because these cells require prolonged culture 
at confluency to establish full cell polarization, loss of any protein that is 
required for monolayer establishment will ultimately result in an apparent 
loss of cell polarization. As a consequence, various proteins were claimed to 
be required for cell polarization based on studies in CaCo2 cells, but have less 
severe polarity phenotypes in other model systems169,170.
 
Alternatively, when CaCo2 or MDCK cells are cultured in matrigel, a 
preparation of tumor-derived extracellular matrix components, they self-
organize into cyst cultures that are able to form and maintain a central 
lumen25,79. These cyst cultures are considered more biologically relevant for 
studying cell polarization in particular with respect to spindle orientation.
The formation of a central lumen in MDCK and CaCo2 cyst cultures occurs 
via a hollowing mechanism, during which neighboring cells establish a small 
lumen at their junctions which is subsequently expanded by pumping in fluid 
via vacuolar exocytosis79,171. Although this mechanism of lumen formation has 
been studied in great detail in vitro, its biological relevance is debated because 
there is no evidence that hollowing contributes to lumen formation in vivo79.

Similar to CaCo2 or MDCK cysts, epithelial breast (cancer) cell lines assemble 
into organized cyst cultures when grown in matrigel172. These 3D breast acini 
have been used to study breast cancer progression and have contributed greatly 
to an understanding of how the extracellular matrix affects cell behavior173,174. 
One seminal difference with other cyst cultures is that lumen formation in 
breast acini is driven by apoptosis of cells in the cyst center. This process, 
known as cavitation, reflects breast lumen formation in vivo and is likely driven 
by cell detachment from the basement membrane and consequent anoikis175.

A relatively new model system for cell polarization is the Ls174T:W4 cell 
line166. This engineered cell line is based the Ls174T colon carcinoma cell line 
which is poorly polarized under normal culture conditions. However, forced 
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activation of Liver Kinase B1 (LKB1) in these cells is sufficient for complete 
polarization. To this end, Ls174T cells were transduced to stably overexpress 
LKB1 and to inducibly express its co-activator STRADα. Upon doxycycline 
stimulation, STRADα forms a complex with LKB1 and the adaptor protein 
Mo25 which results in cytosolic translocation of this active signaling complex. 
Although subsequent signaling by LKB1 remains enigmatic, the end result of 
this forced LKB1 activation is a complete and rapid (±12h) cell polarization 
that includes the formation of the iconic apical microvilli that constitute the 
enterocytic brush border166.

A striking feature of Ls174T:W4 cells is that their induced polarization is 
independent of cell-cell junctions. This is in sharp contrast with other 2D 
model systems like MDCK and CaCo2 cells that require junction formation 
to initiate cell polarization. This makes Ls174T:W4 cell polarization more 
robust because unlike MDCK and CaCo2 polarization it is not affected by loss 
of proteins that compromise monolayer integrity. 
 
Polarized Ls174T:W4 cells have the additional curious features that they 
almost always form a single apical membrane with relatively uniform size 
(covering roughly 20% of the plasma membrane). Apical cell-cell junctions are 
generally considered to safeguard singularity in apical membrane formation 
and control apical membrane size by functioning as a physical barrier between 
apical and basolateral membranes. The notion that singularity is not violated 
and that apical membrane size is uniform in polarized Ls174T:W4 cells 
suggests that mechanisms exist that control these features in a junction-
independent manner. 

Therefore, studying polarization of Ls174T:W4 cells may allow deconvolution 
of cell-intrinsic and junction-derived cell-extrinsic polarity signaling routes. 
However, one needs to be aware that signaling pathways in Ls174T:W4 
cells ignore junctional input which may affect signaling in the context of an 
epithelial monolayer.
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Outlook
In this thesis novel signaling pathways are revealed that contribute to symmetry 
breaking during enterocyte polarization. The prime model system for studying 
these pathways are Ls174T:W4 cells, which break cellular symmetry upon 
forced polarization. The central research question underlying this work is: how 
are intracellular signaling pathways organized to enable symmetry breaking?

In chapter two it is demonstrated that singularity in apical domain specification 
during epithelial cell polarization is actively enforced and that this requires 
Cdc42 signaling. For this Cdc42 mobility at the apical domain is regulated 
by the disease-associated flippase ATP8B1. Loss of this regulation results in 
the formation of multiple apical domains and affects apical membrane size in 
Ls174T:W4 cells. In a 3D context, loss of ATP8B1 affects lumen architecture 
indicative of an important function for singularity enforcement in tissue 
morphogenesis.

In chapter three the regulation of Cdc42 mobility during cell polarization is further 
revealed. Upon activation by the Cdc42GEF Tuba, Cdc42 mobility is drastically 
reduced to ensure localized signaling. The molecular origin of this immobilization 
is identified and the importance of this regulation is demonstrated.

In chapter four the role of the tumor suppressor PTEN in apical domain 
specification is assessed. It is revealed that PTEN is required to restrict apical 
domain formation and that for this PTEN requires binding to PTPL1.

In chapter five signaling by the Rap2 small GTPases is introduced. An overview 
is provided on the biochemical mechanisms of Rap2 signaling and the biological 
functions in which Rap2 signaling is implicated are discussed.

In chapter six the mechanisms of isoform specific Rap2 signaling during brush 
border formation are elucidated. Rap2A is the sole isoform contributing to 
enterocytic brush border formation despite expression of the highly similar 
Rap2B and Rap2C isoforms. A combination of specific localization and selective 
activation explains how highly similar GTPases can signal independently.

In the summarizing discussion the prime findings are recapitulated and their 
implications are further discussed. Also, the connectivity of the newly identified 
signaling pathways is discussed.
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Abstract
During yeast cell polarization localization of the small GTPase Cdc42 is clustered 
to ensure the formation of a single bud. Here we show that the disease-associated 
flippase ATP8B1 enables Cdc42 clustering during enterocyte polarization. Loss 
of this regulation results in increased apical membrane size with scattered apical 
recycling endosomes and permits the formation of more than one apical domain, 
resembling the singularity defect observed in yeast. 
 
Mechanistically, we show that to become apically clustered, Cdc42 requires the 
interaction between its polybasic region and negatively charged membrane lipids 
provided by ATP8B1. Disturbing this interaction, either by ATP8B1 depletion or 
by introduction of a Cdc42 mutant defective in lipid binding, increases Cdc42 
mobility and results in apical membrane enlargement. Re-establishing Cdc42 
clustering, by tethering it to the apical membrane or lowering its diffusion, 
restores normal apical membrane size in ATP8B1-depleted cells. 
 
We therefore conclude that singularity regulation by Cdc42 is conserved between 
yeast and man and that this regulation is required to maintain healthy tissue 
architecture.
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Introduction
he generation of polarized epithelial cells is paramount to proper tissue 
development and homeostasis. Seminal in the establishment and 

maintenance of stable polarity is tight spatial regulation of the small GTPase 
Cdc421,2. During polarity establishment in budding yeast, Cdc42 functions as a 
pioneer factor, since its clustered activation suffices to recruit all downstream 
signaling components required for bud formation3. To prevent ectopic bud 
formation, Cdc42 localization is therefore strictly governed by multiple feedback 
mechanisms that allow accumulation of Cdc42 at the apical membrane and 
ensure singularity by depleting Cdc42 elsewhere in the cell4,5. 
 
By remodeling the apical plasma membrane phospholipid flippase complexes 
can modulate Cdc42 signaling during yeast bud formation6,7. Nevertheless, it is 
unknown to what extent this mechanism contributes to polarity establishment 
in mammalian cells. Human phospholipid flippases of the type 4 subfamily of 
P-type ATPases (P4-ATPases) have been implicated in various human disorders. 
Most notably, mutations in the phosphatidylserine (PS) flippase ATP8B1 underlie 
progressive familial intrahepatic cholestasis type 1 (PFIC1), a disease hallmarked 
by the development of cholestasis ultimately causing liver failure. In addition, 
ATP8B1 mutations impose various extrahepatic symptoms including diarrhea8. 
These symptoms reflect the tissue distribution of ATP8B1, which is expressed 
only at the apical surfaces of polarized epithelial cells such as hepatocytes and 
enterocytes9,10. Although it is well established that mutations in ATP8B1 cause 
PFIC1, it is largely unknown which signaling pathways are affected by ATP8B1 
loss and how this contributes to pathogenesis in PFIC1.

Results
To investigate the mechanistic consequences of ATP8B1 loss we generated small 
intestinal organoid cultures derived from an ATP8B1G308V/G308V mouse (“PFIC 
organoids”). The G308V mutation destabilizes the ATP8B1 protein resulting in 
its functional loss (Fig. 1c)11,12. 

In PFIC organoids we observed structural defects in the apical membranes 
of the enterocytes that form the central lumen. Whereas wild type organoids 
form a sphere-shaped lumen with a smooth continuous apical brush border, 
PFIC organoids have unstructured lumina with larger apical membranes and 
irregularly shaped brush borders (Fig. 1a, b). These structural abnormalities are 
not observed in the crypts of PFIC organoids (Fig. 1d), which is in agreement with 
the limitation in intestinal expression of ATP8B1 to differentiated enterocytes10. 

Apical membrane generation is critically governed by recycling endosomes that 
deliver signaling proteins to the nascent apical membrane13,14. We found that 
concomitant with the defects in lumen architecture in PFIC organoids, the 
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global distribution of apical endosomes was diffusely scattered, as determined 
by Myosin Vb staining (Fig. 1e). Importantly, in PFIC organoids the apical 
membrane marker phosphorylated Ezrin/Radixin/Moesin (pERM) and the 
basolateral marker CD71 segregated normally and apical tight junction were 
present, as judged by ZO-1 staining, demonstrating that overall polarity is intact 
in PFIC organoids (Fig. S1a, b, c).

A B C

D E

F G

Figure 1: Pathogenic mutations in ATP8B1 cause cell-autonomous defects in intestinal lumen 
formation.
(a) Maximum intensity projections of wild type and PFIC small intestinal organoids, fixed 
and stained with phalloidin (green) and DAPI (blue). Bars, 35 µm (b) Ratio of apical vs. basal 
membrane length of wild type (n=11) and PFIC organoids (n=15). * p < 0.0002. (c) Western 
blot of lysates from wild type and PFIC organoids, probed for ATP8B1 and Na/K ATPase.  
(d) PFIC organoid staining for the enterocyte marker villin, phalloidin and DAPI. Bar, 35 µm 
(e) Wild type and PFIC organoids stained for the apical endosomal marker Myosin Vb. Bars, 35 
µm; in zoom 10 µm (f) Control and PFIC1 patient ileum samples stained for Myosin Vb. Red 
arrows highlight apical Myosin Vb staining. Bars, 25 µm (g) Ileal sample from PFIC1 patient 
immunostained for Myosin Vb. Red arrows highlight villi and green arrows highlight crypts. Bar, 
25 µm
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To demonstrate further that ATP8B1 loss causes diffuse localization of apical 
endosomes we stained biopsy specimens from healthy and PFIC1 small intestine 
mucosa for Myosin Vb. We found that apical accumulation of Myosin Vb is 
diminished and observed irregularities in apical membrane organization in PFIC1 
patient enterocytes, similar to what was found in mouse PFIC organoids (Fig. 
1f). Furthermore, Myosin Vb was normally enriched at the luminal membrane 
in the crypts of PFIC1 mucosa (Fig. 1g). Evidence that ATP8B1 functions in vivo 
to control apical membrane size and lumen formation is additionally provided 
by the findings that ATP8B1G308V/G308V mice, which do not develop cholestasis11, 
do form enlarged bile canalicular lumina (Fig. S1d, e) and that PFIC1 patients 
have altered bile canalicular lumen morphology15, additionally demonstrating 
that this effect is not limited to the intestine.

To study the molecular mechanism via which ATP8B1 deficiency affects apical 
membrane formation we used the Ls174T:W4 cell line as a model system for 
enterocyte polarization. In W4 cells, doxycycline-induced expression of STRAD 
drives the cytosolic activation of LKB1, which is sufficient to polarize these cells 
in the absence of cell-cell contacts16. During W4 cell polarization, an apical brush 
border is formed and ATP8B1 localization is restricted to the apical domain (Fig. 
S2a). 
 
In W4 cells with stable knockdown of ATP8B1, doxycycline-induced polarization 
resulted in appearance of microvilli over a larger part of the cell than in W4 cells 
that expressed control shRNA (Fig. 2a, b, c). These microvilli stained positive for 
villin, demonstrating the formation a bona fide brush border, and other polarity 
markers segregated normally compared to control W4 cells (Fig. S2b, c, d). As 
in PFIC organoids, depletion of ATP8B1 from W4 cells resulted in multiple 
foci of Rab11-positive recycling endosomes (Fig 2d). The dispersal of recycling 
endosomes spanned the enlarged brush border in ATP8B1-depleted cells and 
thus correlated with apical membrane size. 
 
Next to apical membrane enlargement and Rab11 endosome dispersal, knockdown 
of ATP8B1 in the W4 cells also caused the formation of multiple, discrete 
apical membrane patches in a fraction of cells, indicative of a singularity defect 
(Fig. 2e, f). In yeast, singularity in budding is ensured by spatial confinement 
of the small GTPase Cdc42 into a single cluster at the incipient bud site3,4. To 
test whether Cdc42 is also important to ensure singularity in apical membrane 
generation during W4 cell polarization we used CRISPR/Cas9-mediated gene 
disruption to generate W4 cells that have no endogenous Cdc42 (W4:NEC). These 
Cdc42 knockout cells retained the ability to generate an apical brush border 
(Fig. 3c). Nevertheless, W4:NEC cells violated singularity as demonstrated by 
the appearance of multiple foci of recycling endosomes and the presence of many 
cells that formed multiple brush borders (Fig 3a, b). This singularity defect could 
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Figure 2: Loss of ATP8B1 in polarized Ls174T:W4 cells results in the formation of an enlarged 
apical membrane and causes loss of singularity.
(a) Polarized Ls174T:W4 cells infected with control short hairpin or shATP8B1 stained with 
phalloidin to visualize the actin cytoskeleton. (b) Apical membrane size quantified by determining 
the fraction of the plasma membrane bearing microvilli as visualized by actin staining. * p < 
0.00002 (c) Western blot of W4 cell and ATP8B1-depleted W4 cell lysates, probed for ATP8B1 and 
Na/K ATPase. (d) Localization of the apical recycling endosomal marker dsRed-Rab11 in control- 
and ATP8B1-depleted W4 cells. (e) Quantification of cells with multiple brush borders in polarized 
control or ATP8B1-depleted W4 cells. Numbers between parentheses indicate total number of cells 
with multiple apical membranes in three independent experiments. Error bars are s.e.m. * p < 0.0003  
(f) Example of ATP8B1-depleted cell that has formed two discrete brush border patches. Bars, 
5 µm

Figure 3: Cdc42 knockout cells form multiple brush borders and have dispersed recycling 
endosome localization
(a) Maximum intensity projections of polarized W4:NEC cells expressing dsRed-Rab11 and Lifeact-
GFP. (b) Quantification of cells with multiple brush borders in polarized W4 cells or W4:NEC 
cells expressing YFP or YFP-Cdc42. Numbers between parentheses indicate total number of cells 
with multiple apical membranes during three independent experiments. Error bars are s.e.m from 
three experiments. * p < 0.003 (c) Western blot of W4 cell or W4:NEC cell lysates, probed for Cdc42 
and alpha-tubulin. Bars, 5 µm
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be rescued by re-introducing YFP-Cdc42, excluding potential CRISPR/Cas9 off-
target effects (Fig 3b). Therefore, we conclude that Cdc42 is required for ensure 
the formation of a single apical membrane during W4 cell polarization.
 
In order to maintain singularity during yeast budding Cdc42 is subjected to strict 
spatial regulation4,17. We thus questioned whether the singularity defect observed 
in ATP8B1-depleted W4 cells originated from altered Cdc42 localization. Indeed 
whereas in W4 cells YFP-Cdc42 is enriched at the clustered apical membrane, in 
ATP8B1-depleted W4 cells Cdc42 localization is dispersed and is poorly enriched 
at the apical membrane (Fig. 4a, b). 
 
Next, using the Cdc42(D185) mutant, we investigated whether the 
dispersed localization of Cdc42 in ATP8B1-depleted W4 cells caused apical 
membrane enlargement. By introducing a negative charge into the polybasic 
region of Cdc42, the S185D mutation abrogates electrostatic interaction 
with negatively charged membrane lipids: whereas wild type Cdc42 can 
interact with phosphatidylserine (PS) and phosphatidic acid (PA) in vitro, 
the Cdc42(D185) mutant has lost the ability to bind these lipids (Fig. 4d).  
When expressed in polarized W4 cells, YFP-Cdc42(D185) was dispersed, like wild 
type Cdc42 in ATP8B1-depleted W4 cells (Fig. 4a). Importantly, expression of 
YFP-Cdc42(D185) in W4 cells resulted in failure of apical membrane clustering 
like that in ATP8B1-depleted W4 cells (Fig. 4c). We therefore conclude that 
dispersed localization of Cdc42 causes apical membrane enlargement in polarized 
W4 cells. 
 
To demonstrate that improper clustering of Cdc42 at the apical membrane 
causes apical membrane enlargement in ATP8B1-depleted cells, we replaced the 
C-terminal hypervariable region (HVR) of Cdc42 with the pleckstrin homology 
(PH) domain of phospholipase Cδ (PLCδ), which binds PI(4,5)P2. This apically 
enriched membrane lipid is localized independently of ATP8B1 and thus provides 
an alternative apical localization signal18,19. Indeed, this fusion protein completely 
recued the enlarged apical membrane in ATP8B1-depleted cells (Fig. 4f, g).

The dispersed localization of Cdc42 in ATP8B1-depleted W4 cells suggests that 
ATP8B1 functions to tether Cdc42 at the apical membrane which is required 
for Cdc42 to direct apical membrane clustering and maintain singularity. To 
measure apical membrane association of Cdc42, we fused the HVR of Cdc42, 
either wild type or D185, with the photoconvertible Dendra fluorescent protein. 
Upon expression of these probes in polarized W4 cells, local green-to-red 
photoconversion in the brush border is followed by gradual loss of red signal from 
this region as a result of diffusion (Fig. 5a). Therefore, the rate of signal decline 
from the converted region reflects the ability of these probes to be maintained 
at the apical plasma membrane. As full length Cdc42(D185) induces apical 
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Figure 4: Loss of clustered Cdc42 localization causes apical membrane enlargement downstream 
from ATP8B1.
(a) Localization of YFP-Cdc42, wild type or D185, in polarized control- or ATP8B1-depleted W4 
cells. (b) Quantification of apical enrichment of YFP-Cdc42 in polarized W4 cells. Quantified as 
the ratio of the average signal intensity between apical and basal membrane localized YFP-Cdc42.  
* p < 0.005 (c) Quantification of apical membrane size in polarized W4 cells expressing YFP-Cdc42 
WT or D185. * p < 0.0002, n.s. p > 0,05 (d) HA-Cdc42 and HA-Cdc42(D185) binding profile to 
membrane-spotted phospholipids. (e) Western blot for HA-tag of IP eluates that were added to the 
lipid-spotted membranes in d, demonstrating that equal amounts of HA-Cdc42 were allowed to bind.  
(f) Quantification of apical membrane size in control W4 cells or ATP8B1-depleted W4 cells 
expressing YFP, YFP-Cdc42(WT) or YFP-Cdc42-PH. * p < 0,00001, n.s. p > 0,05 (g) Representative 
images of polarized W4 cells, control or ATP8B1-depleted, expressing YFP, YFP-Cdc42(WT) or 
YFP-Cdc42-PH in combination with the actin marker Lifeact-Ruby. Bars, 5 µm
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membrane enlargement, we used the isolated hypervariable regions to monitor 
intrinsic membrane association without disturbing cell morphology. 
Averages of normalized decline traces revealed that the D185 mutant 
was lost from the apical membrane more rapidly than the wild type probe 
(average half-life 132.5 vs. 81.1s.) (Fig. 5b, c, d). The wild type probe was evicted 
from the apical membrane more rapidly in ATP8B1-depleted cells than in control 
W4 cells, at a rate similar to the D185 mutant in control W4 cells (93.3s. and 81.1s. 
respectively) (Fig. 5b, c, d). In contrast, the eviction rate of Dendra-Rap2A(HVR), 
which does not contain a polybasic region but requires palmitoylation for plasma 
membrane association, was unaffected by ATP8B1 knockdown (Fig. S3a, b). 

The increased mobility of Cdc42 in ATP8B1-depleted cells critically impedes 
the ability of Cdc42 to maintain a clustered apical membrane, because Cdc42 
mutants that have stronger membrane association, resulting from introduction 
of additional basic residues, could restore normal apical membrane size in 
ATP8B1-depleted cells (Fig. 5e, f, S3c).

Discussion
We have established that loss of the mammalian flippase ATP8B1 results in 
defects in apical membrane architecture and abolishes singularity in recycling 
endosomal directionality. These defects are likely to contribute to the pathogenesis 
of PFIC1 in a bile acid-independent, cell-autonomous manner. Depletion of 
ATP8B1 causes a singularity defect as demonstrated by the appearance of cells 
that have multiple apical domains, but also as illustrated by the multiple clusters 
of Rab11 recycling endosomes in ATP8B1-depleted cells. The enlarged apical 
membrane in ATP8B1-depleted cells may mask potential multiplicity and likely 
explains why multiple brush borders are only observed in a fractions of cells.

We and others have demonstrated that Cdc42, the master regulator of singularity 
during yeast budding, interacts with phosphatidylserine20, thus linking ATP8B1 
via its preferred lipid substrate to Cdc42 localization21-23. Flippase-mediated 
modulation of Cdc42 membrane association also occurs during yeast budding6,7. 
Nevertheless, in contrast to ATP8B1, these flippases function to promote Cdc42 
membrane dissociation and have not been implicated in singularity regulation. 
Therefore, our work demonstrates for the first time that membrane remodeling 
by lipid flippases is crucial for Cdc42 to enforce singularity in apical membrane 
generation.

We show that ATP8B1 loss results in a higher mobility of Cdc42 at the apical 
membrane. Various mechanisms may account for Cdc42 loss from the apical 
cluster, including GDI-mediated extraction and lateral diffusion. These 
mechanisms are likely interconnected as impaired function of the polybasic 
region both weakens membrane association and increases GDI binding6,24. 
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Figure 5: Loss of ATP8B1 increases the apical diffusion rate of Cdc42. 
(a) Schematic representation of the experimental setup used to determine the apical membrane 
diffusion rate. (b) Still images from representative photoconversion movies based on which the 
dissociation traces in c were generated. (c) Average normalized dissociation traces for control W4 
cells expressing Dendra-Cdc42(HVR) wild type (n = 11), Dendra-Cdc42(HVR) D185 (n = 6), or 
ATP8B1-depleted cells expressing Dendra-Cdc42(HVR) wild type (n = 17). Light areas indicate 
s.e.m. (d) Residential half-lifes determined from average decay traces shown in c using curve fitting. 
Statistics were performed using half-lifes from individual cell traces. Error bars represent s.e.m.  
* p < 0,05, n.s. p > 0,05 (e) Average normalized dissociation traces for control or ATP8B1-depleted 
W4 cells expressing Dendra-Cdc42(HVR) wild type (n = 6), 1,5xPBR (shCTRL n = 7, shATP8B1 
n = 9) or 2xPBR (shCTRL n = 12, shATP8B1 n = 8) Light areas indicate s.e.m. (f) Apical membrane 
size in ATP8B1-depleted W4 cells expressing YFP, YFP-Cdc42(1,5xPBR), or YFP-Cdc42(2xPBR). 
* p < 0.00002, n.s. p > 0,05, red bars indicate average
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By using the C-terminal fragments of Cdc42, which are not bound by GDIs, the 
mobility observed during photoconversion experiments is GDI-independent and 
demonstrates that ATP8B1 affects Cdc42 membrane association independent 
of GDP/GTP loading or GDI binding. Nevertheless, GDI-mediated extraction 
may act in concert to impose the diffuse localization of full length Cdc42 in 
ATP8B1-depleted cells. 
The ATP8B1-mediated decrease in Cdc42 mobility at the apical membrane 
critically affects the ability of Cdc42 to maintain singularity. Our data thus 
provide experimental evidence, in a mammalian context, for mathematical models 
of singularity in yeast that stress the importance of apical membrane diffusion 
as a key determinant in the establishment of a single apical domain17,25-28. 
 
Importantly, tight and adherens junctions are normally formed in intact tissue 
when ATP8B1 is lost and no ectopic lumina are formed, indicating that junction 
formation is dominant in apico-basal membrane segregation. However, the 
structural defects in apical membrane organization demonstrate that pathogenic 
loss of ATP8B1 affects lumen formation in a multicellular context and suggest 
a function for the evolutionary conserved process of singularity in maintaining 
healthy tissue architecture.

Materials & Methods
Cell culture & plasmids
Ls174T:W4 cells were cultured in RPMI1640 (Lonza) supplemented with 10% 
tetracycline-free FBS (Lonza) and antibiotics. To induce polarization, W4 cells 
were cultured in medium containing 1 µg/ml doxycycline (Sigma) for at least 
16h. For transient transfection, W4 cells were transfected using X-tremeGene9 
(Roche) according to the manufacturer’s guidelines.

N-terminally tagged YFP- or HA-tagged Cdc42 proteins were generated 
using Gateway recombination (Invitrogen) in pcDNA3 and pMT2 backbones 
respectively and under control of a CMV promotor. The Cdc42 S185D mutation 
was introduced by site-directed mutagenesis. For the C-terminal Cdc42 mutants 
(PH fusion and PBR extensions) first a unique EcoR1 site was introduced after 
amino acid 174. This site was subsequently used to introduce the PH domain 
(amino acid 21 -130) PCR fragment, derived from PLCδ, or the modified polybasic 
regions, generated by annealing the corresponding oligonucleotides, using In-
Fusion cloning reactions (Clontech). For photoconversion experiments, the region 
encoding the Cdc42 hypervariable region (corresponding to amino acid residues 
175 – 191) or Rap2A hypervariable region (amino acid residues 167 – 183) was 
N-terminally fused to Dendra in pDendra-C2 under control of a CMV promotor. 
Lifeact-Ruby and Lifeact-GFP in pmRFP-Ruby-N1 and pEGFP-N1 under control 
of a CMV promotor was provided by R. Wedlich-Soldner and dsRed-Rab11 in 
pdsRed-N1 under control of a CMV promotor was provided by J.P. Ten Klooster.
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Antibodies
The following antibodies were used for immunofluorescence: rabbit anti-Myosin Vb 
(Novus Biologicals, 1:1000), mouse anti-villin (1D2C3, Santa Cruz, 1:500), mouse 
anti-CD66 (BD Biosciences, 1:500), mouse anti-CD71 (H68.4, Life Technologies, 
1:1000), rabbit anti-phospho Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558) 
(Cell Signaling, 1:250), and mouse anti-ZO-1 (1A12, Life Technologies, 1:500) 
The following antibodies were used for Western blots: rabbit anti-ATP8B1 (H-
91, Santa Cruz, 1:1000), rabbit anti-Cdc42 (11A11, Cell Signaling), mouse anti-
Na/K ATPase (Millipore, 1:5000), mouse anti-HA (12CA5, Roche, 1:5000) and 
mouse anti-alpha-Tubulin (DM1A, Calbiochem, 1:10000)

Lentiviral knockdown
Ls174T-W4 cells were infected for two successive days with lentiviral shR-
NA constructs (Mission library, Sigma). Infected cells were selected for puro-
mycin resistance (10 µg/ml) for at least three days. For stable knockdown of 
ATP8B1 three hairpins were used (target sequence shRNA #1: 5’-CGGAAG-
CGAATGTCTATCATT-3’, shRNA #2: 5’-CCGATGGTCTTACATAAGGAT-3’, 
shRNA #3: 5’-CCACTATCTTATTGAGCAAAT-3’) and for Cdc42 five hairpins 
were used (target sequence shRNA #1: 5’-CCCTCTACTATTGAGAAACTT-3’, 
shRNA #2: 5’-CGGAATATGTACCGACTGTTT-3’, shRNA #3: 5’-CAGATGTAT-
TTCTAGTCTGTT-3’, shRNA #4: 5’- GACTCTGTAACAGACTAATTG-3’, shR-
NA #4: 5’-CCTGATATCCTACACAACAAA-3’, shRNA #5: 5’-CCAAGAACAAA-
CAGAAGCCTA-3’)
 
Generation of Cdc42-deficient W4 cells using CRISPR/Cas9
W4 cells were transiently transfected with pSpCas9(BB)-2A-GFP (PX458), 
encoding an sgRNA (GAAGCCTTTATACTTACAGT) targeting the first coding 
exon of Cdc42. Single GFP-positive cells were sorted to individual wells of a 96-wells 
plate using a BD FACS AriaII flow cytometer. Genomic DNA from expanded 
clones was isolated using the QIAamp DNA Micro Kit. The targeted genomic 
region was amplified by PCR (forward primer: GAATAGCCAGGGATCAGAAAC; 
reverse primer TTGAGACCACCACTCGTTAG), cloned into pGEMT (Promega), 
and sequenced. Absence of Cdc42 was demonstrated by Western blotting. The 
two clones presented are independent clonal lines generated using the same 
sgRNA.
 
Live cell imaging
Transfected W4 cells were split and seeded onto glass-bottom dishes (WillCo 
Wells) in the presence of doxycycline (1µg/ml). Before imaging, medium was 
removed and replaced with HEPES-buffered (pH = 7.4) Leibovitz’s L-15 medium 
(Invitrogen). Cells were imaged at 37 ºC using an Axioskop2 LSM510 scanning 
confocal microscope (Zeiss) with a 63x magnification oil objective (PLAN 
Apochromat, NA 1,4) using Zen image acquisition software. Apical membrane 
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size was determined using ImageJ software by measuring the total perimeter 
of the cell and the length of the membrane bearing microvilli. Average apical 
membrane sizes were compared using independent samples t-test in SPSS with 
a p-value <0.05 as a cutoff for significance. Quantification of apical enrichment 
of YFP-Cdc42 was performed by making a line scan through the apical and 
basal membrane and determining the ratio between average apical and basal 
membrane pixel intensities using ImageJ. Average enrichment ratios were 
compared using independent samples t-test in SPSS with a p-value <0.05 as a 
cutoff for significance. 

Intestinal organoid cultures
Wild type and PFIC organoids were cultured as described previously29. Briefly, 
crypts from an ATP8B1G308V/G308V mouse were isolated in PBS/EDTA (2mM). 
Crypts were pelleted and resuspended in Matrigel (BD Bioscience) and plated 
in 24-well plates. Organoids were cultured in advanced DMEM/F12 (Life 
Technologies) supplemented with B27 supplement (Life Technologies), mEGF 
(Life Technologies), 5% R-Spondin-conditioned medium, 10% Noggin-conditioned 
medium and N-acetyl-cysteine. Organoids were passaged every 5 days by 
mechanical dissociation using a Pasteur pipette. 
 
Immunofluorescence staining on organoids
For immunofluorescence, organoids were seeded on glass-bottom dishes (WillCo 
Wells) after passaging. Four days after passaging, organoids were fixed in 4% 
formaldehyde for 15 min. at 4ºC. After gentle washing with PBS, organoids were 
permeabilized in PBD-2T buffer (1% BSA, 10% DMSO, 2% Triton X-100 all in 
PBS) for at least 4h at 4ºC. PBD-2T buffer containing primary antibody was 
added to permeabilized organoids and incubated overnight at 4ºC. After washing 
with PBD-2T buffer, Alexa488-coupled secondary antibody diluted in PBD-2T 
buffer together with DAPI and phalloidin-Alexa568 was added and incubated 
overnight at 4ºC. After washing with PBD-2T three times for 10 minutes, the 
organoids were washed twice with PBS and were stored at 4ºC in PBS. Organoids 
were imaged using an Axioskop2 LSM510 scanning confocal microscope (Zeiss) 
with a 40x magnification oil objective (EC PLAN-Neofluar, NA 1,3) using Zen 
image acquisition software. Apical membrane size was quantified by determining 
the ratio of apical and basal membrane at the center of the lumen using ImageJ 
software. Average apical membrane sizes were compared using independent 
samples t-test in SPSS with a p-value <0.05 as a cutoff for significance.

Lipid-overlay assay
HEK293T cells were transfected with HA-Cdc42(WT) of HA-Cdc42(D185). After 
three days, cells were lysed in IPP buffer (50mM Tris pH 7.5, 5mM EDTA, 0,1% 
Tween-20, 350mM NaCl) and cleared by centrifugation at 4ºC. Protein A beads 
were pre-coupled with anti-HA antibody and used to precipitate HA-Cdc42 from 
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lysates for 3h at 4ºC. After washing, HA-Cdc42 was eluted from the beads using 
HA peptide (Sigma) (0.5 mg/ml in BC300 buffer: 20mM Tris pH 7.9, 20% glycerol, 
300mM KCl) by shaking for 1h at room temperature. 10% of both eluates was 
loaded onto a gel for SDS-PAGE to evaluate protein recovery. PIP-Strips (Echelon 
Biosciences) were blocked in PIP-Strip buffer (20mM Tris pH 7.5, 150mM NaCl, 
3% BSA, 0,1% Tween-20) for 1h at room temperature. HA-Cdc42 eluates were 
added to the PIP-Strips and incubated for 16h at 4ºC. After washing, PIP-Strips 
were probed with anti-HA antibody and Alexa-690 coupled secondary antibody 
before detection with a LICOR Odyssey imaging system. 
 
Apical membrane eviction rates
To determine apical membrane eviction rates, W4 cells were transfected 
with Dendra-Cdc42(HVR), polarized and imaged at 37ºC in HEPES-buffered 
(pH = 7.4) Leibovitz’s L-15 medium (Invitrogen). Photoconversion and imaging 
were performed using a Leica SP8x microscope equipped with a temperature- 
and CO2-controlled chamber using a 63x objective (HC PL APO 63x/1.40 oil) 
with Leica LAS AF image acquisition software. Photoconversion of the Dendra 
fluorophore was done with a pulse of 405nm laser and imaging was done with a 
1.5s frame rate. To generate a fluorescent decay trace, the ratio of photoconverted 
(red) signal in the brush border and the total amount of red signal in the cell 
were determined for each time point. Moving regions-of-interest were drawn to 
correct for cell movements during imaging. Ratios were normalized and multiple 
traces were averaged to generate an average fluorescence decay trace. Single 
exponential curve fitting was performed on the average decay traces using 
Matlab software with the general formula: f(x) = a * e^(-b*x) + c. An average 
half-life was determined using the fitted curve. For statistical analyses, half-lifes 
of the individual decay traces were determined and compared using independent 
samples t-test in SPSS with a p-value < 0,05 as a cutoff for significance.
 
Acknowledgements
We thank Bas Ponsioen for assistance in microscopy and data analysis, Hugo 
Snippert for help in organoid culture establishment, Cilia de Heus for technical 
assistance with electron microscopy, Kees Hoeben for quantification of canalicular 
lumen area, Johan Offerhaus for histopathologic evaluation of patient biopsy 
materials, and J. van Velzen and P. van der Burght for technical assistance with 
FACS sorting. We thank Martijn Gloerich for comments on the manuscript and 
all members of the Bos lab for continuous support and discussion. The authors 
declare no competing financial interests.



2

50 51

References
1   Bryant, D. M. & Mostov, K. E. From cells to organs: building polarized tissue. Nature 
     reviews. Molecular cell biology 9, 887-901, doi:10.1038/nrm2523 (2008).
2   Rodriguez-Boulan, E. & Macara, I. G. Organization and execution of the epithelial polarity 
     programme. Nature reviews. Molecular cell biology 15, 225-242, doi:10.1038/nrm3775 (2014).
3   Caviston, J. P., Tcheperegine, S. E. & 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 99, 12185-12190, doi:10.1073/pnas.182370299 (2002).
4   Slaughter, B. D., Smith, S. E. & Li, R. Symmetry breaking in the life cycle of the budding 
     yeast. Cold Spring Harbor perspectives in biology 1, a003384, doi:10.1101/cshperspect. a003384      
     (2009).
5   Wedlich-Soldner, R., Altschuler, S., Wu, L. & Li, R. Spontaneous cell polarization through 
     actomyosin-based delivery of the Cdc42 GTPase. Science 299, 1231-1235, doi:10.1126/science.
     1080944 (2003).
6   Das, A. et al. Flippase-mediated phospholipid asymmetry promotes fast Cdc42 recycling in 
     dynamic maintenance of cell polarity. Nature cell biology 14, 304-310, doi:10.1038/
     ncb2444(2012)
7   Saito, K. et al. Transbilayer phospholipid flipping regulates Cdc42p signaling during polarized 
     cell growth via Rga GTPase-activating proteins. Developmental cell 13, 743-751, doi:10.1016/
     j.devcel.2007.09.014 (2007).
8   van der Woerd, W. L. et al. Familial cholestasis: progressive familial intrahepatic cholestasis, 
     benign recurrent intrahepatic cholestasis and intrahepatic cholestasis of pregnancy. Best 
     practice & research. Clinical gastroenterology 24, 541-553, doi:10.1016/j.bpg.2010.07.010 (2010).
9   Bull, L. N. et al. A gene encoding a P-type ATPase mutated in two forms of hereditary 
     cholestasis. Nature genetics 18, 219-224, doi:10.1038/ng0398-219 (1998).
10  van Mil, S. W. et al. Fic1 is expressed at apical membranes of different epithelial cells in the 
      digestive tract and is induced in the small intestine during postnatal development of mice.  
      Pediatric research 56, 981-987, doi:10.1203/01.PDR.0000145564.06791.D1 (2004).
11  Paulusma, C. C. et al. Atp8b1 deficiency in mice reduces resistance of the canalicular 
      membrane to hydrophobic bile salts and impairs bile salt transport. Hepatology 44, 195-204, 
      doi:10.1002/hep.21212 (2006).
12  Pawlikowska, L. et al. A mouse genetic model for familial cholestasis caused by ATP8B1 
      mutations reveals perturbed bile salt homeostasis but no impairment in bile secretion. Human 
      molecular genetics 13, 881-892, doi:10.1093/hmg/ddh100 (2004).
13  Bryant, D. M. et al. A molecular network for de novo generation of the apical surface and 
      lumen. Nature cell biology 12, 1035-1045, doi:10.1038/ncb2106 (2010).
14  Dhekne, H. S. et al. Myosin Vb and rab11a regulate ezrin phosphorylation in enterocytes. 
      Journal of cell science, doi:10.1242/jcs.137273 (2014).
15  Bull, L. N. et al. Genetic and morphological findings in progressive familial intrahepatic 
      cholestasis (Byler disease [PFIC-1] and Byler syndrome): evidence for heterogeneity. 
      Hepatology 26, 155-164, doi:10.1002/hep.510260121 (1997).
16  Baas, A. F. et al. Complete polarization of single intestinal epithelial cells upon activation of 
      LKB1 by STRAD. Cell 116, 457-466 (2004).
17  Howell, A. S. et al. Singularity in polarization: rewiring yeast cells to make two buds. Cell 139, 
      731-743, doi:10.1016/j.cell.2009.10.024 (2009).
18  Martin-Belmonte, F. et al. PTEN-mediated apical segregation of phosphoinositides controls 
      epithelial morphogenesis through Cdc42. Cell 128, 383-397,doi:10.1016/j.cell.2006.11.051 (2007)
19  Gervais, L., Claret, S., Januschke, J., Roth, S. & Guichet, A. PIP5K-dependent production of 
      PIP2 sustains microtubule organization to establish polarized transport in the Drosophila 
      oocyte. Development 135, 3829-3838, doi:10.1242/dev.029009 (2008).
20  Finkielstein, C. V., Overduin, M. & Capelluto, D. G. Cell migration and signaling specificity is 
      determined by the phosphatidylserine recognition motif of Rac1. The Journal of biological 
      chemistry 281, 27317-27326, doi:10.1074/jbc.M605560200 (2006).
21  Cai, S. Y. et al. ATP8B1 deficiency disrupts the bile canalicular membrane bilayer structure in 
      hepatocytes, but FXR expression and activity are maintained. Gastroenterology 136, 1060-



2

52 53

      1069, doi:10.1053/j.gastro.2008.10.025 (2009).
22  Paulusma, C.C. et al. ATP8B1 requires an accessory protein for endoplasmic reticulum exit and  
      plasma membrane lipid flippase activity. Hepatology 47, 268-278, doi:10.1002/hep.21950 (2008).
23  Ujhazy, P. et al. Familial intrahepatic cholestasis 1: studies of localization and function. 
      Hepatology 34, 768-775, doi:10.1053/jhep.2001.27663 (2001).
24  Forget, M. A., Desrosiers, R. R., Gingras, D. & Beliveau, R. Phosphorylation states of Cdc42 
      and RhoA regulate their interactions with Rho GDP dissociation inhibitor and their extraction 
      from biological membranes. Biochem J 361, 243-254 (2002).
25  Goryachev, A. B. & Pokhilko, A. V. Dynamics of Cdc42 network embodies a Turing-type 
      mechanism of yeast cell polarity. FEBS letters 582, 1437-1443, doi:10.1016/j.febslet.2008.03.029 
      (2008).
26  Klunder, B., Freisinger, T., Wedlich-Soldner, R. & Frey, E. GDI-mediated cell polarization in 
      yeast provides precise spatial and temporal control of Cdc42 signaling. PLoS computational 
      biology 9, e1003396, doi:10.1371/journal.pcbi.1003396 (2013).
27  Marco, E., Wedlich-Soldner, R., Li, R., Altschuler, S. J. & Wu, L. F. Endocytosis optimizes the 
      dynamic localization of membrane proteins that regulate cortical polarity. Cell 129, 411-422, 
      doi:10.1016/j.cell.2007.02.043 (2007).
28  Slaughter, B. D. et al. Non-uniform membrane diffusion enables steady-state cell polarization 
      via vesicular trafficking. Nature communications 4, 1380, doi:10.1038/ncomms2370 (2013).
29  Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a 
      mesenchymal niche. Nature 459, 262-265, doi:10.1038/nature07935 (2009).



2

52 53

Supplementary Figure 1: ATP8B1 mutations affect lumen morphology in the intestine and liv-
er.
(a) Localization of the apical marker phosphorylated Ezrin/Radixin/Moesin (pERM), basolateral 
marker CD71 (b), and apical tight junction marker ZO-1 (c) in wild type and PFIC organoids.  
(d) Transmission electron micrographs of liver sections from wild type or ATP8B1G308V/G308V mice. 
Red arrows highlights bile canaliculi. Bars, 500 nm (e) Quantification of bile canalicular lumen 
size in wild type or ATP8B1G308V/G308V mice. Wild type n = 138, ATP8B1G308V/G308V n = 146 (total 
number of canaliculi from 2 different mice per genotype). Error bars are s.d. * p < 0,00003 Bars, 
35 µm
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Supplementary Figure 2: Polarity markers distribute normally in ATP8B1-depleted W4 cells.
(a) W4 cell expressing ATP8B1-GFP and the actin marker Lifeact-Ruby. (b) Control or ATP8B1-
depleted W4 cells immunostained for the brush border marker villin. Immunofluorescence staining 
in polarized control or ATP8B1-depleted W4 cells demonstrates normal segregation of apical and 
basolateral markers (CD66, (c) and CD71, (d) respectively). Bars, 5 µm

Supplementary Figure 3: ATP8B1 knockdown does not affect apical membrane diffusion of 
Dendra-Rap2A(HVR). 
(a) Average normalized dissociation traces for control (n = 9) or ATP8B1 depleted (n = 9) W4 cells 
expressing Dendra-Rap2A(HVR). Light areas indicate s.e.m. (b) Residential half-lifes determined 
from average decay traces shown in (a) using curve fitting. Statistics were performed using the 
half-lifes from individual cell traces. Error bars represent s.e.m. n.s. p > 0,05 (c) Residential half-
lifes determined from average decay traces shown in fig. 4e using curve fitting. Statistics were 
performed using the half-lifes from individual cell traces. Error bars represent s.e.m. * p < 0.02, 
n.s. p > 0,05
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Abstract
Signaling by the small GTPase Cdc42 governs a diverse set of cellular processes 
that contribute to tissue morphogenesis. Since these processes often require 
highly localized signaling, Cdc42 activity must be clustered in order to prevent 
ectopic signaling. During cell polarization, apical Cdc42 signaling directs the 
positioning of the nascent apical membrane. However, the molecular mechanisms 
that drive Cdc42 clustering during polarity establishment are largely unknown.

Here we demonstrate that during cell polarization localized Cdc42 signaling 
is enabled via activity-dependent control of Cdc42 mobility. By performing 
photoconversion experiments, we show that inactive Cdc42-GDP is 30-fold more 
mobile compared to active Cdc42-GTP. This switch in apical mobility originates 
from a dual mechanism involving RhoGDI-mediated membrane dissociation of 
Cdc42-GDP and Tuba-mediated immobilization of Cdc42-GTP. Interference with 
either mechanism affects Cdc42 clustering and as a consequence impairs Cdc42-
mediated apical membrane clustering.
 
We therefore identify a molecular network, comprised of a Cdc42, the GEF Tuba 
and RhoGDI, that enables differential diffusion of inactive and active Cdc42 and 
is required to establish localized Cdc42 signaling during enterocyte polarization.
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Introduction
dc42 signaling controls multiple aspects of tissue morphogenesis by 
regulating processes such as junction formation and cell polarization1. 

As these processes are often localized to a specific part of the cell, Cdc42 activity 
must be confined in a local cluster to prevent ectopic signaling. During cell 
polarization, Cdc42 is recruited to the nascent apical membrane where it governs 
the positioning of the apical domain1,2. As a consequence, loss of Cdc42 results 
in the formation of multiple apical domains in a single cell model for enterocyte 
polarization and in the formation of multiple lumina in 3D cyst cultures3,4. 
 
In order to restrict apical membrane formation to a single site, Cdc42 itself must 
be confined into a single cluster. We previously demonstrated that an inability 
to restrict Cdc42 localization results in the formation of an enlarged apical 
membrane and consequently in the formation of an aberrantly shaped lumen3. 
Despite the importance of Cdc42 clustering, little is known about the molecular 
mechanisms that drive Cdc42 cluster formation during cell polarization. 
 
Cdc42 dynamics have been extensively studied in the context of yeast cell 
polarization5-10. Clustered Cdc42 activity is required for yeast cell polarization 
but it also ensures that only one polarization site is established5,11. As a 
consequence, interference with Cdc42 mobility affects the apical accumulation of 
Cdc42 and may give rise to yeast cells with multiple bud sites5,9,12. These findings 
in yeast therefore indicate that control over Cdc42 dynamics is crucial for Cdc42 
clustering and signaling. However, it remains unclear whether regulation of 
Cdc42 mobility is of similar relevance during mammalian cell polarization.

Here we show that during enterocyte polarization, Cdc42 mobility is regulated in 
an activity-dependent manner, with inactive Cdc42-GDP being highly mobile and 
active Cdc42-GTP being relatively immobile. This striking difference in mobility 
is enabled via selective membrane dissociation of Cdc42-GDP by RhoGDI and 
immobilization of Cdc42-GTP by the Cdc42-specific GEF Tuba. We show that 
this switch-like diffusive behavior is critical for Cdc42 function as interfering 
with either mechanism impedes spatial confinement of Cdc42 signaling resulting 
in an inability to establish a clustered apical membrane.
 
Results
Previously, we reported that during enterocyte polarization Cdc42 is apically 
concentrated to ensure clustering of the apical membrane3. To study the 
mechanisms that drive Cdc42 clustering in this process we made use of 
Ls174T:W4 cells. These cells can polarize in absence of cell-cell contacts by 
means of forced LKB1 activation, prompted by doxycycline-induced STRAD 
expression13. To determine its mobility we expressed Cdc42, equipped with the 
photoconvertible Dendra fluorophore, in polarized Ls174T:W4 cells and locally 

C
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converted Dendra-Cdc42 in the apical brush border. Subsequent loss of red 
signal from the converted region was used to determine an eviction half life, 
which reflects Cdc42’s mobility at the apical plasma membrane.
Using this strategy, we compared the mobility of constitutively activated Dendra-
Cdc42(G12V) with wild type Cdc42 and found a striking difference in mobility: 
whereas wild type Cdc42 is highly mobile at the apical plasma membrane, 
Cdc42(G12V) is relatively immobile with an approximately 30-fold longer eviction 
half life (8.9 s. vs. 276 s. respectively) (Fig. 1). Since the immobilization of active 
Cdc42 is likely to drive the establishment of localized Cdc42 signaling we set 
out to identify the molecular mechanisms responsible for Cdc42 immobilization 
upon GTP-loading.

RhoGDIs bind small GTPases of the Rho family and facilitate their dissociation 
from the plasma membrane14,15. Although RhoGDI has similar affinities for 
Cdc42-GDP and Cdc42-GTP in solution, when Cdc42 is inserted in an artificial 
bilayer RhoGDI has a higher affinity for Cdc42-GDP15. Therefore, RhoGDIs may 
selectively increase the mobility of Cdc42-GDP. 
Indeed, in Ls174T:W4 cells with stable knockdown of RhoGDIα the mobility of 

A

B C

Figure 1: Apical mobility of Cdc42 is regulated in an activity-dependent manner.
(a) Images from photoconversion experiments in polarized Ls174T:W4 cells expressing Dendra-
Cdc42(WT) or (G12V). (b) Average normalized fluorescence decay traces after photoconversion of 
cells expressing Dendra-Cdc42(WT) (blue line, n = 11) and (G12V) (red line, n = 14). Light-colored 
areas reflect s.e.m. (c) Eviction half-lives determined from average decay traces shown in b using 
curve fitting. Error bars represent the 95% confidence interval of the fit.
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wild type Cdc42 was reduced (eviction half life 53.8 s.) (Fig. 2a, b). In addition, 
Cdc42(R66E), which is unable to interact with RhoGDIs, displays an even slower 
apical mobility (half life 104 s.) (Fig 2a, b). Importantly, the R66E mutation does 
not affect the global GTP-loading or posttranslational lipid modification of Cdc42 
(Supp. Fig. 1). The observed difference in half life between RhoGDIα knockdown 
and Cdc42(R66E) may be of technical origin: knockdown of RhoGDIα impairs 

Figure 2: RhoGDI selectively increases mobility of inactive Cdc42 and is required for Cdc42 
clustering.
(a) Average normalized fluorescence decay traces of Dendra-Cdc42(WT) in W4 cells (blue line, n = 11), 
Dendra-Cdc42(WT) in W4:shRhoGDIα cells (orange line, n = 11), Dendra-Cdc42(R66E) in W4 cells 
(purple line, n = 12), Dendra-Cdc42(G12V) in W4 cells (red line, n = 16), Dendra-Cdc42(G12V) in 
W4:shRhoGDIα cells (black line, n = 17), and Dendra-Cdc42(G12V, R66E) in W4 cells (green line, 
n = 13). Light-colored areas reflect s.e.m. (b) Eviction half-lives determined from average decay 
traces shown in a using curve fitting. Error bars represent the 95% confidence interval of the fit.  
(c) NEC cells expressing the actin marker lifeact-ruby in combination with YFP, YFP-Cdc42(WT), 
or YFP-Cdc42(R66E). Scale bars indicate 5µm. (d) Quantification of cells with multiple brush 
borders in W4:NEC cells expressing YFP, YFP-Cdc42(WT), or YFP-Cdc42(R66E). Error bars are 
s.e.m. (n = 3) * p < 0.05 using independent samples t-test.
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brush border formation and since mobility is only assessed in cells with a brush 
border, these cells are likely to have only moderate knockdown (Supp. Fig. 2). 
In addition, since efficient knockdown of all three RhoGDI isoforms could not be 
realized, this difference may also be explained by the effects of RhoGDIβ and γ. 
Importantly, membrane dissociation by RhoGDI selectively acts on Cdc42-GDP 
as the mobility of constitutively active Cdc42 is not affected by introduction the 
R66E mutation or RhoGDIα knockdown (Fig. 2a, b). 

To assess the functional contribution of RhoGDI-mediated membrane dissociation 
of Cdc42-GDP we tested whether Cdc42(R66E) was able to restore singularity 
in apical membrane formation in Ls174T:W4 cells that have no endogenous 
Cdc42 (W4:NEC cells). We previously reported that these Cdc42 knockout cells 
retain the ability to form a brush border, but are nonetheless unable to ensure 
that polarization is restricted to a single site3. Whereas the singularity defect 
in the W4:NECs is rescued by reintroduction of YFP-Cdc42, expression of YFP-
Cdc42(R66E) could not restore singularity, indicating that the interaction with 
RhoGDIs is required to concentrate Cdc42 into a single cluster and is therefore 
required for Cdc42 function (Fig. 2c, d).

Although RhoGDI-dependent membrane dissociation of Cdc42-GDP contributes 
to the high mobility of inactive Cdc42, it can only in part explain the immobilization 
of Cdc42 upon GTP-loading. To find the mechanism that is responsible for the 
additional immobilization of Cdc42-GTP we focused on the GEF for Cdc42, 
reasoning that RhoGEFs often act as a scaffold for the complexation of Cdc42-
GTP with its effector and that this complexation could limit the mobility of 
activated Cdc42. 

Tuba (also known as DNMBP or ArhGEF36) is a Cdc42-specific GEF that has 
been implicated in regulating Cdc42 signaling in polarizing MDCK cysts and 
during zebrafish development2,16-19. We therefore tested whether Tuba, like 
Cdc42, is involved in apical membrane clustering in polarized Ls174T:W4 cells. 
Surprisingly, Tuba knockout cells showed a decreased ability to generate a 
brush border and to polarize, as judged by the distribution of apical (CD66) and 
basolateral (CD71) markers (Fig 3a, b, c, d). This phenotype can not be attributed 
to loss of Cdc42 signaling because Cdc42 knockout cells are unaffected in their 
ability to form brush borders3.
 
Therefore, in order to specifically address the Cdc42-depedent effects of Tuba, 
we reintroduced either wild type Tuba or a mutant lacking the GEF domain 
(TubaΔDH) in Tuba knockout cells. Re-expression of wild type Tuba rescued 
the brush border formation defect and resulted in brush borders of normal size, 
excluding potential off-target effects of the CRISPR/Cas9 procedure used to 
generate the knockout cells (Fig. 3b, e, f). In contrast, whereas expression of 
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Figure 3: Tuba has a Cdc42 dependent and independent function during enterocyte polarization.
(a) Western blot of W4 and W4:Tuba k.o. cell lysate, probed for Tuba and βCatenin. (b) 
Quantification of brush border formation in W4 cells or Tuba k.o. cells expressing lifeact-ruby 
alone or in combination with YFP-Tuba(WT) or YFP-Tuba(ΔDH). Error bars are s.e.m. (n = 3) * p < 
0.05 using independent samples t-test. (c,d) Immunofluorescence of W4 or Tuba k.o. cells stained 
for the apical membrane marker CD66 (c) and the basolateral marker (d). Scale bars indicate 
5µm. (e) Quantification of brush border size in W4 cells expressing lifeact-ruby and Tuba k.o. cells 
expressing lifeact-ruby in combination with YFP-Tuba(WT) or YFP-Tuba(ΔDH). Red lines indicate 
the average and s.e.m (n = 30 in 3 independent experiments). * p < 0.05 using independent samples 
t-test. n.s. not significant (p > 0,05) (f) Representative images of Tuba k.o. cells expressing lifeact-
ruby and YFP-Tuba(WT) or YFP-Tuba(ΔDH). Scale bars indicate 5µm.
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Next we addressed whether Tuba contributes to the diffusive behavior of Cdc42 
in polarized Ls174T:W4 cells. For this we determined the apical eviction half life 
of wild type Cdc42 and Cdc42(G12V) in polarized Ls174T:W4 cells and in the 
fraction of Tuba knockout cells that were polarized. We found that the mobility 
of wild type Cdc42 is minimally affected by Tuba loss (10.3 s. in W4 cells vs. 
8.4 s. in Tuba knockout cells) (Fig. 4a, b). In contrast, Cdc42(G12V) was more 
rapidly lost from the apical membrane in Tuba knockout cells (220 s. vs. 157 
s.), demonstrating that Tuba selectively affects the mobility of active Cdc42 
(Fig. 4c, d).
 
In order to test whether the effect of Tuba on Cdc42 mobility is dependent 
on Tuba’s GEF activity towards Cdc42 we assessed the mobility of Cdc42 in 
Ls174T:W4 cells stably overexpressing either wild type Tuba or catalytically 
inactive Tuba(ΔDH) (Supp. Fig. 3). As any promiscuous Cdc42GEF may decrease 
the mobility of wild type Cdc42 by increasing the fraction of RhoGDI-resistant 
Cdc42-GTP, we used Cdc42(R66E) to address whether Tuba is able to immobilize 
Cdc42 in a RhoGDI-independent manner. Indeed, we find that overexpression of 
wild type Tuba is able to decrease the mobility of Cdc42(R66E) at the apical 
membrane (Fig. 4e, f). This effect is dependent on the GEF activity of Tuba 
because overexpression of Tuba(ΔDH) did not lead to a similar deceleration of 
Cdc42(R66E) (Fig. 4e, f). Therefore, these data demonstrate that Tuba selectively 
immobilizes activated Cdc42 and is thus required to enable differential mobility 
between GDP- and GTP-bound Cdc42.

Finally, we tested whether Tuba-mediated immobilization of Cdc42 affects Cdc42 
clustering at the apical membrane. In agreement with previous reports we find 
that YFP-Cdc42 accumulates poorly at the apical membrane in polarized Tuba 
knockout cells demonstrating a crucial role for Tuba in establishing localized 
Cdc42 signaling17 (Fig. 4g, h).
 
Discussion
Here we show that during enterocyte polarization the mobility of Cdc42 at the 
apical membrane is governed via a two-faced mechanism: on the one hand RhoGDI-
mediated membrane dissociation results in selective mobilization of inactive 
Cdc42, whereas on the other hand activated Cdc42 is selectively immobilized 
by the Cdc42GEF Tuba. The combined effect of this dual regulation is a switch-
like behavior in Cdc42 mobility resulting in an over 30-fold decrease in Cdc42 
mobility upon activation. This switch-like diffusive behavior ensures that upon 
GTP-loading Cdc42 signaling remains spatially restricted and may therefore be 
important for many biological processes which involve localized Cdc42 signaling. 
Indeed, we show that interference with the mechanisms that enable differential 
Cdc42 mobility impedes local Cdc42 signaling during enterocyte polarization 
resulting in an inability to cluster the apical membrane.
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Figure 4: Tuba selectively 
immobilizes activated Cdc42 
at the apical membrane.
(a) Average normalized 
fluorescence decay traces of 
Dendra-Cdc42(WT) in W4 
cells (black line, n = 8) and 
Dendra-Cdc42(WT) in Tuba 
k.o. cells (red line, n = 11). (b) 
Eviction half-lives for Dendra-
Cdc42(WT) in W4 and Tuba k.o. 
cells determined from average 
decay traces shown in a using 
curve fitting. (c) Average 
normalized fluorescence decay 
traces of Dendra-Cdc42(G12V) 
in W4 cells (black line, n = 
14) and Dendra-Cdc42(G12V) 
in Tuba k.o. cells (red line, n 
= 16). (d) Eviction half-lives 
for Dendra-Cdc42(G12V) 
in W4 and Tuba k.o. cells 
determined from average 
decay traces shown in c using 
curve fitting. (e) Average 
normalized fluorescence decay 
traces of Dendra-Cdc42(R66E) 
in W4:EV cells (black line, n 
= 20), in Tuba overexpressing 
cells (blue line, n = 17), and 
Tuba(ΔDH) overexpressing 
cells (black line, n = 20). (f) 
Eviction half-lives for Dendra-
Cdc42(R66E) in W4:EV, 
Tuba overexpressing, or 
Tuba(ΔDH) overexpressing 
cells determined from average 
decay traces shown in e using 
curve fitting. Light areas in a, 
c and e reflect s.e.m. Error bars 
in b, d and f represent the 95% 
confidence interval of the fit. 
(g) Localization of YFP-Cdc42 
in W4 and Tuba k.o. cells 
in combination with lifeact-
ruby. Scale bars indicate 5µm. 
(h) Quantification of apical 
membrane enrichment of YFP-
Cdc42 in polarized W4 or Tuba 
k.o. cells. Red lines indicate 
the average and s.d. (W4: n 
= 13; Tuba k.o. n = 13; in 3 
independent experiments). 
* p < 0.05 using independent 
samples t-test.
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We show that the Cdc42-specific GEF Tuba is required for apical membrane 
clustering, in a manner dependent on its catalytic GEF domain. However, we also 
notice that Tuba knockout cells have reduced brush border formation capacity, 
a phenotype that is not dependent on Cdc42. We therefore reveal that Tuba 
has a dual function during cell polarization: one Cdc42-dependent function in 
apical membrane clustering and a second Cdc42-independent function in apical 
membrane formation. The notion that Tuba has a function in cell polarization 
independent of its GEF activity can explain recent findings in zebrafish where 
Tuba knockdown results in a set of phenotypes that are not fully phenocopied 
by Cdc42 depletion18. The molecular mechanism of Tuba’s Cdc42-independent 
polarity function remains elusive, but it has been reported that Tuba binds many 
actin modulators that are important during cell polarization20.

An important consequence of our finding that Tuba is able to specifically 
immobilize activated Cdc42 is that Tuba not only provides temporal control but 
also spatial control over Cdc42 signaling. By generating a pool of immobile, active 
Cdc42 molecules Tuba enables clustering of active Cdc42. Indeed, we found that 
Cdc42 enrichment at the apical membrane is decreased in Tuba knockout cells, 
in agreement with previous findings in MDCK cysts17. This poses the question 
how Tuba itself becomes localized during cell polarization. We speculate that, 
analogous to yeast cell polarization, this may involve recruitment by activated 
Cdc42, thereby establishing a positive feedback mechanism for Cdc42 clustering. 
In support of this idea, we find that whereas localization of wild type Tuba is 
mostly restricted to the apical domain, TubaΔDH localization is more scattered 
and not exclusively apical.

Although Tuba-mediated activation of Cdc42 enables differential mobility by 
both immobilizing Cdc42-GTP and by generating RhoGDI-resistant Cdc42-
GTP, RhoGDI-mediated membrane dissociation of Cdc42-GDP is required for 
clustered Cdc42 signaling. We find that RhoGDI is required to maximize the 
differential mobility because whereas in the absence of RhoGDI Tuba allows for 
only a 2,5-fold reduction in Cdc42 mobility upon GTP loading, the presence of 
RhoGDI results in a 30-fold deceleration of Cdc42 upon activation. Therefore, 
our findings suggest that RhoGDI is required for Cdc42 clustering by maximizing 
the difference between mobility of inactive and active Cdc42.

Differential diffusion of an inactive and active signaling molecule is one of the 
central requirements for a Turing-like reaction-diffusion system21. Interestingly, 
it has been shown that the dynamics of Cdc42 clustering during yeast cell 
polarization can be described by a Turing-type model, where Cdc42-GDP and 
Cdc42-GTP meet the requirements for a Turing type “inhibitor” and “activator” 
respectively22. Therefore, we speculate that Cdc42 dynamics during enterocyte 
polarization may also be governed by a Turing-type reaction-diffusion system. 
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What makes this interesting from a biological perspective is that a Turing-
type clustering mechanism can mathematically account for complex biological 
phenomena such as symmetry breaking and ensuring singularity in apical 
membrane formation22,23. 

In summary, we show how differential diffusion of active and inactive Cdc42 
is enabled by a molecular network comprised of a small GTPase, GEF and 
GDI. Because of this simple network organization it is expected that similar 
regulation of diffusive behavior occurs in wide range of biological processes 
involving localized signaling by small GTPases.

Materials and Methods
Cell culture and plasmids
Ls174T:W4 cells were cultured in RPMI1640 (Sigma) supplemented with 10% FBS 
(Lonza) and antibiotics. Polarization was induced by culturing Ls174T:W4 cells 
in medium containing 1 µg/ml doxycycline (Sigma) for at least 16h. For transient 
expression of DNA constructs, cells were transfected using XtremeGene9 (Roche) 
according to the manufacturer’s guidelines. 
Dendra-Cdc42 constructs were generated by introducing a Cdc42 PCR product 
in pDendra2-C2 using In-Fusion (Clontech). G12V and R66E mutations were 
introduced by site-directed mutagenesis. pcDNA-HA-Tuba was provided by 
Pietro di Camilli. This construct served a template to generate full length 
Tuba or TubaΔDH entry clones which were subsequently N-terminally tagged 
with YFP using Gateway cloning (Invitrogen). miniTol2 constructs for stable 
overexpression of untagged Tuba were generated by introducing full length or 
TubaΔDH PCR products in miniTol2-EF1α-MCS-PGK-PuroR using In-Fusion. 
pCMV-Transposase was provided by Stephen Ekker and Lifeact-Ruby was 
provided by R. Wedlich-Soldner.

Antibodies
The following antibodies were used for immunofluorescence: mouse anti-CD66 
(BD Biosciences, 1:500), mouse anti-CD71 (H68.4, Life Technologies, 1:1000). 
For Western blotting the following antibodies were used: rabbit anti-DNMBP 
(Sigma, 1:2000), mouse anti-βCatenin (BD biosciences, 1:5000), mouse anti-GFP 
(clones 7.1 and 13.1, Roche, 1:5000), mouse anti-V5 (Invitrogen, 1:5000) and 
mouse anti-αTubulin (Calbiochem, 1:5000).

Generation of RhoGDIα knockdown, Tuba knockout and Tuba overexpression 
cell lines
For stable knockdown of RhoGDIα, Ls174T-W4 cells were infected for two suc-
cessive days with lentiviral shRNA constructs (Mission library, Sigma) and sub-
sequently selected for puromycin resistance. To stably deplete RhoGDIα five 
pooled short hairpins were used with the following targeting sequences: shRNA#1 
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5’-AGCTTCAAGAAGCAGTCGTTT-3’, shRNA#2 5’-CGTCTAACCATGATGCCT-
TAA-3’, shRNA#3 5’-CAAGATTGACAAGACTGACTA-3’, shRNA#4 5’-CCGCT-
TCACAGACGACGACAA-3’, shRNA#5 5’-GACTACATGGTAGGCAGCTAT-3’. 
Tuba knockout Ls174T:W4 cells were generated using CRISPR/Cas9-mediated 
gene disruption as previously reported3. Briefly, Ls174T:W4 cells were transfect-
ed with pSpCas9(BB)-2A-GFP (PX458), encoding an sgRNA (AAGAGACTACAT-
TCGGGATC) targeting the exon encoding the DH domain of Tuba. GFP-positive 
cells were sorted and clonally expanded. Genomic DNA of candidate clones was 
sequenced and absence of Tuba protein was confirmed by Western blotting.
 
For stable overexpression of untagged Tuba, Ls174T:W4 were transiently 
cotransfected with miniTol2-Tuba constructs and Tol2 transposase in a 2:1 ratio. 
Three days after transfection cells were selected for puromycin resistance and 
continuously cultured in the presence of puromycin (10µg/ml). Monoclonal cell 
lines were established by serial dilution and presence of Tuba was assessed by 
Western blotting.

Live cell imaging
Two days after transfection, Ls174T:W4 were trypsinized and plated onto glass-
bottom dishes (WillCo Wells) in the presence of doxycycline. Before imaging, 
medium was replaced with HEPES-buffered (pH = 7.4) Leibovitz’s L-15 medium 
(Invitrogen). Cells were imaged at 37 ºC using an Axioskop2 LSM510 scanning 
confocal microscope (Zeiss) with a 63x magnification oil objective (PLAN 
Apochromat, NA 1.4) using Zen image acquisition software. To determine apical 
membrane size, the fraction of cell membrane that was covered with microvilli 
was determined using ImageJ software. Average apical membrane sizes were 
compared using independent samples t-test in SPSS with a p-value <0.05 as a 
cutoff for significance. 
Apical enrichment of YFP-Cdc42 was quantified by making a line plot through 
the apical and basal membrane using ImageJ and subsequently determining 
the ratio between average apical and basal membrane pixel intensities. Average 
enrichment ratios were compared using independent samples t-test in SPSS 
with a p-value <0.05 as a cutoff for significance.

Apical membrane eviction rates
To determine apical mobility of Cdc42 cells were transfected with Dendra-
Cdc42. After two days, cells were split and seeded onto glass-bottom dishes in 
the presence of doxycycline. Before imaging, medium was replaced with HEPES-
buffered (pH = 7.4) Leibovitz’s L-15 medium. Photoconversion experiments were 
performed on a Leica SP8x microscope equipped with a temperature- and CO2-
controlled chamber using a 63x oil objective (HC PL APO 63x/1.40) with Leica 
LAS AF image acquisition software. Local Dendra photoconversion in the brush 
border was done using a pulse of 405 nm laser light. Cells were subsequently 
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imaged at a frame rate of 1.5s. To determine the average decay rate, the ratio of 
the average intensity of red signal in the brush border and the average intensity 
of red signal in the whole cell was determined. Moving regions-of-interest were 
used to correct for cell movements during imaging. For each cell ratios were 
normalized and traces were averaged to generate an average fluorescence decay 
trace. Using Matlab software, these curves were fitted with the general formula: 
f(x) = a * e^(-b*x) + c. An average half-life was determined from the fitted curve 
and expressed with the 95% CI of the fit.

Immunofluorescence
Cells were seeded on glass cover slips in the presence of doxycycline and 
subsequently fixed in 4% methanol-free formaldehyde (Electron Microscopy 
Sciences) for 30 min, permeabilized in 2% Trition X-100 in PBS for 10 min and 
blocked in 0,2% BSA in PBS for 1h. Slides were then incubated with primary 
antibody for at least 16h, washed three times with PBS and incubated with 
Alexa-488 coupled secondary antibody in the presence of DAPI and Phalloidin-
Alexa568 (ThermoFisher) for at least 4h. After PBS washes slides were mounted 
and imaged using an Axioskop2 LSM510 scanning confocal microscope (Zeiss) 
with a 63x magnification oil objective (PLAN Apochromat, NA 1.4) using Zen 
image acquisition software.

Immunoprecipitation
HEK293T cells were cultured in DMEM (Sigma) containing 10% FBS (Sigma) 
and antibiotics. Two days after transfection, cells were lysed in RAL buffer (1% 
Nonidet P-40 substitute; 10% glycerol; 50 mM Tris-HCl pH 7.4; 2.0 mM MgCl2; 
200 mM NaCl; protease and phosphatase inhibitors) on ice. Lysates were cleared 
by centrifugation and incubated with GFP-binding protein (GBP)-agarose beads 
for 2h at 4ºC while rotating. Beads were washed with RAL buffer for three times 
and eluted in sample buffer. 

Cdc42-GTP was precipitated using PAK1-PBD-agarose beads (Millipore) 
according to the manufacturer’s instructions. To assess geranylgeranylation, 
transfected cells were incubated in medium containing 50µM geranylgeranyl 
alcohol azide (Life Technologies) for 24h. Labeled YFP-Cdc42 was precipitated 
from cleared lysates and functionalized with alkyne cyanine-718 (Sigma) using 
Copper(I)-catalyzed azide-alkyne cycloaddition. For this beads were resuspended 
in 94µl PBS and 6µl of click reaction mix was added, containing 10µM alkyne 
cyanine-718, 1mM tris(2-carboxyethyl)phosphine (TCEP), 100μM tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), and 1mM CuSO4. Beads incubated 
for 2h at room temperature while rotating, washed three times with 1% Nonidet 
P-40 substitute in PBS and eluted in sample buffer. Samples were subjected to 
SDS-PAGE and cyanine-718 labeling was detected by in-gel fluorescence imaging 
using a LICOR Odyssey system.
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Quantitative PCR
RNA was isolated from cells using the RNeasy mini kit (Qiagen) according 
to the manufacturer’s instructions. 1.5µg of total RNA was used for cDNA 
synthesis using the iScript cDNA synthesis kit (Biorad) and subjected to 
quantitative PCR using the Faststart universal SYBR green master mix (Roche). 
cDNA was amplified on a C1000 Thermal Cycler (Bio-Rad) using the following 
primers: ARHGDIA_fw 5’-CGAACCCTCCGGTGTCC-3’ and ARHGDIA_rv 
5’-TTGTAGTTGACCGAGTGCTCATC-3’. Expression levels were normalized to 
GAPDH and HPRT1 mRNA levels. The data presented is the average of three 
biological replicates which each contained three technical replicates.
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Supplementary Figure 1: Cdc42(R66E) abrogates RhoGDI binding without affecting global GTP 
loading or lipid modification.
(a) Co-immunoprecipitation of YFP-Cdc42(WT) or YFP-Cdc42(R66E) with V5-RhoGDI in HEK293T 
cells. (b) Cdc42-GTP pulldown of YFP-Cdc42(WT) or YFP-Cdc42(R66E) from HEK293T lysates.  
(c) Cyanine-718 labeling of geranylgeranylated YFP-Cdc42(WT) or YFP-Cdc42(R66E) in HEK293T 
cells.
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Supplementary Figure 2: Knockdown of RhoGDIα inhibits brush border formation.
(a) Quantification of brush border formation in W4:shCTRL and W4:shRhoGDIα cells. Error bars 
indicate s.e.m. (n = 3). * p < 0.05 using independent samples t-test. (b) Relative mRNA levels of 
RhoGDIα in W4:shCTRL and W4:shRhoGDIα cells as determined by QPCR. Error bars indicate 
s.e.m. (n = 3).
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Supplementary Figure 3: Stable overexpression of Tuba or Tuba(ΔDH)
Western blot of W4:EV, W4:Tuba and W4:Tuba(ΔDH) cell lysates probed for Tuba and βCatenin.
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Abstract
PTEN is a tumor suppressor that is frequently lost in epithelial malignancies. 
Part of the tumor suppressive properties of PTEN is attributed to its function 
in cell polarization and consequently its role in maintaining epithelial tissue 
integrity. Nevertheless, surprisingly little is known about the function and 
regulation of PTEN during epithelial cell polarization.
 
We used CRISPR/Cas9-mediated gene disruption to delete PTEN in polarized 
Ls174T:W4 cells. We show that PTEN knockout Ls174T:W4 cells form a brush 
border that covers the entire plasma membrane. Therefore we demonstrate that 
PTEN is not required for the formation of an apical membrane but instead is 
required for apical membrane clustering in polarized Ls174T:W4 cells. For this 
PTEN binds the tumor suppressor PTPL1, a PDZ domain containing protein 
phosphatase that is located at the apical membrane and which itself is also 
required for apical membrane clustering. We show that the interaction between 
PTEN and PTPL1 is necessary to ensure apical membrane enrichment of PTEN 
and is therefore required for clustering of the apical domain. 
 
From these findings we conclude that PTEN is necessary for apical membrane 
clustering and that this requires spatial regulation of PTEN by PTPL1. Since 
disruption of cell polarity and tissue integrity are hallmarks of cancer, regulation 
of apical membrane clustering by PTEN may be relevant for tumorigenesis and 
might contribute to the tumor suppressive properties of PTEN and PTPL1.
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Introduction
ontrol over cell polarization contributes to the maintenance of epithelial 
tissue integrity and thereby provides a barrier in tumorigenesis1-3. 

The tumor suppressor PTEN is frequently lost in epithelial malignancies 
and loss of PTEN often coincides with loss of epithelial tissue integrity4,5. 
PTEN is a lipid phosphatase that is primarily implicated in the conversion of 
phosphatidylinositol-3,4,5 triphosphate (PI3,4,5P3) to phosphatidylinositol-4,5 
bisphosphate (PI4,5P2), thereby counteracting the activity of phosphatidylinositol 
3-kinase (PI3K)6,7. Furthermore, PTEN also has protein phosphatase activity 
and can function as a scaffold in a phosphatase-independent manner4. 
 
In addition to its well-documented function in antagonizing PI3K/PKB signaling, 
PTEN has a role in the regulation of cell polarization via which it contributes 
to epithelial tissue integrity8-14. Nonetheless, the role of PTEN during polarity 
establishment is subject to debate: Martin-Belmonte et al. reported that PTEN 
is required for the formation of an apical plasma membrane and is therefore 
necessary for lumen formation in MDCK cyst cultures14. Similar results were 
subsequently reported using 3D mammary gland cultures and CaCO2 cysts10,15. 
In contrast, recent findings in (inducible) PTEN knockout mice demonstrated 
that although lumen morphology is altered, apical membrane formation is not 
impaired in epithelial cells that have lost PTEN8,9. Therefore, it remains unclear 
how PTEN is involved in epithelial cell polarization and via which mechanisms 
PTEN is regulated in this process.
 
We studied the role of PTEN in cell polarization in the Ls174T:W4 colon 
carcinoma cell line16. These cells can polarize in the absence of cell-cell junctions 
by forced activation of LKB1, induced by doxycycline-controlled expression of its 
coactivator STRADα16. We show that loss of PTEN in Ls174T:W4 cells results 
in the formation of an apical brush border that covers the entire cell perimeter, 
thereby revealing a role for PTEN in apical membrane clustering. We find a 
similar clustering defects in cells depleted for PTPL1 (or PTPN13, PTP-BAS, 
FAP1), a protein tyrosine phosphatase that binds PTEN and a putative tumor 
suppressive protein. Furthermore, we demonstrate that the interaction between 
PTPL1 and PTEN is required to enrich PTEN at the apical plasma membrane 
and is therefore required for apical membrane clustering. Our results therefore 
demonstrate a crucial role for PTEN in controlling apical membrane clustering 
and identify PTPL1 as a PTEN-binding partner required in this process.

Results
To study the function of PTEN during epithelial cell polarization, we established 
PTEN knockout Ls174T:W4 cells using CRISPR/Cas9 mediated gene disruption 
(Fig. 1a). In general, doxycycline-induced polarization of Ls174T:W4 cells results 
in the formation of a basolateral domain and a microvilli-covered apical domain.  

C
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Figure 1: PTEN knockout W4 cells can not restrict apical membrane formation
(a) Western blot of W4 cell and PTEN k.o. cell lysates probed for PTEN and βCatenin. (b) 
Localization of the actin marker Lifeact-Ruby in polarized W4 cells and PTEN k.o. cells. Scale 
bars indicate 5µm. (c) Quantification of the fraction of cells that form an actin cap that covers 
the entire cell perimeter in W4 cells and PTEN knockout cells. Error bars represent s.e.m. in 
three experiments (n > 100 cells per experiment). * p < 0,05 using independent samples t-test. (d) 
Localization of the brush border marker GFP-EBP50 and Lifeact-Ruby in unpolarized (-DOX) and 
polarized (+DOX) W4 cells and PTEN k.o. cells. Scale bars indicate 5µm. DOX = doxycycline

Figure 2: The PDZ binding motif of PTEN is required for apical membrane clustering
(a) Quantification of the fraction of cells that form a brush border that covers the entire cell perimeter 
in W4 cells and PTEN knockout cells expressing PTEN wt or ΔPBM. Error bars represent s.e.m. in 
three experiments (n > 100 cells per experiment). * p < 0,05 using independent samples t-test. n.s. 
not significant (p > 0,05) (b) Western blot of W4 cells and PTEN knockout cells expressing PTEN 
wt or ΔPBM probed for PTEN and βCatenin.
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In contrast, doxycycline-stimulated PTEN knockout cells were often completely 
covered with microvilli, as judged by the localization of the actin marker 
lifeact-ruby, suggesting that these cells only form an apical plasma membrane 
(Fig. 1b, c). 
 
To demonstrate that the microvilli in PTEN knockout cells indeed represent 
a bona fide apical membrane we assessed the distribution of the brush border 
marker GFP-EBP50 in these cells17. Whereas GFP-EBP50 localizes uniformly 
cytosolic in unpolarized cells, it is almost exclusively located in the brush border 
of polarized W4 cells (Fig. 1d). Similarly, in unstimulated PTEN knockout cells 
GFP-EBP50 is mostly cytosolic, but upon doxycycline stimulation GFP-EBP50 
is recruited to entire the plasma membrane (Fig. 1d). Therefore, these findings 
show that PTEN knockout cells form a dispersed apical plasma membrane that 
covers the entire surface of the cell.

Next we tested whether the C-terminal PDZ binding motif (PBM) of PTEN is 
important for PTENs’ ability to control apical membrane size. For this, we re-
expressed either wild type PTEN or PTENΔPBM in PTEN knockout cells and 
quantified the fraction of cells that formed an apical membrane that covered 
the complete cell perimeter. Whereas, re-expression of wild type PTEN resulted 
in a partial rescue of the PTEN knockout phenotype, PTENΔPBM expression 
did not lead to a similar decrease in the fraction of cells with a circumferential 
brush border (Fig. 2a, b). Therefore we conclude that PTEN regulation via its 
C-terminal PDZ binding motif is required for PTEN dependent apical membrane 
clustering.
 
Having demonstrated that the PDZ binding motif of PTEN is crucial for the 
function of PTEN in limiting apical membrane formation to a confined domain, 
we next focused on possible interaction partners that may be important for this 
function of PTEN. PTPL1 is a large multidomain protein tyrosine phosphatase 
that localizes to the apical membrane of polarized epithelial cells and is able 
to bind PTEN in vitro via its second PDZ domain18,19. Co-immunoprecipitation 
of PTPL1 with PTEN revealed that the full length proteins interact and this 
binding was lost when the PDZ binding motif of PTEN was deleted (Fig. 3a).
 
To assess the consequence of the interaction between PTEN and PTPL1 we 
determined the localization of YFP-PTEN and YFP-PTENΔPBM in polarized 
Ls174T:W4 cells. We find that whereas YFP-PTEN is concentrated at the apical 
membrane, YFP-PTENΔPBM does not show a similar enrichment in the brush 
border (Fig. 3b). Furthermore, in cells stably depleted for PTPL1, localization of 
YFP-PTEN mimics the diffuse localization of YFP-PTENΔPBM, indicating that 
PTPL1 binding to PTEN is important for the enrichment of PTEN at the apical 
plasma membrane (Fig. 3b).
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Figure 3: PTPL1 binds PTEN and ensures apical enrichment of PTEN
(a) Co-immunoprecipitation of HA-PTPL1 with YFP-PTEN wt and ΔPBM in HEK293T cells.  
(b) Localization of YFP-PTEN wt and ΔPBM in W4:shCTRL cells and YFP-PTEN wt in PTPL1-
depleted cells in combination with Lifeact-Ruby. Scale bars indicate 5µm.

Next we tested whether PTPL1 has a function in controlling apical membrane 
size dimensions similar to PTEN. Although less severe compared to PTEN 
knockout cells, PTPL1-depleted cells also formed enlarged apical membranes, 
indicating that both proteins are required for apical membrane clustering 
(Fig. 4a, b, c). Similar to PTEN knockout cells, the microvilli on PTPL1-depleted 
cells are positive for the brush border marker GFP-EBP50 demonstrating that 
they represent a genuine apical membrane (Fig. 4d). In addition, segregation 
apical and basolateral proteins still occurs in PTPL1-depleted cells as judged 
by the distribution of apical (CD66) and basolateral (CD71) markers (Fig. 4e, 
f). These experiments therefore demonstrate that PTPL1 is required for the 
clustered formation of an apical plasma membrane.
 
In order to test the hypothesis that PTPL1 controls apical domain size by binding 
PTEN we generated PTPL1 mutants in which the PDZ domains responsible for 
PTEN were deleted (Fig. 5a). Although the second PDZ domain of PTPL1 is the 
only PDZ domain that can bind PTEN in vitro19, deletion of PDZ2 only marginally 
reduced PTEN binding (Fig. 5b). Therefore, we additionally deleted PDZ1 and the 
region between PDZ1 and PDZ2 (‘interregion’), which modulates PTEN binding 
in vitro19, resulting in a further reduction in PTEN binding. Only deletion of all 
five PDZ domains resulted in a near-complete loss of PTEN binding, indicative 
of redundancy between PDZ domains for PTEN binding (Fig. 5b).
 
Next we tested whether the PTEN-binding defective PTPL1 mutants could 
restore normal apical membrane size in Ls174T:W4 cells in which endogenous 
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PTPL1 was silenced. We found that the degree of rescue correlated with the 
ability to bind PTEN: whereas expression PTPL1(ΔPDZ2) restores normal brush 
border size similar as wild type PTPL1, PTPL1(ΔPDZ1-5) was unable to rescue 
PTPL1 depletion. Expression of PTPL1(ΔPDZ1-2) resulted in a partial rescue 
of apical membrane size (Fig. 5c). These findings therefore further support the 
hypothesis that PTEN binding to PTPL1 is required to control apical membrane 
size. 

Figure 4: PTPL1 is required for apical membrane clustering
(a) Western blot of W4:shCTRL or W4:shPTPL1 lysates probed for PTPL1 and β-Catenin.  
(b) Localization of Lifeact-Ruby in W4:shCTRL or PTPL1-depleted W4 cells. Scale bars indicate 
5µm. (c) Quantification of apical membrane size in W4:shCTRL and W4:shPTPL1 cells. Red bars 
and values in graph represent the average. Red error bars represent s.e.m. (n > 17) * p < 0,05 
using independent samples t-test. (d,e,f) Localization of the brush border marker GFP-EBP50 (d), 
apical membrane marker CD66 (e) and basolateral marker CD71 (f) in polarized W4:shCTRL and 
W4:shPTPL1 cells in combination with the actin markers Lifeact-Ruby or Phalloidin-Alexa568. 
Scale bars indicate 5µm.
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Figure 5: PTPL1 binding is required for PTEN-dependent apical membrane clustering
(a) Schematic representation of PTPL1 mutants. KIND = kinase non-catalytic C-lobe domain, 
FERM = 4.1, Ezrin, Radixin, Moesin domain, PTP = protein tyrosine phosphatase domain. (b) Co-
immunoprecipitation of V5-PTEN with GFP-PTPL1 wt and PDZ-deletion mutants in HEK293T 
cells. Bottom: quantification of relative V5-PTEN binding to GFP-PTPL1. 
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To further test whether the ability to bind PTEN is sufficient for PTPL1 function 
in controlling apical domain size we generated minimal versions of PTPL1 
composed of its localization signal, the FERM domain, and the PDZ domains 
responsible for PTEN binding (Fig. 5d). 
In agreement with the PDZ deletion mutants, PTEN binds poorly to PDZ2 but 
binding increases when the interregion and PDZ1 are added (Fig. 5e). Expression 
of these minimal PTPL1 constructs in PTPL1-depleted W4 cells resulted in 
normalization of apical membrane size in a manner that correlated with the 
ability to bind PTEN (Fig. 5f). Therefore, these experiments indicate that PTPL1 
controls apical membrane size by binding PTEN at the apical plasma membrane.
 
Discussion
Here we show that PTEN is required for clustering of the apical membrane in 
polarized Ls174T:W4 cells. For this, PTEN, by means of its PDZ binding motif, 
binds to the PDZ domains of PTPL1 which in turn ensures apical enrichment of 
PTEN. Abrogating the interaction between PTEN and PTPL1 results in diffuse 
PTEN localization and enlargement of the apical plasma membrane. These data 
therefore support a model were PTPL1 by binding and localizing PTEN to the 
apical membrane enables PTEN-dependent clustering of the apical domain. 
This work thus identifies a novel function for PTEN during cell polarization in 
controlling apical membrane clustering and identifies PTPL1 as a critical PTEN 
binding partner in this process.
 
Various conflicting findings have been reported on the role of PTEN during apical 
membrane and lumen formation8-14,20. Specifically, whereas some reports indicate 
that PTEN is required for the establishment of an apical plasma membrane11,14,20, 
other reports find that an apical membrane is normally formed in the absence 
of PTEN8,9. The use of different model systems likely underlies these discrepant 
findings, since PTEN is only required for apical membrane formation in in vitro 
model systems. Because these system rely on the formation of cell-cell junctions 
for polarization, the polarization defects observed may be secondary to defective 
junction formation. 

Figure 5 continued
Error bars represent s.e.m. (n = 4)  (c) Quantification of apical membrane size in W4:shCTRL 
and W4:shPTPL1 cells expressing EV, GFP-PTPL1 wt or PDZ-deletion mutants. Red bars 
and values in graph represent the average.Red error bars represent s.e.m. (n > 30 in at least 
three experiments) * p < 0,05 using independent samples t-test. n.s. not significant (p > 0,05) 
(d) Schematic representation of minimal PTPL1 mutants. FERM = 4.1, Ezrin, Radixin, Moesin 
domain (e) Co-immunoprecipitation of PTEN with GFP-PTPL1 wt and mutants in HEK293T cells. 
Bottom: quantification of relative PTEN binding to GFP-PTPL1. Error bars represent s.e.m. (n = 
4) (f) Quantification of apical membrane size in W4:shCTRL and W4:shPTPL1 cells expressing EV, 
GFP-PTPL1 wt or mutants. Red bars and values in graph represent the average. Red error bars 
represent s.e.m. (n > 24 in at least three experiments) * p < 0,05 using independent samples t-test. 
n.s. not significant (p > 0,05)
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By using Ls174T:W4 cells, which polarize in the absence of cell-cell junctions, we 
can specifically address the junction-independent role of PTEN in polarization. 
We show that PTEN knockout Ls174T:W4 cells retain the ability to form an 
apical membrane but nonetheless fail in restricting the formation of the apical 
membrane to a fraction of the cell, thus implicating PTEN in the regulation of 
apical membrane dimensions. Supporting this, Grego-Bessa et al. found that 
neural plate epithelial cells of PTEN knockout mice can not decrease their apical 
membrane surface during remodeling of the neural plate, resulting in neural tube 
closure defects9. In addition, deletion of PTEN from the mouse retina results in 
enlarged cell surfaces and altered retinal architecture21. Therefore, these findings 
indicate that PTEN, instead of being required for apical membrane formation, is 
necessary for controlling apical plasma membrane dimensions.

We previously found that apical membrane clustering in Ls174T:W4 cells requires 
the small GTPase Cdc4222. This raises the question whether PTEN and Cdc42 
operate in a common signaling pathway to control apical membrane clustering. 
In support of this, PTEN has been linked to Cdc42 by regulating apical PI(4,5)P2 
levels, thereby providing a docking site for Annexin2, which in turn binds and 
localizes Cdc42-GTP to the apical membrane14. We however, could not find an 
apical membrane clustering defect in Ls174T:W4 depleted for Annexin2 (data 
not shown), indicating that PTEN may regulate an independent process that 
cooperates with Cdc42 in the regulation of apical membrane clustering.
 
The PDZ binding motif of PTEN engages in a variety of interactions with PDZ 
domain containing proteins, including important regulators of cell polarization 
such as Par3, Dlg1, and MAGI-223-25. We now show that PTPL1 is a functionally 
relevant interaction partner of PTEN in the process of apical membrane 
clustering. Whether other PTEN interactors are also involved in this process 
needs further investigation.

Both PTPL1 and PTEN function as tumor suppressors in colorectal cancer raising 
the question to what extent their interaction is important for tumorigenesis4,26. 
Interestingly, two findings suggest that PTEN regulation via its PBM is 
particularly contributing to tumorigenesis. Firstly, PTENΔPBM/ΔPBM mice develop 
spontaneous tumors and show higher tumor incidence when combined with 
various mouse tumor models24. Secondly, although rare, oncogenic PTEN 
mutations that compromise the PBM have been reported and these can not restore 
normal lumen morphology of PTEN-depleted 3D mammary gland cultures11. 
Therefore, the interaction between PTPL1 and PTEN may be of relevance for 
cancer progression by controlling epithelial tissue architecture.
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Material and Methods
Cell culture and plasmids
Ls174T:W4 cells were cultured in RPMI1640 (Sigma) medium supplemented 
with 10% FBS (Sigma) and antibiotics. To induce polarization, cells were 
cultured for at least 16h in presence of 1 µg/ml doxycycline (Sigma). 
For transient expression of DNA constructs, cells were transfected 
using XtremeGene9 (Roche) according to the manufacturer’s guidelines. 

pEGFP-EBP50 was generated by introducing an EBP50 PCR fragment in 
pEGFP-C2 using In-Fusion (Clontech). Similarly PTPL1 constructs were 
generated by introducing a PTPL1 PCR product in pEGFP using In-Fusion. 
PTPL1 mutants were generated by performing the In-Fusion reaction with two 
PCR fragments, one fragment encoding the upstream sequence and one encoding 
the sequence downstream of the PDZ domain(s) to be deleted. pEGFP-2A-PTEN 
wt and the ΔPBM mutant were generated by generating a PCR fragment of 
PTEN in which PTEN is preceded by the sequence encoding the self-cleaving 
2A peptide. This fragment was introduced in pEGFP-C2 using In-Fusion. YFP-
PTEN was generated using Gateway cloning (Invitrogen). Lifeact-Ruby was 
provided by Roland Wedlich-Söldner.

Antibodies
The following antibodies were used for immunofluorescence: mouse anti-CD66 
(BD Biosciences, 1:500), mouse anti-CD71 (H68.4, Life Technologies, 1:1000). 
For Western blotting the following antibodies were used: mouse anti-PTEN 
(6H2.1, Millipore, 1:5000), mouse anti-βCatenin (BD biosciences, 1:5000), mouse 
anti-αTubulin (Calbiochem, 1:5000), mouse anti-HA (12CA5, Roche, 1:10000), 
mouse anti-GFP (clones 7.1 and 13.1, Roche, 1:5000), mouse anti-V5 (Invitrogen, 
1:5000) and rabbit anti-Fap1 (H-300, Santa Cruz, 1:2000)

Generation of PTEN knockout and PTPL1 knockdown cell lines
PTEN knockout Ls174T:W4 cells were generated using CRISPR/Cas9 mediated 
gene disruption. For this, cells were transfected with pSpCas9(BB)-2A-GFP 
(PX458), encoding an sgRNA (ACCGCCAAATTTAATTGCAG for clone #1 and 
#2 or GACTGGGAATAGTTACTCCC for clone #3) targeting the fourth and sixth 
exon of PTEN. GFP-positive cells were expanded monoclonally and knockout 
clones were identified by sequencing. Absence of PTEN was subsequently 
demonstrated by Western blotting.
For stable knockdown of PTPL1, cells were transduced with shRNA containing 
lentiviral particles (Mission shRNA library, Sigma). After two rounds of infection, 
cells were selected for puromycin resistance (10 µg/ml) and knockdown was 
confirmed by Western blotting. For PTPL1 knockdown a single shRNA hairpin 
was used targeting the 3’UTR of PTPL1: 5’- GCATCATCTGTTTGTAATCAT-3’.
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Live cell imaging
Transfected cells were split and seeded onto glass bottom dishes (WillCo Wells) 
in doxycycline-containing medium. Cells were imaged in HEPES-buffered (pH = 
7.4) Leibovitz’s L-15 medium (Invitrogen) at 37ºC using an Axioskop2 LSM510 
scanning confocal microscope (Zeiss) with a 63x magnification oil objective (PLAN 
Apochromat, NA 1.4) using Zen image acquisition software. Apical membrane 
size was determined by measuring the fraction of the cell covered with microvilli 
using ImageJ software. Average apical membrane sizes were compared using 
independent samples t-test in SPSS with a p-value <0.05 as a cutoff for significance. 

Immunofluorescence
Cells were seeded on glass cover slips in the presence of doxycycline. Cells were 
washed with PBS, fixed in 4% formaldehyde for 30 min, permeabilized with 2% 
Triton X-100 for 10 min and blocked in 2% BSA for 2h. Slides then incubated 
with primary antibody for 16h, washed with PBS and incubated with Alexa488-
conjugated secondary antibody in the presence of DAPI and Alexa568-coupled 
phalloidin for at least 4h. After multiple PBS washes, slides were mounted and 
imaged.

Immunoprecipitation
Transfected HEK293T cells were scraped in ice cold lysis buffer (1% Triton X-100, 
50mM Tris-HCl pH 7.5, 150mM NaCl, 5mM MgCl2, supplemented with protease 
inhibitors) and cleared by centrifugation. Cleared lysates incubated with agarose 
beads coupled to GFP-binding protein (GBP) for 1h at 4ºC while rotating. Beads 
were washed three times with lysis buffer and bound proteins were eluted in 
sample buffer. 
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Abstract
The Rap subfamily of Ras-like GTPases is composed of five members (Rap1A/B, 
Rap2A/B/C) that function as molecular switches in signaling processes that 
involve the actin cytoskeleton. Like other small GTPases, activity of Rap proteins 
is determined by their association with either GDP or GTP, which is regulated by 
the activity of GEFs and GAPs. The combined actions of GEFs and GAPs allow  
high spatial and temporal control over Rap signaling. This degree of control is 
necessary because Rap signaling often functions to mark a cellular region for 
local actin remodeling. 
Although highly similar, it has become apparent that Rap1 and Rap2 proteins 
can signal independently and even antagonistically. Here we will review the 
mechanisms of Rap2 signaling and provide an overview of the biological functions 
in which Rap2 signaling is involved.
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Introduction
mall GTPases of the Ras-related protein (Rap) subfamily are critical 
signaling hubs in processes that govern cell morphology. Like other 

small GTPases, Rap cycles between an inactive GDP-bound and an active GTP-
bound state. In addition to intrinsic GTPase activity, the guanine nucleotide 
binding status of small GTPase proteins is regulated by the activity of guanine 
nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). 
GEFs promote dissociation of GDP and replacement with the more available 
GTP, thereby enabling effector binding and activating downstream signaling. 
In contrast, GAPs stimulate intrinsic GTPase activity resulting in a GDP-bound 
inactive conformation. The combined activity of GEFs and GAPs allow strict 
regulation of Rap signaling both in time and space1.

Although highly similar to other Ras family proteins, a Rap ortholog was already 
present in the last eukaryotic common ancestor (LECA)2. In contrast, Rap1 and 
Rap2 proteins appear to have emerged later in evolution and the different Rap1 
and Rap2 isoforms are only present in vertebrates. Five Rap proteins have 
been identified in mammals and categorized in two subtypes based on sequence 
homology. The Rap2 isoforms (Rap2A/B/C) share 60% of the amino acid identity 
with the Rap1 isoforms (Rap1A/B) and as a consequence of this similarity Rap1 
and Rap2 share many GEFs, GAPs and effectors. Therefore, it was suggested 
that Rap1 and Rap2 function in the same signaling pathway3. However, various 
reports have now demonstrated that Rap2 has independent signaling functions 
and in some cases can even antagonize Rap1 activity. The molecular mechanisms 
underlying unique signaling by the Rap isoforms are slowly being uncovered and 
it illustrates how highly similar small GTPases can signal independently.
 
Biochemistry of Rap2 proteins 
Structurally, Rap proteins consist of an N-terminal ‘business’ region which is 
the part responsible for nucleotide binding. Additionally, this part is involved 
in GEF and GAP binding and it contains the docking site for Rap effectors. The 
five Rap isoforms are very similar in the N-terminal part of the protein, however 
a single substitution (Ser39Phe) in Rap2 allows discrimination by Rap2 specific 
GEFs and effectors4-6. 

In contrast, much variation is found in the C-terminal part of the Rap proteins. 
This part contains various localizations signals including the CAAX motif, which 
is posttranslationally modified by the addition of a hydrophobic isoprenoid 
moiety, thereby targeting the protein to membranous compartments7. Both 
Rap1 isoforms are modified with a C-20 geranylgeranyl moiety, however Rap2 
isoforms are differentially isoprenylated: Rap2A is equipped with a C-15 farnesyl 
moiety whereas Rap2B is geranylgeranylated. Based on the sequence of the 
CAAX motif Rap2C was expected to be farnesylated, however Rap2C was also 
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identified as a substrate for geranylgeranyl transferase type 1 in MCF-7 cells 
suggesting plasticity in the type of modification8,9. Differences in isoprenylation 
status critically affect cellular distribution as was demonstrated by the 
specific interaction between farnesylated Ras family proteins and the GDI-like 
solubilizing factor PDEδ10,11. PDEδ binding to farnesylated Rap2A and Rap2C 
solubilizes these proteins from the plasma membrane and aids cytoplasmic 
diffusion10.

Next to the C-terminal CAAX motif Rap1 contains a polybasic region, which 
for Ras proteins mediates more stable membrane association via interactions 
with negatively charged membrane lipids12. As for Rap2, the C-terminus does 
not contain a polybasic region, but in addition to the CAAX motif contains two 
cysteine residues that can be dynamically palmitoylated13. For H- and NRas, 
palmitoylation at the Golgi apparatus directs these proteins to the plasma 
membrane, whereas depalmitoylated Ras proteins are redirected to the Golgi10,14. 
Biochemically, deletion of the two cysteine residues in Rap2B results in an altered 
fractionation pattern associated with loss of Rap2B from detergent-resistant 
membranes15. The functional importance of this mislocalization is highlighted by 
the finding that deletion of the two cysteines renders Rap2 incapable of activating 
the Rap2 specific effector TNIK13.  

In addition to lipid modifications on the Rap2 C-terminus, other posttranslational 
modifications were identified that affect Rap2 signaling. Ubiquitination by 
Nedd4-1 affects the ability of Rap2 to activate the Rap2 specific effectors TNIK 
and MINK16. In addition, Rap2 ubiquitination by a Cullin-5 containing ubiquitin 
ligase complex regulates plasma membrane localization of Rap2, which recruits 
Dishevelled (Dsh) and thereby regulates noncanonical Wnt signaling during 
Xenopus laevis gastrulation17.
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Figure 1: General regulatory mechanisms of Rap2 signaling and the domains involved
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Mechanisms of Rap2 signaling
Because Rap1 and Rap2 are highly identical in the nucleotide binding region it is 
not surprising that most GEFs, GAPs and effectors are shared. Classic RapGEFs 
including EPAC, PDZGEF and CalDAG-GEF similarly activate Rap1 and Rap2 
Nonetheless, C3G and RasGEF1 have been reported to specifically activate Rap1 
or Rap2 respectively4,18. Interestingly, Rap2 appears to be more GTP-loaded 
under basal conditions then Rap1 which has been suggested to result from 
reduced sensitivity towards the activity of various RapGAPs3,19. Differential 
GEF and GAP activity towards Rap1 and Rap2 is allowed by a single amino acid 
substitution (Ser39Phe) in the switch I region of Rap2. This region is the site of 
interaction for most GEFs, GAPs and effectors and indeed the Rap2(Phe39Ser) 
mutant is not activated by the RasGEF1, the only GEF specific for Rap24. 
Additionally Rap2(Phe39Ser) is unable to bind the Rap2 specific downstream 
effectors MAP4K420, TNIK5, MINK6 and the adapter protein RAPL21.

Whereas RasGEF1 is the only selective Rap2GEF, multiple Rap2 specific 
downstream effector proteins have been identified. Although the canonical 
Ras association (RA) domain can bind Rap2 specifically in the GTP-bound 
conformation, it generally does not discriminate between Rap1 and Rap2. 
Nevertheless RA domains can have higher affinity towards Rap2 compared to 
Rap1 as was shown for the RA domain of the Rap effector RAPL21. 

An important class of specific Rap2 effectors are the Citron/NIK homology (CNH) 
domain containing kinases MAP4K4, TNIK and MINK via which Rap2 exerts 
a variety of effects on the actin cytoskeleton5,6,20. It is not known whether the 
CNH domain bears any structural resemblance to the RA domain, yet like the 
RA domain the CNH domain is only able to interact with GTP-loaded Rap2. 
Functionally, the CNH domain is suggested to maintain and to regulate the 
autoinhibition via which these kinases are kept inactive22. 

Other Rap2 specific effectors like RPIP9 and RPIPx are hallmarked by the 
presence of a RPIP8/UNC-14/NESCA (RUN) domain which is structurally 
distinct from the classical RA domain23. Although the RUN domain of RPIPx is 
able specifically interact with GTP-loaded Rap2, RUN domains in general are 
not dedicated Rap2 specific binding modules and can interact with other Rap 
and Rab family proteins23,24. Therefore specificity of the RUN domain is context 
dependent. 

Curiously, the Rho GTPase activating protein ArhGAP29 is an atypical Rap2 
effector since its association with active Rap2 is not mediated by a classical RA, 
CNH or RUN domain and because binding to GTP-Rap2 is suggested to inactivate 
ArhGAP29 functioning25. Although ArhGAP29 can associate with GTP-bound 
Rap2 resulting in inactivation, ArhGAP29 is activated by Rap1 via the Rap1 
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effector scaffolds Radil and Rasip26. Therefore, ArhGAP29 might function as a 
node of convergence in antagonistic Rap1 and Rap2 signaling pathways.
 
The existence of specific activators and effectors allows for signaling pathways 
that are uniquely transduced by Rap2. Pannekoek et al. described the first of such 
an isolated pathway in which both the GEF (RasGEF1C) and effector (MAP4K4) 
are Rap2-specific27. Interestingly, this pathway was shown to counteract 
the increase in endothelial barrier resistance induced by Rap1 activation. 
Nevertheless, whereas the effects of Rap1 on barrier tightness are mediated by 
remodeling radial and junctional stress fibers, Rap2 does not contribute to the 
actin remodeling observed during barrier tightness modulation27. This suggests 
that Rap1 and Rap2 employ completely different mechanisms to antagonistically 
regulate endothelial barrier function and highlights their signaling divergence.

This type of opposing outcome has been reported for Rap1 and Rap2 signaling in 
the context of neuronal growth cone size and T cell migration and strongly argues 
for independent signaling modules21,28. Often though, the crosstalk between 
Rap1 and Rap2 signaling is unclear. Although many RapGEFs, such as EPAC 
and PDZGEF, possess no in vitro specificity this does not necessarily imply they 

Figure 2: Molecules involved in Rap2 signaling during cell morphogenesis
GEFs (blue), GAPs (orange) and effector proteins (magenta) involved in the regulation of Rap2 
signaling during various processes that contribute to cell shape. Proteins in green and yellow are 
proteins that regulate GAP activity and mediate effector signaling respectively. Dashed arrows 
indicate indirect regulation.
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are non-specific in vivo29. Since the different Rap isoforms function in distinct 
spatial pools it may well be possible that a promiscuous GEF only encounters 
one isoform and therefore displays an in vivo specificity.

Biological functions of Rap2 signaling
Like the Rap1 GTPases, Rap2 is engaged in signaling pathways involved in a 
plethora of biological processes. In general though, Rap2 signaling governs cell 
morphology by regulating the actin cytoskeleton or actin-driven transport. These 
are often local processes during which Rap activity is regulated under strict 
spatial and temporal control1.

Rap2 signaling during brush border formation
The strict spatial regulation of Rap2 signaling is strikingly illustrated by its 
function during the formation of apical microvilli in the process of enterocyte 
polarity establishment. During polarization, enterocytes generate an 
asymmetrical distribution of membrane lipids including an apical enrichment of 
PI(4,5)P2 and phosphatidic acid (PA)30. This creates a spatial cue for the RapGEF 
PDZGEF which is recruited to phosphatidic acid via its PDZ domain31. Because 
of this compartmentalization, a specific pool of Rap2A at the apical plasma 
membrane is activated by PDZGEF. Curiously, Rap2A signaling during brush 
border formation is strictly isolated from the other Rap2 isoforms. This signaling 
specificity originates from a dual mechanism involving differential localization 
and selective activation32. 

The selective activation of Rap2A at the apical plasma membrane results in 
local activation of the Rap2 effector kinase TNIK. Activated Rap2A, via TNIK, 
induces plasma membrane localization of the kinase Mst4, which in conjunction 
with other kinases and phosphatases, governs the phosphorylation status of the 
Ezrin, Radixin and Moesin (ERM) proteins to remodel the actin cytoskeleton and 
induce brush border formation30,33-35. Therefore, Rap2A signaling during brush 
border formation highlights how Rap2 functions to convert a spatial cue (apical 
phosphatidic acid) into localized remodeling of the actin cytoskeleton.

Rap2 in neuronal development
Rap2 and its effectors TNIK and MINK are highly expressed in the brain where 
Rap signaling regulates neuronal architecture16,36-38. In addition to regulating 
neuronal structure, Rap2 is involved in neuronal depotentiation by governing 
synaptic AMPA receptor levels39. Synaptic AMPA receptor levels are controlled 
by the concerted actions of both Ras and Rap GTPases40. Both Rap1 and Rap2 
can induce AMPA receptor removal, thereby counteracting Ras signaling, which 
promotes synaptic delivery of AMPA receptors. Nevertheless, Rap1 and Rap2 do 
not act redundantly and engage different effector proteins to trigger the removal 
of unique subsets of AMPA receptors39,40. 
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Rap2-mediated AMPA receptor removal can be triggered by activation of NMDA 
receptors. Still, the exact mechanism and the GEF and/or GAP involved in Rap2 
activation upon NMDA receptor activation are unknown. Among the candidates 
for regulating Rap2 activity downstream of NMDA receptor activation are EPAC2 
and the GAPs spine associated RapGAP (SPAR) and synaptic RasGAP (SynGAP). 
EPAC2 is localized to dendritic spines and its activation by the EPAC-selective 
agonist 8-CPT-2-Me-cAMP results in synaptic removal of GluR2/3, which is the 
pool of AMPA receptors regulated by Rap239,41. On the other hand, SPAR and 
SynGAP RNAi similarly induce AMPA receptor removal as constitutively active 
Rap2 and both GAPs and Rap2 reside in the NMDA receptor complex42-45. 

Downstream of Rap2 activation, JNK signaling is engaged to remove AMPA 
receptors via the Rap2 effector kinases TNIK and MINK36,39. Although both 
TNIK and MINK can activate JNK signaling and are required for Rap2 
induced AMPA receptor removal, these kinases are differentially engaged in 
this process36,37,46-49. Whereas TNIK activates JNK to remove AMPA receptors, 
overexpression of MINK restores the loss of AMPA receptors induced by Rap2 
activation36. Interestingly, a similar antagonistic relationship between TNIK and 
MINK is suggested to occur in the regulation of canonical Wnt signaling by these 
kinases22. Nevertheless, it remains unclear under what conditions TNIK and 
MINK function antagonistically in relaying Rap2 signaling and which molecular 
mechanisms allow for opposing outcomes.

In addition to regulating AMPA receptor levels on the synaptic surface, Rap2 
signaling affects neuronal cell shape by stimulating dendritic and axonal 
retraction and promoting synaptic pruning36,38,49. For this, Rap2 employs many 
of the GEFs, GAPs and effectors that are also involved in AMPA receptor 
removal, thus raising the question whether Rap2 regulates AMPA receptor 
recycling and neuronal morphology at the same time via one mechanism36,41,42,45. 
However, whereas Rap1 and Rap2 cooperate to remove AMPA receptors, both 
Raps are differentially involved in regulating neuronal morphology. Whereas 
overexpression of constitutively active Rap2(V12) potently reduces dendritic 
length, similar overexpression of Rap1(V12) has no effect49. Additionally, 
constitutively active Rap1 and Rap2 have opposing effects on growth cone size 
and are differentially involved in EphrinA mediated growth cone collapse28. 
Therefore, the observation that during AMPA receptor removal Rap1 and Rap2 
operate in conjunction whereas they function antagonistically in regulating 
neuronal morphology suggests that Rap2 governs these processes via distinct 
signaling pathways.

Rap2 in the regulation of Wnt signaling
Wnt signaling is pivotal for tissue homeostasis and embryonic development 
by governing stem cell behavior and body axis establishment. Rap2 and its 
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effector TNIK have been implicated in modulating Wnt signaling output and can 
therefore affect these processes50,51. 
Exactly how Rap2 signaling impinges on Wnt signaling remains unclear. 
However, Rap2 signaling is required for plasma membrane localization of 
Dishevelled (Dsh) upon Frizzled (Fz) receptor activation17,51. For this, Rap2 needs 
to be ubiquitinated by a Cullin5-containing ubiquitin ligase complex, which 
functions to regulate the localization of Rap217. Two Rap2 specific effectors are 
implicated in mediating the effects of Rap2 on Dsh localization: MINK and TNIK. 
In Xenopus laevis, activation of MINK and TNIK by Rap2 involves proteolytic 
cleavage resulting in liberation of the active kinase domain which is normally 
auto-inhibited22. 
How activated MINK and TNIK impose Dsh membrane localization is unclear, 
but may involve regulation of protein trafficking. Rap2 may have a general 
function to regulate receptor recycling and trafficking as it is also involved in the 
recycling of neuronal AMPA receptors and ALK receptors, via which it regulates 
Activin/Nodal signaling strength during embryonic patterning52. Additionally, 
Rap2 is implicated in the stability of LRP6, a co-receptor for Fz, which requires 
similar receptor internalization for signaling53,54. Therefore, Rap2, and its 
effectors MINK and TNIK, could regulate Wnt signaling via a general effect on 
receptor recycling.

Concluding remarks
Rap signaling is an evolutionary conserved signaling module that functions to 
regulate cell morphology predominantly via the actin cytoskeleton. Despite the 
high similarity on a biochemical level, Rap2 can signal independently of Rap1 
by employing Rap2 specific GEFs or effectors. Furthermore, GEFs that are 
promiscuous in vitro can achieve selectivity in vivo allowing signaling pathways 
governed by a single Rap2 isoform29,32. 

Not only can Rap2 signal independently, in various cases the signaling output 
of Rap2 is antagonistic to Rap1. These opposing relationships between Rap1 
and Rap2 have been reported to occur in the regulation of endothelial barrier 
function27, neuronal growth cone size28 and T cell migration21. The mechanisms 
that allow for these antagonistic outcomes remain unknown. An interesting 
candidate to function as a point of convergence for Rap1 and Rap2 is ArhGAP29, 
since its RhoGAP activity is directly inhibited by Rap2 whereas it is activated by 
Rap1, via the effectors Radil and Rasip25,26. Nevertheless, the point of convergence 
may be further downstream of Rap as was suggested for the antagonistic effects 
of Rap1 and Rap2 in the regulation of endothelial barrier tightness27. 
The biological processes in which Rap2 signaling has been implicated may 
appear haphazard. Nonetheless, all processes require extensive modulation of 
the actin cytoskeleton: upon Rap2 activation in enterocytes, actin is polymerized 
and bundled to generate the apical brush border and recycling receptors are 
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trafficked over actin filaments by Rab11/MyosinV positive endosomes30,55-59. Also 
neuronal cell morphology is a process that is largely dependent on remodeling 
of the actin cytoskeleton and involves elaborate regulation by other known actin 
remodeling proteins such as the Rho family of small GTPases60,61. Rap2 signaling 
may contribute to this actin remodeling via their effectors MINK and TNIK, which 
have actin severing capacities5,6,13,37. 

With the identification of dedicated Rap2 GEFs and effector it has become apparent 
that Rap2 forms an independent module of Rap signaling. Although many core 
constituents of Rap2 signaling, such as the GEFs, GAPs and effectors, have 
been identified, it remains largely unknown how these are connected with other 
signaling routes or how they are linked with a biological outcome. In particular 
the molecular origin of the complex connectivity with Rap1 signaling, which can 
be either synergistic or antagonistic, still remains elusive. 
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Abstract
Brush border formation during polarity establishment of intestinal epithelial 
cells is uniquely governed by the Rap2A GTPase, despite expression of the 
other highly similar Rap2 isoforms (Rap2B and Rap2C). We investigated the 
mechanisms of this remarkable specificity and found that Rap2C is spatially 
segregated from Rap2A signaling as it is not enriched at the apical membrane 
after polarization. In contrast, both Rap2A and Rap2B are similarly located at 
Rab11 positive apical recycling endosomes and inside the brush border. However, 
although Rap2B localizes similarly it is not equally activated as Rap2A during 
brush border formation. We reveal that the C-terminal hypervariable region 
allows selective activation of Rap2A, yet this selectivity does not originate from 
the known differential lipid modifications of this region. 
In conclusion, we demonstrate that Rap2 specificity during brush border formation 
is determined by two distinct mechanisms involving segregated localization and 
selective activation. 
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Introduction
TPases of the Rap family function as molecular switches that relay signals 
under strict control of spatial and temporal cues. Three Rap2 proteins 

exist (Rap2A, Rap2B and Rap2C) that are over 90% identical in protein sequence. 
As a result of this sequence similarity none of the currently known Rap2GEFs, 
GAPs and effectors have preferred activity towards a single isoform in vitro1. 
Nevertheless, isoform specific signaling routes have been described raising the 
question how these highly similar GTPases can achieve signaling selectivity in 
vivo2-4.
 
In the context of the closely related K-, H- and N-Ras proteins, isoform 
selectivity originates from the C-terminal hypervariable region (HVR)5,6. The 
HVR constitutes the major localization signal for GTPases as it is the site for 
both irreversible CAAX prenylation and dynamic cysteine palmitoylation. These 
lipid modifications allow for membrane association that in combination with the 
presence of a polybasic region or additional sorting signals in the HVR determine 
the localization of the Ras GTPases7,8. However, in comparison with the HVRs 
of the Ras isoforms, the Rap2 isoforms have very similar HVR compositions. 
Nevertheless, the Rap2 HVRs differ in amino acid sequence and in CAAX-box 
modification: whereas Rap2A and Rap2C are farnesylated, the Rap2B isoform is 
modified with a geranylgeranyl moiety9,10 (Fig. 1a).

In the intestinal epithelial Ls174T:W4 cell line, single cells can polarize 
upon doxycycline-induced expression of STRAD and the subsequent cytosolic 
stabilization and activation of LKB111. Previously, we identified a pathway 

G

Figure 1: General structure of the Rap2 proteins and constructs used in this study
(a) Domain structure of Rap2 isoforms. Proteins differ most extensively in the C-terminal 
hypervariable region (HVR), which comprises a linker and anchor region. Cysteine residues in the 
anchor region (highlighted in red) are posttranslationally subjected to CAAX box isoprenylation 
and dynamic cysteine palmitoylation. (b) Schematic structure of various Rap2 constructs used in 
this study.
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in which the small GTPase Rap2A regulates apical brush border formation 
downstream of LKB12. Interestingly, only knockdown of Rap2A prevents brush 
border formation during Ls174T:W4 polarization, whereas knockdown of the 
other Rap2 isoforms present in this cell line has no effect. Notably, neither the 
upstream activator (PDZGEF) nor the downstream effector (TNIK) of Rap2A in 
this pathway have specificity towards any of the Rap2 isoforms1,9. 

Therefore, we set out to investigate the mechanisms via which isoform specific 
Rap2 signaling is achieved during brush border formation. Using an imaging 
approach in combination with mutant analysis we find that Rap2C is spatially 
isolated from Rap2A signaling. In contrast, Rap2B, although identically localized, 
is not similarly activated as Rap2A during brush border formation. We identify 
the C-terminal hypervariable region to be responsible for differential activation 
between Rap2A and Rap2B. Therefore, we conclude that the hypervariable region 
of Rap2 can regulate protein activity independent of its effects on localization 
and thereby allows for isoform specific Rap2 signaling during brush border 
formation.

Results
Since Rap GTPases are known to signal from distinct spatial pools, we assessed 
localization of the different Rap2 proteins in Ls174T:W4 cells12. After doxycycline-
induced polarization, we observe enrichment of Rap2A at the apical brush border 
as judged by colocalization with the actin cytoskeleton marker Lifeact-Ruby13 

(Fig.  2a). Interestingly, Rap2B shows a similar localization upon polarization as 
Rap2A: both isoforms are predominantly located in the brush border membrane 
and in cytosolic vesicles subjacent to the brush border. These vesicles colocalize 
with the apical recycling endosome marker Rab11 (Fig. 2b). Recycling endosomes 
are pivotal for the establishment of apical membranes by sorting multiple 
signaling proteins to the apical membrane14,15. Thus, we identify two distinct 
pools of Rap2 at the apical aspect of polarized Ls174T:W4 cells: a pool residing on 
Rab11 positive endosomes en route to the apical plasma membrane and a second 
pool residing at the plasma membrane in the brush border.
Whereas Rap2A and Rap2B become enriched at the apical aspect upon 
polarization, Rap2C remains localized in vesicles that do not colocalize with 
dsRed-Rab11 (Fig. 2b). Therefore, we conclude that for Rap2C, but not Rap2B, 
differential localization most likely underlies the failure to function in brush 
border formation. 

To get further insight in why Rap2C is differentially and Rap2B is similarly 
localized as Rap2A we assessed the localization of the isolated C-terminal HVRs 
as this region is most divergent between Rap2 isoforms and is known to regulate 
localization of other GTPases6,8. After Ls174T:W4 cell polarization, both GFP-
Rap2A(HVR) and GFP-Rap2B(HVR) localize on recycling endosomes and at 
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the brush border membrane, reflecting distribution of the full length proteins 
(Fig. 2c). In contrast, GFP-Rap2C(HVR) only localizes at the brush border and 
not on recycling endosomes. Therefore, we conclude that the HVR of Rap2A and 
Rap2B contains the dominant localization signals for these proteins, whereas 
for Rap2C localization of the isolated HVR (plasma membrane bound) does not 
reflect localization of the full length protein (vesicular), indicating that for Rap2C 
additional sorting signals overrule HVR-imposed localization. Furthermore, 
differences in the HVR of Rap2A and Rap2B compared to the HVR of Rap2C 
imposes specific localization at the recycling endosomes for Rap2A and Rap2B. 
Taken together, this demonstrates that the HVR of Rap2A and Rap2B selectively 
imposes localization of the full length proteins in polarized W4 cells. 

Since localization does not explain specificity of Rap2A over Rap2B we questioned 

Fig. 2: Localization of Rap2 isoforms in polarized Ls174T:W4 cells
(a) GFP-tagged Rap2 isoform were cotransfected with the actin marker Lifeact-Ruby in W4 
cells and imaged in unpolarized and polarized (i.e. doxycycline-stimulated) cells. (b) GFP-Rap2 
localization compared with the recycling endosomal marker dsRed-Rab11 in polarized W4 cells. 
Asterisks indicate the apical aspect as judged by polarized Rab11 distribution. (c) Localization of 
the isolated hypervariable regions of the Rap2 isoforms. Profile plots show normalized fluorescence 
intensities over the indicated line scans. DOX = doxycycline
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whether the activity of Rap2B is similarly induced as Rap2A during brush 
border formation. To assess this, we transfected V5-tagged Rap2A and Rap2B 
and subsequently used the Ras-binding domain of RalGDS (RalGDS-RBD) to 
specifically pulldown GTP-loaded Rap proteins16. After doxycycline treatment 
to induce brush border formation, an increase in GTP-bound Rap2A is observed 
whereas no induction in Rap2B (and Rap2C) activity is detected (Fig. 3a and 
supporting information Fig. S2). This indicates that Rap2B activity is not 
similarly controlled as Rap2A during brush border formation and suggests that 
for these proteins isoform specificity results from differential activation. 

In order to visualize the site of Rap activation we expressed GFP-RalGDS-RBD 
in W4 cells and found that after polarization it is exclusively recruited to the 
brush border and not to the recycling endosomes (Fig. 3b). In contrast, when 
either constitutively activated CFP-Rap2A(V12) or CFP-Rap2B(V12) were 
present, YFP-RalGDS-RBD was able to localize to the recycling endosomes (Fig. 

Figure 3: Rap2A and Rap2B are differentially activated during Ls174T:W4 cell polarization
(a) Pulldown of GTP-bound V5-Rap2A and V5-Rap2B from W4 cells stimulated with doxycycline 
for various durations. Total lysates were probed for V5, Rap2 and FLAG. FLAG-STRADα levels 
were assessed to demonstrate differential induction over the different time points. Results from 
three independent experiments were averaged and expressed as the ratio of GTP-Rap2 vs. total 
Rap2 signal relative to unstimulated V5-Rap2A. Error bars represent standard deviations. (b) 
Distribution of GTP-bound Rap proteins in unpolarized and polarized W4 cells as visualized by 
localization of the Ras-binding domain (RBD) of RalGDS. (c) Localization of YFP-RalGDS-RBD 
in polarized W4 cells expressing constitutively activated CFP-Rap2A(V12) or CFP-Rap2B(V12). 
GTP-Rap PD: GTP-bound Rap pulldown, DOX = doxycycline, exo. exogenous, endo. endogenous
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3c). These results indicate that the pool of Rap2A and Rap2B on the recycling 
endosomes are maintained in an inactive conformation and that Rap2A is 
selectively activated upon disassembly of the recycling endosomes at the apical 
membrane. 

To further test the hypothesis that Rap2A and Rap2B differ in their activation 
state at the brush border, we scored brush formation in W4 cells stably depleted 
of endogenous Rap2A in which various Rap2 mutants were added back (Fig. 1b). 
Importantly, overexpression of wild type GFP-Rap2B and GFP-Rap2C cannot 
overcome the brush border formation defect imposed by Rap2A depletion 
(Fig. 4a,b). This again emphasizes that Rap2A is the dominant isoform during 
brush border formation and also demonstrates that isoform selectivity is 
maintained under overexpression conditions. In contrast, when overexpressing 
a constitutively active Rap2B(V12) mutant, brush border formation was restored 
in Rap2A-depleted W4 cells. The Rap2B(V12) mutant is similarly localized as 
wild type Rap2B, yet it is highly GTP-loaded because of reduced sensitivity 
towards GAP-mediated inactivation (Fig. 4a,b). No rescue of brush border 
formation was observed when Rap2C(V12) was expressed in Rap2A depleted 
W4 cells (Supporting information Fig. S3). Together with the failure of Rap2B 
to become activated after polarization, these findings suggest that although 
properly localized, Rap2B is not similarly activated as Rap2A and as a result of 
this does not contribute to brush border formation.

Next, we addressed whether the hypervariable region of Rap2A allows for 
selective Rap2A activation at the brush border. For this we generated chimeric 
Rap2 proteins in which the hypervariable region of Rap2B (and Rap2C) was 
replaced by the HVR of Rap2A (Fig. 1b). When expressed in W4 cells depleted 
of endogenous Rap2A, GFP-Rap2B(A-HVR) was able to restore brush border 
formation (Fig. 4a,b). In agreement with this, we find that V5-Rap2B(A-HVR) 
is more GTP-loaded in polarized W4 cells compared to wild type V5-Rap2B (Fig. 
4d). Furthermore, a chimeric Rap2A(B-HVR) mutant loses the ability to induce 
brush border formation in Rap2A depleted W4 cells and is less active in polarized 
W4 cells compared to Rap2B(A-HVR) (Fig. 4e,f and Supporting information Fig. 
S4). Therefore, we conclude that differences in signaling by Rap2A and Rap2B 
can be attributed solely to differences in the hypervariable region. In contrast, 
GFP-Rap2C(A-HVR) is unable to rescue brush border formation in Rap2A 
depleted cells (Fig. 4a,b). In agreement with this, localization of GFP-Rap2C 
is not affected by replacing the hypervariable region, again indicating that the 
dominant localization signal of Rap2C is outside the HVR (Fig. 4a).

A striking difference between the HVRs of Rap2A and Rap2B is their differential 
CAAX box modification. Whereas the CAAX motif of Rap2A results in a 
farnesylated protein, the Rap2B CAAX motif is modified with a geranylgeranyl 
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Figure 4: Constitutively activated Rap2B(V12) or a chimeric Rap2B(A-HVR) mutant can rescue 
brush border formation in Rap2A depleted Ls174T:W4 cells 
(a) Images of Rap2A-depleted polarized W4 cells expressing various GFP-tagged Rap2 constructs 
and LifeAct-Ruby. (b) Quantification of brush border formation in GFP-positive cells in three 
independent experiments. (total counts ~150 cells per condition). * p < 0,05 using paired samples 
t-test. (c) Western blot of lysates from a rescue experiment probed with Rap2 antibody and anti-
αTubulin as a loading control. exo. exogenous, endo. endogenous (d) GTP-Rap pulldown from 
unpolarized and polarized W4 cells expressing V5-Rap2A, V5-Rap2B or V5-Rap2B(A-HVR). 
Results from three independent experiments were quantified and averages were expressed as ratio 
of GTP-Rap2 vs. total Rap2 relative to unstimulated Rap2A. (e) Image of Rap2A-depleted W4 cell 
expressing GFP-Rap2A(B-HVR) and Lifeact-Ruby. (f)  Quantification of brush border formation in 
Rap2A depleted W4 cells in which GFP or GFP-Rap2A(B-HVR) was introduced. (Total counts ~300 
cells per condition) * p < 0,05 using paired samples t-test.
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moiety17. To investigate whether different isoprenyl modifications cause 
selective activation we generated Rap2A and Rap2B mutants in which CAAX 
box sequences were interchanged and performed a rescue experiment in Rap2A 
depleted W4 cells. We find that both geranylgeranylated Rap2A and farnesylated 
Rap2B are functionally indistinct from wild type Rap2A and Rap2B (Fig. 5a,b). 
Therefore, we conclude that differential CAAX modification does not underlie 
specificity between Rap2A and Rap2B during brush border formation.

Discussion
Although the Rap2 GTPases are highly similar, they are engaged in isoform 
specific signaling pathways. For instance, during intestinal polarity establishment 
isoform specific signaling by Rap2A regulates the formation of the apical brush 
border. Since the Rap2 proteins are most divergent in their hypervariable region, 
which affects protein localization, differential localization would be the simplest 
explanation for isoform specificity. We indeed show that in polarized intestinal 
epithelial cells Rap2C is localized in cytoplasmic vesicles, whereas Rap2A is at 
the plasma membrane and apical recycling endosomes. Nevertheless, Rap2B 
localizes similar to Rap2A implying that other factors than localization must 
determine specificity between Rap2A and Rap2B.

Figure 5: CAAX-box swopped Rap2A and Rap2B mutants function indistinguishable from the 
wild type Rap2 proteins. 
(a) Images of Rap2A depleted W4 cells expressing GFP-tagged CAAX-swopped Rap2 constructs 
and Lifeact-Ruby. (b) Quantification of brush border formation in Rap2A-depleted W4 cells in 
which GFP-tagged CAAX-box mutant Rap2A and Rap2B were expressed. (Total counts ~ 150 cells 
per condition) * p < 0,05 using paired samples t-test. (c) Western blot of lysates from a rescue 
experiment probed with anti-Rap2 antibody and anti-αTubulin as a loading control. exo. exogenous, 
endo. endogenous
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We show that in contrast to Rap2A, Rap2B is not activated at the apical plasma 
membrane during brush border formation. Furthermore, a constitutively 
activated Rap2B(V12) mutant is able to restore brush border formation in 
Rap2A-depleted cells, indicating that the failure of Rap2B to become activated 
determines specificity between Rap2A and Rap2B. 

We show that differential activation is imposed by the C-terminal hypervariable 
region, which also determines localization of Rap2A and Rap2B. Importantly, 
the hypervariable region regulates Rap2 activity independently of its effects on 
proteins localization as both Rap2A and Rap2B localize similarly in polarized 
epithelial cells.

Exactly what feature of the HVR allows for selective activation of Rap2A remains 
unknown. The hypervariable region of Rap2 comprises the C-terminal 14 amino 
acids of which four residues differ between Rap2A and Rap2B. Importantly, next 
to these four residues the HVR of Rap2A and Rap2B is differentially isoprenylated 
as a result of different CAAX motifs: whereas Rap2A is modified with a farnesyl 
moiety, Rap2B is equipped with a geranylgeranyl moiety. Although differential 
isoprenylation could allow for isoform specific binding partners10, we find that 
differential CAAX modification does not underlie signaling specificity between 
Rap2A and Rap2B during brush border formation. 

Our study thus suggests that subtle differences in het HVR sequence affect 
the ability of PDZGEF to activate Rap2B. The involvement of the C-terminus 
in determining specificity of a GEF is not without precedence. For instance, a 
proline-rich sequence in the carboxy-terminus of Rac1 allows specific binding 
of the SH3-domain containing GEF β-PIX18. In addition, the C-terminus can 
regulate activity of GTPases by other means than providing a direct binding 
site for GEFs. For example, a polybasic motif in the hypervariable region of 
Rac1 allows binding of Extracellular Signal-Regulated Kinase (ERK) that by 
phosphorylating Rac1 at position T108 affects GEF binding19. For Rap2, so far no 
isoform specific interaction partners have been documented that could explain 
selective activation of Rap2A. However, our data suggests that the HVRs of 
Rap2A and Rap2B engage in isoform specific interactions that results in the 
selective activation of Rap2A.
 
In conclusion, we identify a function for the hypervariable region of the Rap2 
proteins in regulating protein activity independent of its function in regulating 
protein localization during brush border formation.

Methods
Cell culture and constructs
Ls174T:W4 cells11 were cultured in RPMI1640 (Lonza) supplemented with 10% 
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tetracycline-free FBS (Lonza) and antibiotics. For transient transfection, cells, 
while in suspension, were transfected with X-tremeGene 9 (Roche) according to 
the manufacturer’s protocol. To induce polarization, cells were trypsinized and 
seeded in doxycycline-containing medium (1 µg/ml) for at least 16h.
N-terminally GFP-, CFP- and V5- tagged Rap2 constructs were cloned using 
Gateway recombination (Invitrogen) in a pcDNA3 backbone. HVR- and CAAX-
mutants were generated by site-directed mutagenesis and the isolated HVR 
constructs were generated by directly ligating annealed oligo’s into pEGFP-C2 
using the EcoRI and SalI restriction sites. 

Lentiviral knockdown
Ls174T:W4 cells were infected for two successive days with lentiviral shRNA 
constructs (Mission library, Sigma). Three days after the first round of infec-
tion, infected cells were selected with puromycin (10 µg/ml) for three days. For 
stable knockdown, four shRNAs targeting the Rap2A mRNA were pooled (Tar-
geting sequences shRNA #1: 5’-CGGCACCTTCATCGAGAAATA-3’, shRNA 
#2: 5’-CCTTTATGGAAACTTCCGCTA-3’, shRNA #3: 5’-GACGAACTCTTTG-
CAGAAATT-3’, shRNA #4: 5’-GTATGAGAAAGTGCCAGTCAT-3’) , whereas for 
rescue experiments with Rap2A(B-HVR) and CAAX mutants a single Rap2A 
shRNA was used, targeting the sequence encoding the Rap2A HVR. (Targeting 
sequence shRNA #5: 5’-GTTCTGCATGTAACATACAAT-3’) shRNAs were vali-
dated to have no compensatory effects on Rap2B and Rap2C mRNA levels. (Sup-
porting information Fig. S1 and2)

Life cell imaging
Two days after transfection, cells were stimulated with doxycycline and seeded 
on glass bottom dishes (WillCo Wells). After at least 16h, cells were imaged in 
Hepes-buffered (pH 7.4) Leibovitz’s L-15 medium (Invitrogen) at 37ºC on an 
Axioskop2 LSM510 confocal microscope (Zeiss). Brush border formation was 
quantified in three independent experiments for a total of at least 150 cells and 
averages before normalization were compared with control transfected W4 cells 
using paired samples t-test.

Rap activity assay
V5-Rap2 constructs were transfected in W4 cells and cells were stimulated 
with doxycycline for various time points. Cells were gently scraped in cold lysis 
buffer [1% Nonidet P-40 substitute; 10% glycerol; 50 mM Tris-HCl pH 7.4; 2.0 
mM MgCl2; 200 mM NaCl; protease and phosphatase inhibitors] and cleared 
by centrifugation at 4ºC. Protein concentration of the cleared lysates was 
quantified using the BCA protein assay (Thermo) and equal amounts of protein 
were subjected to precipitation with glutathione-agarose beads coupled with the 
GST fusion protein of the Ras-binding domain of RalGDS (GST-RalGDS-RBD)16. 
Beads were washed, eluted in Laemmli sample buffer and resolved by SDS 
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PAGE. Western blots were probed with anti-panRap2 (BD Biosciences), anti-V5 
(Invitrogen), anti-αTubulin (Calbiochem) and anti-FLAG (M2) (Sigma).
Blots from three independent experiments were quantified using ImageJ 
software. For this the ratio between band intensities of the V5 signal in pulldown 
and total lysates was determined and expressed relative to V5-Rap2A without 
doxycycline stimulation (or V5-Rap2B in Fig. S4 of the supporting information). 
Quantifications show the average ratios in three experiments with error bars 
representing standard deviations.

Quantitative PCR
RNA from W4 cells infected with four different or a single (#5) shRap2A hair-
pin was isolated using the RNeasy Mini Kit (Qiagen). RNA concentration was 
quantified and 2 µg of RNA was converted to cDNA using the iScript cDNA syn-
thesis kit (Bio-Rad). cDNA from control infected W4 cells was diluted to gener-
ate a reference dilution series and cDNA levels were quantified by SYBR green 
real-time PCR on a C1000 Thermal Cycler (Bio-Rad). The following primer se-
quences were used: Rap2A-FW 5’-CATGCTGTTCTGCATGTAAC-3’, Rap2A-RV 
5’-CAAGTTCTGCAGTGGAGTAG-3’, Rap2B-FW 5’-GACTGATTGCGATTCT-
GAGG-3’, Rap2B-RV 5’-CACACTGTATTGGCATCAGT-3’, Rap2C-FW 5’-CAG-
GATATCAAGCCAATGAG-3’, Rap2C-RV 5’-CTGAAGACATAACCTCTCTTTC-3’. 
Expression levels were normalized to HPRT1 and GAPDH mRNA levels. Relative 
expression levels of thee QPCR experiments were averaged and pooled stand-
ard deviations were calculated. Average relative expression levels of the two 
W4:shRap2A samples were compared to the W4:shCTRL reference using inde-
pendent samples Students’ t-test.
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Figure S1: Relative expression levels of Rap2 isoforms in W4 cells infected with pooled shRap2A 
hairpins or a single (#5) shRap2A hairpin. 
RNA from W4:shRap2A cells was extracted and subjected to QPCR for the Rap2 isoforms. Average 
relative expression levels were determined in three QPCR experiments from independent RNA 
extractions. Error bars indicate standard deviation. * p < 0,05
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doxycycline stimulation.
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Figure S3: Constitutively activated Rap2C(V12) can not restore brush border formation in Rap2A 
depleted W4 cells.
(a) Image of Rap2A-depleted cell expressing GFP-Rap2C(V12) and the actin marker Lifeact-Ruby. 
(b)Quantification of brush border formation in W4 cells stably depleted of endogenous Rap2A 
expressing GFP or GFP-tagged Rap2C(V12) (total counts ~200 cells per condition). * p < 0,05 
using paired samples t-test.
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Figure S4: Rap2A(B-HVR) is less active compared to Rap2B(A-HVR) in polarized W4 cells.
GTP-Rap pulldown from W4 cells transfected with V5-Rap2B, V5-Rap2B(A-HVR) or V5-Rap2A(B-
HVR) after doxycline-induced polarization. Results from three independent pulldown experiments 
were quantified and expressed as ratios of GTP-Rap2 vs. total Rap2 relative to Rap2B. Error bars 
represent the standard deviation in the ratios of independent experiments.
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reaking of cellular symmetry in order to establish an apico-basal polarity 
axis initiates de novo formation of cell polarity. However, symmetry 

breaking provides a formidable challenge from a signaling perspective, because 
by definition no spatial cues are present to instruct axis establishment. Instead, 
symmetry breaking is driven by amplification of stochastic fluctuations in 
signaling activity. A concomitant problem of this is that polarization can occur 
at multiple sites; a situation that could be detrimental to the cell. Therefore, cells 
must be able to restrict polarization to a single domain.

Throughout evolution, small GTPases, and Cdc42 in particular, are involved in 
the control of symmetry breaking events. By engaging different GEFs, GAPs and 
effectors, Cdc42 signaling is orchestrated with pinpoint precision to control the 
various cellular processes that contribute to cell polarization. In this thesis, novel 
signaling pathways have been presented that establish functional asymmetry 
during enterocyte polarization. 

Cdc42 controls singularity in apical domain specification
Cell-cell junctions are generally considered to safeguard singularity in apical 
domain specification. However, the finding that epithelial cells that polarize in 
the absence of junctions rarely form multiple apical domains suggests that cell-
intrinsic mechanisms ensure singularity in apical domain specification1,2. We 
reveal a crucial function for Cdc42 in ensuring singularity in polarization as 
demonstrated by the finding that a large fraction of Cdc42 knockout cells present 
with multiple apical domains. 

To enforce singularity in polarization, Cdc42 is under spatial control of ATP8B1, 
a flippase that is mutated in progressive familial intrahepatic cholestasis type 1 
(PFIC1) patients. ATP8B1 functions to limit Cdc42 mobility, thereby spatially 
restricting Cdc42 signaling at the apical plasma membrane. As a consequence, 
loss of ATP8B1 impairs Cdc42 confinement and results in cells with an enlarged 
apical membrane and cells with multiple apical domains (Fig. 1a, b).
The formation of an enlarged apical plasma membrane is also observed in 
enterocytes of small intestinal organoid cultures from ATP8B1-deficient mice. 
This finding therefore indicates that regulation of apical domain size by ATP8B1/
Cdc42 also contributes to epithelial architecture when cell-cell junction are 
present. Furthermore, the finding that apical membrane morphology is affected 
in PFIC patients also suggests that loss of this regulation underlies human 
pathologies. 

How does Cdc42 ensure the formation of a single apical domain? During yeast 
cell polarization, singularity in apical membrane formation originates from a 
winner-takes-all competition between multiple, growing polarity clusters for 
limited polarity factors3. Analogous to this, two findings suggest that a similar 

B
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competition for Cdc42 may underlie singularity in epithelial cell polarization. 
Firstly, we show that impairing the ability to confine Cdc42 into a cluster, by 
increasing Cdc42 mobility, resulted in the formation of multiple apical domains. 
Secondly, the competition between polarity clusters during yeast cell polarization 
is dependent on RhoGDI-mediated transfer of Cdc423,4. We show that singularity 
in polarization can not be ensured when Cdc42 is unable to bind RhoGDI, which 
may indicate the presence of a similar competition for Cdc42 in enterocytes.

Although many parallels between yeast cell polarization and enterocyte 
polarization can be observed, there are several notable differences. Firstly, 
whereas Cdc42 is absolutely required for yeast cell polarization and bud 
formation, Cdc42 is not required for apical membrane formation in Ls174T:W4 
cells5. Instead Cdc42 is only responsible for the clustered positioning of the apical 
domain. Secondly, whereas Cdc42 is also regulated by flippases during yeast cell 
polarization, these flippases function to promote Cdc42 membrane dissociation, 
which is the opposite of ATP8B16,7. Thirdly, whereas loss of flippase activity in 
yeast causes the formation of elongated buds, no yeast flippases are associated 
with singularity defects6.

Activity-dependent regulation of Cdc42 mobility
Given the crucial role of Cdc42 mobility in safeguarding singularity in apical 
membrane formation, we questioned how activation affects Cdc42 mobility. We 
demonstrate that Cdc42 is subjected to a drastic immobilization upon GTP-
loading which originates from a dual mechanism: on the one hand, Cdc42 

Figure 1: Graphical summary of chapter two
(a) The ability to restrict apical domain formation correlates with degree of Cdc42 clustering at 
the apical plasma membrane. In polarized Ls174T:W4 cells, clustered localization of Cdc42 (blue) 
results in the formation of a clustered apical domain (pink). If Cdc42 is not properly confined, 
as in ATP8B1-depleted cells, the apical domain is enlarged or multiple apical domains are 
formed. Absence of Cdc42 results in the formation of multiple apical domains. (b) Mechanism of 
spatial regulation of Cdc42 by ATP8B1. ATP8B1, by catalyzing the internalization, or flipping, 
of phosphatidylserine (PS, red) reduces Cdc42 mobility at the apical membrane. The interaction 
between negatively charged PS with positively charged residues in the C-terminus of Cdc42 is 
critical for this. Curved arrow represents Cdc42 eviction.
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activation abolishes RhoGDI-dependent membrane dissociation. On the other 
hand, GTP-loaded Cdc42 is immobilized by the Cdc42GEF Tuba. We demonstrate 
that interference with either mechanism affects Cdc42 mobility and function 
(Fig. 2a). 
An important consequence of the notion that RhoGDI only dissociates Cdc42-
GDP and not Cdc42-GTP from the membrane is that RhoGDI may contribute 
to apical enrichment of Cdc42. RhoGDI-dependent membrane extraction is 
reversible and therefore extraction is normally balanced by delivery. However, at 
sites of Tuba activity where Cdc42-GDP is converted into Cdc42-GTP, RhoGDI-
mediated delivery of Cdc42-GDP exceeds membrane extraction. As a result, 
RhoGDI may create an influx of Cdc42 molecules into a cluster of Cdc42 activity, 
thereby contributing to Cdc42 enrichment at the apical membrane (Fig. 2b).

The large difference between Cdc42-GDP and Cdc42-GTP mobility poses the 
question to what extent regulation of Cdc42 membrane association by ATP8B1 
is relevant in the context of activity-dependent mobility regulation. Because 
the effect of ATP8B1 on Cdc42 mobility was demonstrated using the isolated 
hypervariable region (HVR) of Cdc42, this difference reflects a reduction in 
membrane association that is independent of RhoGDI-binding and GDP/
GTP cycling. However, also in the context of full length Cdc42, we measured 

Figure 2: Graphical summary of chapter 
three
(a) Tuba controls Cdc42 mobility by 
generating RhoGDI-resistant Cdc42-GTP 
and by immobilizing Cdc42-GTP. Curved 
arrow represents Cdc42 eviction. (b) 
RhoGDI-mediated delivery may contribute 
to Cdc42 enrichment at the apical 
membrane. See text for explanation. (c) 
Speculative network organization for Cdc42 
signaling that would meet all requirements 
for a Turing type reaction diffusion system.

A B

C

Cdc42
GDP

RhoGDI

Cdc42
GDP

Cdc42
GTP

TubaTuba

Cdc42
GDP

RhoGDI

Cdc42
GDP

Basolateral
membrane

Apical
membrane

Cdc42
GTP

Tuba

Cdc42
GDP

RhoGDI

Cdc42
GDP

Cdc42
GTP

Cdc42
GDP

Tuba/
Par6

Long-range 
inhibition by
GEF depletion

Local auto-
catalysis by GEF

recruitment

Di�erential 
di�usion

Cdc42-GTP/e�ector
complex

Cdc42-GDP/GDI
complex

(Modulated by 
ATP8B1/PS)



7

124

in an increased mobility for Cdc42(D185) that was largely dependent on the 
interaction with RhoGDI (data not shown). This suggests that the decreased 
membrane association caused by ATP8B1 makes Cdc42 more prone to RhoGDI-
mediated membrane dissociation. Because the polybasic region of Cdc42 directly 
interacts with RhoGDI, it may be that the interaction between the PBR and 
PS inhibits Cdc42 membrane dissociation by RhoGDI by preventing RhoGDI 
binding8. Therefore it is likely that both decreased membrane association and 
increased RhoGDI-mediated membrane extraction cooperate to impose the 
diffuse localization of Cdc42 in ATP8B1-depeleted cells.

Differential mobility between an active and inactive signaling molecule is one of 
the requirements for a Turing type reaction-diffusion network. Because Cdc42 
dynamics during yeast cell polarization can be modeled according to a Turing 
type mechanism and because it can mathematically account for symmetry 
breaking and singularity, it is tempting to speculate that Cdc42 signaling during 
Ls174T:W4 cell polarization also embodies a Turing type network9-12. Next to 
differential diffusion, a classic Turing network also comprises a positive feedback 
mechanism to amplify a stochastic fluctuation in signaling and a means of long-
range inhibition to prevent ectopic cluster formation12. 

During yeast cell polarization, a positive feedback loop for Cdc42-GTP production 
is established by recruitment of the Cdc42GEF, Cdc24, by means of the scaffold 
protein, Bem1, which directly binds activated Cdc4213,14. A similar feedback 
mechanism may operate during enterocyte polarization, since various Cdc42 
effectors directly bind GEFs and could thereby recruit GEF activity to sites of 
Cdc42 activity15,16. Indeed, Tuba directly binds to the Cdc42 effector NWASP 
and the Tuba/NWASP complex is implicated in various Cdc42-dependent 
polarization processes17-19. We however could neither find an apparent polarity 
phenotype in NWASP knockout Ls174T:W4 cells nor was the mobility of Cdc42 
affected in these cells (data not shown). Preliminary findings suggests, that 
Tuba directly associates with the Cdc42 effector Par6, suggesting that formation 
of a Tuba/Cdc42/Par6 complex could establish a positive feedback mechanism  
for the generation of Cdc42-GTP and additionally could contribute to the Tuba-
dependent immobilization of active Cdc42. 

Next to a positive feedback mechanism that may depend on a GEF/effector complex, 
amplification of a Cdc42 cluster at the apical membrane could involve Cdc42 
delivery by apical recycling endosomes. This feedback recruitment mechanism 
was shown to operate during yeast cell polarization and is responsible for Cdc42 
enrichment at the leading edge of migrating fibroblast20-22. However, we do not 
see obvious localization of Cdc42 to recycling endosomes. Furthermore, for yeast 
it has been debated whether the Cdc42 concentration on vesicles is sufficient to 
contribute to Cdc42 cluster expansion23. 
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The final Turing requirement involves a mechanism to suppress ectopic cluster 
formation, either by means of long-range inhibition or by depletion of an essential 
‘substrate’10. In the model for yeast cell polarization, the essential substrate 
is the Cdc24/Bem1 complex which is depleted from the cytosol by membrane-
bound Cdc429. In support of a similar organization of substrate depletion during 
Ls174T:W4 cell polarization is the finding that Tuba localization to the plasma 
membrane is exclusively apical.

Because Turing type signaling networks can account for symmetry breaking and 
singularity in polarization, it provides an attractive framework to study polarity 
signaling. A speculative signaling model that would meet the requirements for a 
Turing network is shown in figure 2c.

Apical domain specification by PTEN
The lipid phosphatase PTEN is best known for antagonizing PI3K-dependent 
activation of PKB/Akt signaling. However, PTEN also plays a role in cell 
polarization via which it contributes to epithelial tissue architecture and this 
could contribute to the tumor suppressive properties of PTEN. We reveal that 
PTEN is required to restrict apical membrane formation to a limited part of the 
cell as PTEN knockout Ls174T:W4 cells form an apical brush border that spans 
the entire plasma membrane. To ensure apical membrane clustering, PTEN 
binds to the PDZ-domain containing phosphatase PTPL1 and this interaction is 
required to enrich PTEN at the apical plasma membrane (Fig. 3).

Because loss of PTEN and PTPL1 both result in an apical membrane clustering 
defect similar to loss of ATP8B1 and Cdc42, the question arises whether they 
operate in the same pathway. In support of this idea, PTEN is suggested to 
regulate Cdc42 localization by generating PI(4,5)P2 at the apical plasma 
membrane, thereby recruiting Annexin2, which in turn binds and localizes 
activated Cdc4224. Several findings argue against this link and suggest that 
both pathways are non-redundant: firstly, the increase in apical membrane 
size in ATP8B1-depleted cells was rescued by expression of a Cdc42 mutant 

Figure 3: Graphical summary of chapter four
PTPL1-mediated apical membrane recruitment of 
PTEN is required for apical membrane clustering. 
PTPL1 is localized to the apical plasma membrane 
by binding to PI(4,5)P2 (green) via its 4.1, Ezrin, 
Radixin, Moesin (FERM) domain. PTEN binds 
to the second PDZ domain of PTPL1 by means of 
its PDZ binding motif (PBM) and this is required 
for apical enrichment of PTEN and consequently 
apical membrane clustering. PTP = protein tyrosine 
phosphatase domain, phos. = phosphatase domain.

PI(4,5)P2

FERM 1 2 3 4 5 PTP
PDZ

PBMphos.

Apical membrane clustering

PTPL1
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that was localized to PI(4,5)P2. If Cdc42 is normally localized to PI(4,5)P2 via 
Annexin2 this Cdc42-PH mutant would likely not be required to bypass the need 
for PS/ATP8B1. Secondly, whereas expression of a Cdc42 mutant with reduced 
mobility (Cdc42(2xPBR)) was able to rescue the clustering defect of ATP8B1-
depleted, it could not restore normal apical membrane size in PTPL1-depleted 
cells (data not shown). Thirdly, we show that Cdc42 mobility is tightly regulated 
for its function in apical membrane clustering, yet we find no effect of PTEN or 
PTPL1 loss on Cdc42 mobility (data not shown). Finally, knockdown of Annexin2 
did not result in apical membrane enlargement or the formation of multiple 
brush border (data not shown).
 
If the PTEN/PTPL1 and ATP8B1/Cdc42 pathways are not closely connected how 
do they relate to one another? It might be that both clustering pathways, although 
similar in Ls174T:W4 cells, are required during different processes that require 
regulation of apical domain size. In support of this, ATP8B1 is predominantly 
expressed in terminally differentiated polarized epithelial cells where control 
over apical membrane size is required to ensure proper lumen morphology25. 
PTEN has been implicated in controlling apical membrane size of polarized 
neuroepithelial cells in the process of neural tube closure26. In this process, 
constriction of the apical membrane allows invagination of the epithelial sheet 
which ultimately forms the neural tube. Therefore, we speculate that PTEN/
PTPL1-dependent clustering may be more relevant in the dynamic control over 
apical membrane size, whereas ATP8B1/Cdc42-mediated clustering may mostly 
operate under static conditions.

A closer look at the phenotypes of PTEN and Cdc42 already indicates that both 
clustering modules are different: whereas some Cdc42 knockout cells form a 
brush border that covers the complete plasma membrane it is much less frequent 
then in PTEN knockout cells. Conversely, PTEN (or PTPL1) loss results in an 
enlarged brush border, but cells rarely form multiple apical domains, indicating 
that singularity regulation is not affected. 

The notion that the tumor suppressor PTEN controls apical membrane 
clustering solicits the question to what extent this regulation may be relevant 
in tumorigenesis. Epithelial tissue architecture is a barrier in oncogenic 
progression and this barrier might be broken by inadequate control over apical 
membrane clustering27-29. An increased apical domain might for instance result 
in cell eviction in the central lumen, a process that has been implicated in breast 
cancer progression28. Alternatively, loss over tissue architecture might disrupt 
the establishment of chemical gradients that control normal tissue homeostasis30. 
Furthermore, if epithelial barrier function is affected by an increased apical 
membrane size, cancer cells may more readily metastasize to the underlying 
tissue31. Although these examples are only speculative mechanisms via which 
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apical membrane size could affect tumorigenesis, the notion that ATP8B1, 
PTPL1 and PTEN are frequently mutated and lost in epithelial malignancies is 
an argument that control over apical membrane size might suppress oncogenic 
progression32-34.

Isoform specific Rap2 signaling during brush border formation
A fundamental question in GTPase signaling is how highly similar small 
GTPases can signal independently without signal interference. Rap2A is the 
sole Rap2 isoform that engages in brush border formation, despite expression 
of the other Rap2B and Rap2C isoforms35. We reveal that this isoform specific 
signaling originates from differential localization of the Rap2C isoform and 
selective activation of Rap2A over Rap2B. Crucial differences in the C-terminal 
HVR of Rap2B enable this selective activation of Rap2A (Fig. 4a). 

Since the C-terminal HVR is primarily implicated in controlling the localization 
of small GTPases, the selective activation of Rap2A over Rap2B might also 
originate from a differential localization. However, Rap2A and Rap2B localize 
apparently similarly and constitutively active Rap2B(V12) is able to rescue Rap2A 
depletion, indicating that Rap2B at least is able to access the correct location 
to initiate brush border formation. Because PDZGEF, the RapGEF involved in 
Rap2A activation during brush border formation, does not discriminate between 
Rap2 isoforms in vitro, an interesting alternative would be the existence of a 
GAP that is able keep Rap2B inactive36.

A B

Figure 4: Graphical summary of chapter six
(a) Isoform-specific signaling by Rap2A during microvilli formation is enabled via two mechanisms: 
Rap2C is not translocated to the apical membrane via recycling endosomes during cell polarization 
and does therefore not contribute to signaling. On the other hand Rap2B, although properly 
localized, is not activated by PDZGEF at the apical domain. (b) Hierarchical organization of Cdc42 
and Rap signaling during enterocyte and yeast cell polarization. GTPases are in pink, GEFs in 
green and GAPs in red. The nascent apical domain is depicted in orange.
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In general, isoform-specific signaling ensures that two processes do not interfere 
with one another. For brush border formation, this would mean that selective 
activation of Rap2A ensures that Rap2B signaling is not disturbed. Indeed, 
Rap2B itself engages in isoform-specific signaling at the plasma membrane and 
therefore this regulation may prevent interference between Rap2A and Rap2B 
signaling37,38. Rap2C is instead located in cytosolic structures suggesting that 
Rap2C has a specific function at these sites. 

How is brush border formation by Rap2A linked with apical domain specification 
by Cdc42? As the pioneering factor for cell polarization, Cdc42 signaling at the 
nascent apical membrane establishes the spatial cues that instruct Rap2A 
signaling. Apical PI(4,5)P2 may be the prime spatial cue as its clustering requires 
Cdc42 and because it has been implicated in the recruitment of PDZGEF35. How 
Cdc42 controls PI(4,5)P2 lipid distribution at the apical membrane remains 
unclear, but this might involve PIP5K as Cdc42 can directly activate PIP5K in 
vitro39.

Interestingly, whereas in enterocytes Cdc42 signaling provides the spatial cue 
for Rap2 signaling, this hierarchy is inverse during yeast cell polarization. In 
yeast, the Rap orthologue Rsr1, together with its GEF Bud5 and GAP Bud2, 
is part of the bud site selection machinery which prevents re-usage of previous 
bud sites40. For this, activated Rsr1 binds the GEF Cdc24 and activates its GEF 
activity towards Cdc42 thereby spatially controlling Cdc42-dependent symmetry 
breaking (Fig. 4b)41,42. Irrespective of the hierarchy, in both systems Rap signaling 
functions to mark a cortical site which is then subjected to remodeling of the 
actin cytoskeleton.

Concluding remarks
The generation of cellular asymmetry creates functionally distinct domains 
within a cell and is therefore a fundamental process in biology. Polarized 
enterocytes in the intestine epitomize this functional asymmetry by developing 
highly specialized apical and basal domains that are crucial for enterocyte 
function. Here, we have identified novel signaling mechanisms that contribute 
to symmetry breaking by controlling apical membrane clustering, singularity 
in apical domain specification and brush border formation. Importantly, we 
reveal that singularity in apical domain specification is actively safeguarded in 
polarized epithelial cells by Cdc42 signaling and implicate this regulation in 
human pathologies.
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etc
Nederlandstalige Samenvatting
eel celtypes vormen functioneel verschillende apicale (‘voor’) en basale 
(‘achter’) domeinen die belangrijk zijn voor de functie van de cel. Een 

voorbeeld van deze apicaal-basale polariteit is de enterocyt, die de deel uitmaakt 
van het darmepitheel. Dit celtype vormt een zeer gespecialiseerd apicaal domein, 
dat verantwoordelijk is voor opname van voedingsstoffen uit het darmkanaal, en 
een basaal domein, dat zorgt voor de afgifte van nutriënten aan het bloed. Verlies 
van deze functionele asymmetrie is de directe oorzaak van verscheidene ziektes 
(o.a. microvillus inclusie ziekte) en is een kenmerk van epitheliale kankers. De 
totstandkoming van cel polariteit is daarom een proces dat onder strenge regie 
verloopt.

De novo vorming van cel polariteit vereist het doorbreken van initiële cellulaire 
symmetrie. Vanuit een signaleringsperspectief is dit een grote uitdaging omdat 
er per definitie geen ruimtelijke informatie is die het polarisatieproces kan 
instrueren. Signalering door kleine GTPase eiwitten is betrokken bij verschillende 
symmetrie doorbrekende processen en één eiwit uit deze familie in het bijzonder 
is een evolutionair geconserveerde centrale regulator van cel polariteit: Cdc42.

In hoofdstuk twee en drie onderzoeken we de rol van Cdc42 in de totstandkoming 
van enterocyten polariteit. Hiervoor maken we gebruik van een gemodificeerde 
darmkankercellijn die in staat is te polariseren in de afwezigheid van cel-cel 
juncties en andere ruimtelijke informatie. We zien dat waar deze cellen normaal 
altijd één apicaal domein vormen, cellen zonder Cdc42 vaak meerdere apicale 
domeinen maken. Dit toont aan dat singulariteit in de vorming van een apicaal 
membraan actief gereguleerd wordt door polariserende epitheelcellen en dat dit 
Cdc42 signalering vereist.

In hoofdstuk 2 tonen we verder aan dat deze Cdc42 signalering georkestreerd 
wordt door ATP8B1, een flippase-eiwit dat gemuteerd is in patiënten met 
progressieve familiale intrahepatische cholestase type 1 – in Nederland bekend 
als de Spakenburgse ziekte. ATP8B1 lokaliseert in het apicale plasma membraan 
van enterocyten waar het, door het internaliseren van het membraan lipide 
phosphatidylserine te katalyseren, de mobiliteit van Cdc42 verlaagd. Verlies van 
ATP8B1 zorgt voor een hogere mobiliteit van Cdc42, waardoor het niet verrijkt 
blijft op het apicale membraan. Het gevolg hiervan is een diffuse lokalisatie 
van Cdc42 in de cel en een verlies van Cdc42-afhankelijke apicaal membraan 
clustering. Als gevolg hiervan vormen cellen zonder ATP8B1 een groter apicaal 
membraan en meerdere apicale domeinen per cel.

We laten vervolgens zien dat verlies van ATP8B1 ook een groter apicaal 
membraan geeft in intestinale ‘organoïde’ culturen en tonen daarmee aan dat 
regulatie van apicaal membraan clustering ook relevant is in de context van 
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een epitheliale cellaag; dus in de aanwezigheid van ruimtelijke instructies 
afkomstig van cel-cel juncties. Bovendien laten we zien dat de vorm van het 
apicaal membraan van enterocyten veranderd is in intestinale biopten van PFIC 
patiënten en impliceren daarmee dat verlies van apicaal membraan clustering 
een oorzaak is van PFIC.

In hoofdstuk 3 onderzoeken we hoe de mobiliteit van Cdc42 is gereguleerd 
tijdens cel polarisatie. We vinden dat de activator van Cdc42, de GEF Tuba, de 
mobiliteit van Cdc42 op twee manieren reguleert. Aan de ene kant remt Tuba, 
door Cdc42 te activeren, membraan-dissociatie van Cdc42 door RhoGDI, een 
eiwit dat normaal zorgt voor een hoge mobiliteit van inactief Cdc42-GDP. Aan 
de andere kant verlaagt Tuba de mobiliteit van actief Cdc42-GTP, vermoedelijk 
door de vorming van een trimeer complex bestaande uit Tuba, Cdc42 en een 
effector eiwit. Het gecombineerde effect van deze regulatiemechanismes is een 
drastische immobilisatie van Cdc42 na activatie door Tuba. We laten zien dat 
deze immobilisatie noodzakelijk is voor lokale Cdc42 signalering en daarmee 
voor clustering van het apicale membraan.

In hoofdstuk 4 beschrijven we hoe de lipide fosfatase en tumor suppressor PTEN 
betrokken is bij de vorming van een geclusterd apicaal membraan. We vinden 
dat verlies van PTEN leidt tot de vorming een apicaal membraan dat de volledige 
omtrek van de cel omspant. Voor clustering van het apicaal membraan is het 
nodig dat PTEN een interactie aangaat met het platform-eiwit PTPL1. Binding 
aan PTPL1 zorgt ervoor dat PTEN lokaliseert naar het apicale membraan om 
zo clustering te bewerkstelligen. PTEN en PTPL1 vormen dus een alternatieve 
module in de regulatie van apicaal membraan grootte. 

In hoofdstuk 5 bieden we een overzicht van de signaleringsmechanismes van 
de Rap2 GTPases. Aan de hand van dit overzicht laten we zien dat Rap2 een 
markeringsfunctie heeft en regio’s in de cel aanduidt waar het actine cytoskelet 
herschikt moet worden. 

In hoofdstuk 6 onderzoeken we hoe zeer identieke GTPase eiwitten afzonderlijk 
kunnen signaleren zonder interferentie. Enkel Rap2A, en niet de isovormen 
Rap2B en Rap2C, is betrokken bij de signalering die zorgt voor de formatie van 
microvilli op het apicale membraan van gepolariseerde enterocyten. We laten 
zien dat waar Rap2A lokaliseert in het apicale membraan en in de apicale 
recyclerende endosomen, Rap2C enkel aanwezig is in cytosolische structuren en 
als gevolg daarvan niet betrokken is bij microvilli formatie. Desalniettemin, Rap2B 
lokaliseert ogenschijnlijk identiek aan Rap2A, maar wordt in tegenstelling tot 
Rap2A niet geactiveerd aan het apicale plasma membraan. Kritieke verschillen 
in de C-terminale aminozuursequentie van Rap2B zorgen voor dit verschil.
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Kortom, we beschrijven nieuwe signaleringsmechanismes die bijdragen aan het 
doorbreken van cellulaire symmetrie. Specifiek zijn deze mechanismes betrokken 
bij de clustering van het apicale membraan, het naleven van singulariteit in 
apicaal domein specificatie en de vorming van microvilli. Hiermee bieden we 
fundamentele inzichten in de organisatie van polariteitssignalering en de 
mechanismes van weefselvorming.
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Abbreviations
ATP8B1 ATPase class I type 8b member 1
Cdc42  Cell devision control protein 42 homolog
CRISPR clustered regularly interspaced short palindromic repeats
CTRL  control
DAPI  4,6-diamidino-2-phenylindole
DOX  doxycycline
EBP50  Ezrin-binding protein 50
EV  empty vector
GAP  GTPase-activating protein
GDI  Guanosine nucleotide dissociation inhibitor
GDP  guanosine diphosphate
GEF  Guanine nucleotide exchange factor
GTP  guanosine triphosphate
HVR  hypervariable region
IP  immunoprecipitation
LKB1  Liver kinase B1
MDCK  Madin-Darby Canine Kidney
MINK  Misshapen-like kinase 1
MTOC  microtubule organizing center
NEC  no endogenous Cdc42
P4-ATPases type 4 subfamily of P-type ATPases
PA  phosphatidic acid
Par  partitioning defective
PBM  PDZ-binding motif
PBR  polybasic region
PD  pulldown
PDZ  post synaptic density protein 95 (PSD95), disc large homolog 1   
  (Dlg1), and zonula occludens-1 protein (ZO-1)
PFIC1  progressive familial intrahepatic cholestasis type 1
PH  pleckstrin homology
PI(4,5)P2  phosphatidylinositol 4,5-bisphosphate
PS  phosphatidylserine
PTEN  phosphatase and tensin homolog
PTPL1  protein tyrosine phosphatase like 1
Rap  Ras-related protein
shRNA short hairpin RNA
STRAD STE20-related kinase adapter protein
TL  total lysate
TNIK  TRAF2 and NCK-interacting protein kinase
W4  Ls174T:W4 
WT  wild type
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