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Abstract

In epithelial cells, the polarized orientation of the apical–basal axis determines the 
position of the apical lumen and, thereby, the collective tubular tissue architec-
ture. From recent studies employing 3D cell cultures, animal models, and patient 
material, a model is emerging in which the orientation and positioning of the api-
cal surface and lumen is controlled by the relationships between the extracellular 
matrix (ECM), Rho family GTPase signaling, recycling endosome dynamics, and 
cell division. Different epithelial cells adjust these relationships to establish their 
specific cell polarity orientation and lumen positioning, according to physiologic 
need. We provide an overview of the molecular mechanisms required to construct 
and orient the apical lumen.
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The orientation of the apical–basal polarity axis

The establishment and orientation of an apical–basal polarity axis is instrumen-
tal for the functional shaping of a lumen in a tube-forming epithelial cell mass. 
Columnar epithelial cells that are arranged in monolayers typically position their 
apical domain and lumen opposite their basal domain. While the ectopic position 
of apical lumens at the lateral surface gives rise to defects in columnar epithelium 
architecture, hepatocytes deliberately position their apical lumens amidst their 
lateral surfaces to give rise to a canalicular network. Further, while apical lumens 
in the cytoplasm of epithelial cells are associated with cancer and a fatal disorder 
(microvillus inclusion disease), other cells deliberately develop apical lumens in 
their cytoplasm to establish their unique tubular architecture (Figure 1). Much of 
our understanding of the mechanisms that control the orientation of apical–basal 
polarity in epithelial cells and the spatial positioning of de novo-formed lumens 
comes from studies with cultured epithelial cells. These include – but are not lim-
ited to – the simple epithelial Madin–Darby canine kidney (MDCK) cell line, intes-
tinal epithelial Caco-2, and mammary epithelial cell lines (MEC), embedded in 3D 
matrices [1, 2, 3, 4, 5, 6, 7], as well as hepatocellular HepG2, WIF-B9, Can-10 cells 
[8, 9], and primary hepatocytes [8, 10, 11, 12, 13]. With the exception of primary 
hepatocytes, these culture systems allow one dividing cell to give rise to a solitary 
central lumen-forming cyst (the structural unit of exocrine glandular epithelia in 
vivo) or, in the case of hepatic cell lines, to a multiple lumen-forming cell mass. 
More recent work has shown that some, although not all, of these mechanisms are 
conserved in different cell types and in vivo during early stages of embryogenesis 
[5, 14]. We examine data from different model systems – supplemented with data 
from animal models and patients – to identify core molecular mechanisms and key 
players that determine the spatial orientation of the apical domain and positioning 
of the apical lumen.

Signaling at the cell–ECM interface controls the orientation of 
the apical–basal axis

Single MDCK or Caco-2 cells, embedded in an isotropic 3D ECM, randomly dis-
tribute apical and basolateral proteins at their plasma membrane. When these cells 
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Figure 1. Four examples (I–IV) of distinct apical lumen positioning phenotypes in normal 
and abnormal settings. It should be noted that, in situation II, enterocytes of microvillus 
inclusion disease patients do show lateral microvilli that are normally only found at the 
apical domain, but the apical identity of these microvilli requires further investigation. 
Apical membranes are denoted by green lines; basolateral membranes are denoted by 
red lines.

enter mitosis, at least two transmembrane proteins that play an important role in 
apical domain and lumen development in kidney epithelial cells, crumbs-3a and 
podocalyxin [15, 16], are internalized into Rab11a-positive recycling endosomes 
[7], which concentrate around mitotic spindle poles [7, 17]. Following the first cell 
division, basolateral proteins such as E-cadherin and Na/K-ATPase are seques-
tered at the lateral surfaces between daughter cells. By contrast, crumbs-3a and 
podocalyxin accumulate at surface domains facing the ECM [1, 2]. High signaling 
activity by the small GTPase RhoA and its effector Rho kinase-associated protein 
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kinase (ROCK)I at the ECM-facing cell surface promotes the phosphorylation 
and, thereby, activation of ezrin at this domain [2, 18]. Activated ezrin stabilizes a 
complex consisting of podocalyxin, NHERF1/EBP50, and ezrin at the ECM-facing 
surface by linking the complex to the F-actin cytoskeleton. Other ezrin-binding 
apical proteins may similarly be stabilized. Thus, following the first cell division 
and before the formation of a lumen, the daughter cells establish RhoA activi-
ty-mediated apical–basal cell surface polarity with their apical domains facing 
the ECM. For the de novo generation of an apical lumen in between the cells, 
a subsequent reorientation of the apical–basal polarity axis is required. This oc-
curs via a mechanism that may involve quorum sensing of the ECM by integrin 
receptors. At the ECM interface, activated β1-integrin receptors form complexes 
with α2- and α3-integrin pairs [2, 19, 20, 21]. The ECM, likely via α2β1-integrins, 
phosphatidylinositol (PI)3 kinase and its subunit p110δ, and/or Arf6, promotes the 
activation of the GTPase Rac1 [20, 21, 22, 23, 24, 25] (Figure 2). Rac1 activity then 
promotes the assembly of laminin, possibly via α3β1-integrins, at the ECM-facing 
cell surface [20, 21, 22]. Indeed, the expression of a dominant-negative mutant of 
Rac1 in collagen type I-embedded MDCK cells inhibits laminin assembly, and this 
results in the formation of cysts that maintain inverted apical polarity (i.e., apical 
domains facing the ECM [21]) and that cannot establish a central apical lumen. The 
downstream mechanism via which Rac1 promotes laminin assembly is not clear, 
and Rac1 is dispensable for polarity orientation in some cells [14], suggesting that 
Rac1 may have a tissue-specific function [14]. Laminin assembly and the formation 
of a basal lamina at the ECM-facing cell surface require the polarized secretion of 
laminin and the polarized delivery of laminin-binding receptors to the cell surface 
[26]. The intracellular polarity protein Par1b is required for the polarized local-
ization of the laminin-binding dystroglycan complex to the basal cell surface of 
MDCK cell [27]. In MECs, Par1b regulates the basolateral localization of laminin-
111-binding integrins via the phosphorylation of the E3 ubiquitin ligase RNF41 
[28]. Consistent with the role of dystroglycans and integrins in ECM remodeling, 
Par1b regulates focal adhesions [29] and extracellular laminin assembly [27]. The 
knockdown of Par1b or RNF41 results in cysts with perturbed apical polarity and 
inhibits ECM-directed central apical lumen formation [30]. Par1b also regulates 
polarized basal lamina assembly in 3D cultured mouse submandibular salivary 
glands to coordinate tissue polarity [31]. Interestingly, Par1b can also phospho-



rylate the insulin receptor substrate p53 (IRSp53). In its non-phosphorylated state, 
IRSp53 binds to GTP-bound Rac1 and Cdc42, and serves as an adaptor to recruit 
additional proteins [29]. Phosphorylation of IRSp53 by Par1b recruits 14-3-3 pro-
teins and inactivates IRSp53. IRSp53-depleted MDCK cysts are defective in the 
assembly of laminin [29], akin to MDCK cysts that overexpress Par1b [29] or a 
dominant-negative Rac1 mutant [21]. Possibly, Par1b activity may need to be kept 
within limits to promote the assembly of laminin at the ECM-facing surface and 
the subsequent development of a central apical lumen. The assembly of laminin 

Figure 2. Cartoon depicting the different stages in cell–extracellular matrix (ECM) 
signaling-mediated apical–basal polarity axis orientation (Inserts 1,2), and recycling 
endosome- and cell division-mediated lumen formation and positioning (Inserts 3,4). 
Insert 1 illustrates the consequences of collagen signaling via integrins to Rac1, result-
ing in laminin assembly. Insert 2 illustrates the subsequent consequences of laminin 
signaling via integrins and focal adhesion kinase (FAK) to RhoA and ezrin. This results in 
the internalization of podocalyxin (Podxl) from the ECM-facing cell surface, which is a 
prerequisite for the subsequent formation of a central apical lumen. Insert 3 illustrates 
the molecular machinery associated with apical recycling endosomes (RE) that deliver 
Podxl to the apical membrane initiation site (AMIS), leading to the establishment of the 
apical lumen. Insert 4 illustrates the role of the orientation of the mitotic spindle, and 
the site of cytokinesis/position of the midbody, in the microtubule (MT)-mediated guid-
ance of apical vesicles and the maintenance and expansion of a central apical lumen. 
Apical membranes are denoted by green lines; basolateral membranes are denoted by 
red lines. Abbreviations: DG, dystroglycan; LN, laminin; COL, collagen.
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at the ECM-abutting cell surface attenuates RhoA-ROCKI activity (Figure 2). In 
MDCK cells, activated β1-integrins reduce RhoA activity through the focal adhe-
sion kinase (FAK)-dependent recruitment of a GTP-activating protein (GAP) for 
RhoA, p190A-RhoGAP [2, 18]. Reduced RhoA-ROCKI activity reduces the phos-
phorylation status, and thereby the activity, of ezrin at the cell–ECM interface. 
This allows the phosphorylation of the podocalyxin–NHERF1/EBP50–ezrin com-
plex by classical protein kinase C (PKC), and the endocytosis of podocalyxin, and 
possibly other apical proteins, from the ECM-facing surface [2, 18]. The endocy-
tosis of apical proteins from the ECM-facing cell surface appears to be a common 
requirement for apical polarity reorientation because inhibition of endocytosis in 
other epithelial cell types including mammary spheroids [14] and hepatocytes [32, 
33] disrupts polarization and apical lumen formation.

In conclusion, signaling at the cell–ECM interface keeps a balance between RhoA 
and Rac1 activities, which cells may use as a rheostat to organize the ECM and 
determine a cell polarity axis orientation that allows the development of an apical 
lumen and functional epithelial tissue. Interestingly, intestinal organoid cultures 
from multiple intestinal atresia patient biopsies displayed an inversion of apical–
basal polarity of the epithelial cells that was normalized by pharmacological in-
hibition of Rho kinase [34]. These findings are likely relevant to cancer, which 
is highly related to perturbed cell polarity and altered Rho GTPase and integrin 
signaling. Notably, sustained inversion of apical polarity can lead to drastically 
different forms of cell polarization and behavior (Box 1). 

Recycling endosomes and apical trafficking establish the apical 
plasma membrane domain

Apical proteins, when internalized from the MDCK cell periphery, are rapidly 
transcytosed to an apical membrane initiation site (AMIS), which is marked by the 
polarity protein Par3 and forms at a coordinated position at the ECM-free lateral 
surface between the neighboring cells, typically at a position that is maximally 
distant from the ECM [1, 4, 7]. The delivery of apical proteins to the AMIS requires 
microtubules and F-actin, and is controlled by the GTPase Rab11a [1, 7, 35] (Figure 
2). Rab11a associates with apical recycling endosomes that concentrate around 
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the centrosome [36]. The centrosome reorients from the ECM-facing cell surface 
towards the lateral cell surface upon laminin-mediated loss of RhoA/ROCK/myo-
sin-II activity and cell contractility [37, 38]. Rab11a binds to and directs Rabin8, a 
guanine nucleotide exchange factor (GEF), to activate Rab8a on apical protein-con-
taining recycling endosomes [1]. Rab8a/11a cooperatively bind the actin-based 
motor protein myosin-Vb to transport these vesicles to the AMIS [39]. Rab8a/11a 
also associate with the exocyst complex subunit Sec15A to tether vesicles to the 
AMIS [1, 40]. The expression of dominant-negative mutants of Rab11a or myo-
sin-Vb similarly inhibits the formation of apical lumens in hepatocytes [41]. The 
knockout of Rab8 or Rab11a in the mouse intestine leads to defective trafficking of 
apical proteins [42, 43], illustrating the importance of the Rab11a/Rab8 recycling 
endosome system in vivo. Rab11a-directed Rab8a activation is also required to es-
tablish the orientation of Cdc42 activation [1]. Cdc42 becomes transiently enriched 
on apically destined vesicles and, probably in cooperation with the atypical formin 
IFN2 and MAL2, mediates vesicle delivery to the AMIS [32, 44]. Cdc42 also forms a 
complex with Par6 and Par3, the latter of which is one of the first polarity proteins 
found at the AMIS. Notably, Par3 also directs apical trafficking to the AMIS. Thus, 

Box1
Apical–basal versus front–rear polarity

Inverted polarity is not a loss of polarity: the apical and basolateral domains 
are still asymmetrically polarized. Although the mechanisms controlling api-
cal–basal polarity orientation are beginning to emerge, the consequence of 
misoriented or inverted polarity are less clear. Tumors with inverted polarity 
have been observed in breast cancer [95], although the functional signifi-
cance or prevalence of such events is unknown. One possible explanation 
is that the inversion of apical–basal polarity may allow invasive behaviors to 
develop by allowing proteins normally sequestered at or in the lumen, such 
as FGFs [96], to interact with or be secreted into the ECM. In MDCK cysts, at 
least, inversion of polarity is associated with increased migration and inva-
sion in 3D culture [2]. Notably, this is associated with the development of 
collective front–rear polarization, whereby collective cell invasion is led by 
an apical membrane ‘front’ and a basolateral ‘rear’. This topology is distinct 
from the typical view of invasion, which is generally considered to be led by 
integrins at the leading edge of cells. How and why apical-membrane-driven 
front–rear polarity occurs in MDCK 3D culture upon inversion of polarity re-
mains to be elucidated.
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Rab11a vesicles and the Cdc42–Par6–Par3 complex engage in a feedback loop that 
ensures the establishment and expansion of the apical plasma membrane domain 
specifically at the AMIS. Rab11a-positive vesicles also carry atypical protein ki-
nase C (aPKC)-iota, the aPKC-iota activator phosphoinositide-dependent protein 
kinase 1 (PDK1) [45, 46], and the Ste20-like protein kinase Mst4 [45], which con-
tributes to the further structural differentiation of the apical domain by promoting 
microvilli development through phosphorylation of ezrin [45].

In addition to Rab11a, Rab27a/b and Rab3b on apically destined vesicles cooper-
ate with Rab8a to bind to synaptotagmin-like protein (Slp)-2a and -4a, respective-
ly [47]. This links apical vesicles to syntaxin-3 for vesicle fusion with a singular 
AMIS. Thus, the knockdown of Slp proteins results in the formation of multiple 
apical membrane domains and lumens per cell [47]. Interestingly, hepatocytes, 
which are the predominant epithelial cells in the liver, and which develop multi-
ple apical lumens per cell in vitro and in vivo [48], do not express Slp2a and -4a 
[49]; we speculate that this may contribute to their multi-lumen phenotype. The 
apical trafficking via Rab11a-positive recycling endosomes and polarization is reg-
ulated by liver kinase B1 (LKB1) – the mammalian ortholog of the C. elegans po-
larity protein Par4 [50, 51], and LKB1 knockdown in 3D MDCK cultures causes the 
formation of multiple apical domains per cell [37]. Perturbation of the individual 
components of the recycling endosome or apical membrane fusion machinery in 
MDCK and Caco-2 cells results in the formation of multiple, mispositioned apical 
lumens and, in some cases, intracytoplasmic apical lumen-like vacuoles. In intes-
tinal epithelial cells of the nematode C. elegans, deletion of the polarity protein 
Par5 triggers mispositioning of Rab11a-positive recycling endosomes and results 
in the formation of ectopic apical domains along the lateral surfaces of intesti-
nal epithelial cells [52]. A similar phenotype in C. elegans occurs when the apical 
trafficking machinery, regulated by glycosphingolipids and the clathrin–adaptor 
complex 1 (AP1) complex, or the apical cargo and its scaffold, aquaporin-8 and 
ERM-1, is disrupted [53, 54, 55, 56]. The collective data suggest that the positioning 
of, and trafficking from, Rab11a-positive endosomes, determines where the apical 
domain and lumen or lumina will form.

The human physiological relevance of the apical recycling endosome-centered ma-
chinery for apical domain positioning is best exemplified by microvillus inclusion 
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Box2
Microvillus inclusion disease (MVID)

MVID is a rare enteropathy that is clinically characterized by severe diarrhea and 
nutrient malabsorption within days after birth (early onset; 95% of cases) or at 2 
months after birth (late onset) [60]. If left untreated, patients die as a result of de-
hydration. MVID prognosis depends on total parenteral nutrition (TPN) and intestine 
transplantation. Most patients die at young age because of TPN-related complica-
tions. Extraintestinal symptoms have also been reported [97]. MVID is associated 
with mutations in the MYO5B gene, encoding the actin-based motor protein myosin 
Vb [57, 58]. An atypical MVID variant has been associated with mutations in the STX3 
gene, encoding the apical membrane fusion protein syntaxin 3 [59]. To date, over 40 
different MYO5B mutations have been identified, which are predicted to yield no or 
functionally defective myosin Vb proteins (http://www.mvid-central-org) [97]. At the 
cellular level, intracellular accumulation of apical membrane proteins, microvillus 
atrophy, and intracytoplasmic microvilli-lined inclusions that contain apical but not 
basolateral proteins are observed in the enterocytes of all MYO5B mutation-carrying 
patients [60]. The percentage of enterocytes with microvillus inclusion varies con-
siderably between patients and with age, and can be very low. Cellular defects are 
predominantly found in the villus enterocytes and not in crypt enterocytes, which 
may reflect a differentiation-related defect. MVID patients carrying STX3 mutations 
do not develop microvillus inclusions [59]. Rab11a-positive recycling endosomes are 
mispositioned from a subapical distribution in normal enterocytes to a supranuclear 
position in MYO5B-associated MVID enterocytes [45, 58], but not in kidney epithelial 
cells [67] At the tissue level, normal-appearing crypts and atrophic intestinal villi are 
observed [45, 60]. Villus–villus fusion can also be observed [45], similarly to in ez-
rin- or crumbs3-depleted mouse intestines [98, 99]. MVID villus fusions are causally 
linked to loss of ezrin localization and phosphorylation at the lumen-facing surface 
of MVID intestinal epithelial cells (enterocytes) [45]. Notably, overall monolayer or-
ganization and columnar cell morphology are not affected, and there are no signs 
of increased intestinal cell apoptosis, proliferation, or inflammation in the MVID in-
testine. Deletion of the myosin V ortholog Hum-2 in C. elegans does not phenocopy 
MVID [52], and a Myo5B KO mouse has not been reported. However, several condi-
tional knockout (KO) mice develop hallmarks of MVID, including Rab8 KO [43], Ra-
b11a KO [42, 100], and Cdc42 KO mice [101, 102], which suggest a fundamental role 
of these recycling endosome-associated proteins in MVID pathogenesis [45, 58, 64].
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disease (MVID), which is associated with mutations in the genes encoding myo-
sin-Vb or syntaxin-3 [57, 58, 59] (Box 2). The most distinctive feature of MVID is 
the appearance of apical microvilli-lined vacuoles, termed microvillus inclusions, 
in the cytoplasm of villus enterocytes [60] (Box 2). Similar inclusions are observed 
in epithelial cancers, as well as in cultured epithelial cells that cannot assemble 
microtubules [61] or cannot establish cell–cell adhesion [62, 63]. These so-called 
vacuolar apical compartments (VACs), similarly to microvillus inclusions, contain 
apical proteins and microvilli and exclude basolateral proteins, and therefore rep-
resent bona fide apical membrane domains. The re-establishment of the microtu-
bule network or cell–cell adhesion triggers the exocytosis of the apical vacuoles to 
the lateral surface and the establishment of an intercellular lumen [61, 62]. It has 
been proposed, but not experimentally proven, that homotypic fusions of apical 
vesicles that accumulate in the cytoplasm may give rise to the apical vacuoles [61]. 
Microvillus inclusions in MVID enterocytes contain sorting nexin (SNX)18 [64] and 
are accessible to apically internalized tracers, indicating that these inclusions are 
closely related to the recycling endosome system. Importantly, MVID enterocytes 
are normally arranged in a cell monolayer with planar polarity, and distinguish 
a luminal and basolateral surface domain separated by the presence of tight junc-
tions. Although several apical proteins, as well as the basolateral transferrin re-
ceptor, are retained intracellularly [57], neither apical nor basolateral proteins are 
missorted to their corresponding alternative surfaces of MVID enterocytes [57, 65] 
(Figure 3). Therefore, MVID enterocytes are not defective in establishing apical–
basal membrane polarity per se, but instead lack the machinery that guides apical 
vesicles to the cell surface and, thereby, provide apical identity to the lumen-facing 
surface domain. Notably, not all enterocytes show microvillus inclusions, proba-
bly reflecting a varying balance between the time it takes to develop a microvillus 
inclusion, its possible degradation, and the relatively short lifespan (3 days) of 
enterocytes in vivo [66]. That crypt enterocytes and other epithelial cells such as 
kidney tubule epithelial cells [67] do not show the hallmarks of MVID may point 
to the existence of compensatory mechanisms, possibly involving myosin-Va ex-
pression [68]. Interestingly, some cell types, such as the C. elegans excretory cells 
[56, 69], endothelial cells [70], and cells in Drosophila tracheal termini [69], form 
intracytoplasmic apical lumens via intracellular vesicle fusion as a fundamental 
step in the development of seamless intracellular tubes and angiogenesis, respec-



tively. Little is known about the mechanisms via which the intracellular lumen is 
established in these cells. It would be of interest to examine whether these cells 
have developed adaptations of the machineries involved in cell–cell adhesion, cy-
toskeleton organization, and/or recycling endosome dynamics to position their 
AMIS and apical membrane domain in the intracellular space.

Figure 3. Epithelial cell polarity in intestinal epithelial cells under normal and microvillus 
inclusion disease (MVID) conditions. Normal cells develop an apical microvilli (MV)-rich 
surface facing the lumen, and a basolateral surface domain at the opposite side of the 
cell monolayer. MVID cells show atrophic microvilli and intracellular accumulation of 
apical vesicles (av) and, in some cells, microvillus inclusions (MI). In addition, some baso-
lateral proteins such as transferrin receptor (TfR) show intracellular accumulation. Note 
that MVID cells maintain a monolayer organization, with distinguishable basolateral and 
luminal membrane domains separated by tight junctions (TJ), and do not mix apical and 
basolateral proteins at their surface. Inserts illustrate the organization of the trafficking 
routes towards and from the apical/luminal surface domain, involving the Golgi appara-
tus, apical recycling endosome (ARE), common recycling endosome (CRE), apical early 
endosome (AEE), late endosome (LE), and lysosome (LYS). In MVID cells, functional 
mutations in the MYO5B gene encoding the Rab11a/Rab8-interacting myosin Vb protein 
(MyoVB) block trafficking towards the apical domain (illustrated by the ‘no entry’ traffic 
sign). This results in increased degradative trafficking and the accumulation of apical ves-
icles (av), but not basolateral vesicles (bv), which may give rise to a microvillus inclusion 
(MI; see text). Apical membranes are denoted by green lines; basolateral membranes 
are denoted by red lines.

30
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Cytokinesis specifies where the AMIS and apical lumen form

The AMIS provides a spatial landmark that pinpoints where the apical plasma 
membrane domain and lumen will form, but what defines where the AMIS forms? 
Recent work indicates that the site of cytokinesis (the final step in the process of 
cell division) can provide a spatial landmark for the de novo formation of the 
AMIS and apical lumen [5, 7, 10, 12, 40, 71]. In telophase, Rab11a-positive endo-
cytic carriers concentrate at the site of cytokinesis. Rab11a interacts with Rab11a 
family-interacting protein (FIP)5 which, in turn, interacts with the microtubule-as-
sociated kinesin-2 to direct apical endocytic carriers along the central spindle mi-
crotubules to the cleavage furrow during apical lumen initiation [71]. The fidelity 
of apical carrier trafficking to the midbody is controlled by the phosphorylation 
status of FIP5. Glycogen synthase kinase (GSK)-3β phosphorylates FIP5 during 
metaphase and anaphase. Phosphorylation of FIP5 blocks the formation of apical 
carriers by inhibiting the interaction between FIP5 and the sorting nexin (SNX)18, 
the latter being required for the generation of Rab11a-positive apical carriers from 
recycling endosomes [72]. During late telophase, FIP5 is dephosphorylated, and 
this allows the generation of apical carriers from recycling endosomes and trans-
portation along central spindle microtubules to the midbody site where the apical 
lumen forms [40]. Loss of Rab11a, FIP5, or kinesin-2 prevents the development of 
a solitary apical lumen and leads to cysts with multiple lumens [7, 71, 73]. Hepat-
ocyte cell lines show de novo lumen formation at the site of cytokinesis [10, 12]. 
The first sign of apical domain formation in these cells is the relocation of the 
polarity protein Par3 from the microtubule plus-ends of the mitotic spindle to the 
plasma membrane at the division site during the late-midbody stage [12]. Follow-
ing Par3, tight junction proteins, the exocyst complex, and apical resident proteins 
accumulate at the site of cytokinesis, whereas basolateral proteins are excluded 
[1]. An array of microtubules originating from nearby centrosomes is thought to 
facilitate exocyst-mediated apical exocytosis to drive apical lumen formation [12]. 
In MDCK cysts, Par3 is the earliest known AMIS marker, and its depletion leads to 
poor coordination of apical vesicle delivery to the lateral surface between neigh-
boring cells, eventually giving rise to multiple lumens [1]. The mispositioning of 
the midbody to the basal side in dividing follicular epithelial cells in D. mela-
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nogaster causes mispositioning of the apical interface between nascent daughter 
cells [74]. That phosphatidylinositol (4,5)-bis-phosphate, a key determinant of the 
apical surface [6, 75], is also enriched at the midbody [76] lends further support 
for the midbody acting as a potential latent apical domain. These data indicate 
that the formation of the midbody during cytokinesis is a symmetry-breaking 
event that acts by establishing AMIS localization, orientation of the apical–basal 
polarity axis, direction of apical vesicle trafficking, and, thereby, de novo forma-
tion of the apical lumen. However, it is important to note that cell division is not 
the only mechanism to position the de novo formed lumen [3, 77]. For instance, 
neighboring epithelial cells (e.g., MDCK or HepG2) can establish a lateral lumen 
when establishing cell–cell adhesion or undergoing shape changes without the 
need for prior cytokinesis. This is more likely to be the case during in vivo lumen 
formation, such as in mouse epiblast cells undergoing initial lumenogenesis [78]. 
Moreover, when epithelial MDCK cells are cultured under conditions that prevent 
cell–cell adhesion, VACs containing apical membrane components arise in the 
cytoplasm. When cell–cell adhesion is subsequently restored, the VACs rapidly 
translocate to the site of cell–cell adhesion where they fuse and establish a lateral 
lumen [62]. Thus, cell–cell adhesions, irrespective of prior cell division, provide 
instructive cues to guide apical trafficking and specify the position for the apical 
plasma membrane domain and lumen.

The orientation of cell division controls apical lumen position-
ing

In simple epithelial cells, the first cell divisions and ECM remodeling define the 
location of the AMIS and the apical plasma membrane domain. Next, tightly reg-
ulated orientation of the mitotic spindle and the positioning of the site of abscis-
sion during the subsequent cell divisions secure the apical domain at the center 
of the developing cell mass [5] (Figure 2, insert 4). During metaphase of a second 
or later division round, simple epithelial cells orientate their mitotic spindle per-
pendicular to the apical–basal axis and parallel to the basal lamina. This requires 
a protein complex consisting of Gαi, LGN (leu-gly-asn repeat protein, also known 
as GPSM2 – G protein signaling modulator 2), and NuMA (nuclear mitotic appa-
ratus protein) which, in a Par3/aPKC-dependent manner [79, 80], controls spin-
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dle orientation by anchoring astral microtubules to the lateral cell cortex [79, 80]. 
During anaphase, when chromosomes move to opposite spindle poles, a cleavage 
furrow is formed, which ingresses in an asymmetric fashion from the basal sur-
face towards the apical surface [5]. Conceivably, the subapical position of the mid-
body and associated central spindle microtubules directs the trafficking of Rab11a/

Figure 4. The orientation of cell division controls apical lumen positioning. Simple 
epithelial cells orientate the mitotic spindle and cell division perpendicular to the apical 
basal axis, giving rise to symmetric cell division and generating daughter cells that both 
align their apical–basal axis towards to the central lumen. Perturbation to midbody posi-
tioning (I) or spindle orientation (II) gives rise to the formation of ectopic apical lumens. 
Hepatocytes orientate the mitotic spindle and cell division such that the apical lumen 
is asymmetrically segregated to one daughter cell. The nascent non-polarized daughter 
cell forms a new lumen de novo with other neighbor cells. Perturbation to this particular 
orientation of the mitotic spindle gives rise to symmetric cell divisions and promotes the 
development of a cyst-like lumen phenotype, often associated with liver disease. Spindle 
orientation is regulated in part by the polarized recruitment of Gαi, LGN, and NuMA to 
the cell cortex (Inserts 1 and 2). The polarized recruitment of Gαi, LGN, and NuMA in 
hepatocytes is controlled by Par1b, and knockdown of Par1b in hepatocytes alters the 
orientation of the mitotic spindle (Insert 3), cell division orientation, and morphogene-
sis (see text). Abbreviations: LGN, leu-gly-asn repeat protein, also known as GPSM2 (G 
protein signaling modulator 2; NuMA, nuclear mitotic apparatus protein.
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Rab8-positive apical endosomes and vesicles to this site, and secures the expansion 
of a single apical plasma membrane domain and lumen at the center of the cell 
mass [1]. Several proteins regulate mitotic spindle orientation in simple epithelial 
cells, including Cdc42, its guanine nucleotide exchange factors (GEFs), and its ef-
fectors [5, 32, 81]. Cdc42 depletion causes both apical membrane traffic defects and 
spindle misorientation, leading to disruption of cleavage furrow orientation and 
mislocalization of the midbody during cytokinesis. Presumably because the apical 
domain is established at the site of abscission, Cdc42 depletion results in multi-
ple non-centrally located apical lumens [5] (Figure 4). Similarly, perturbation of 
the polarity and trafficking machineries associated with Cdc42 [atypical (a)PKC, 
Par6B, Par3, IQGAP1, and AP1B] results in spindle orientation defects and causes 
the formation of multiple apical lumens [80, 82, 83]. The occurrence of multiple ec-
topic lumens has been observed in epithelial pre-invasive carcinomas (reviewed in 
[84]). Interestingly, hepatocytes, which are the main epithelial cells in the liver, de-
liberately form multiple apical lumens in the midst of their lateral domains to cre-
ate a tubular architecture that is unique among the class of non-stratified epithelial 
cells [48]. Microscopy studies of the development of this bile canalicular network 
in embryonic rat livers showed the formation of an increasing number of small 
isolated apical lumens between proliferating hepatocytes. Later, these lumens ex-
tend in length along the lateral surface, merge, and form a complex branching 
canalicular network [85]. In cultures of isolated hepatocytes, this remodeling of 
isolated apical lumens towards a canalicular network requires a bile acid-mod-
ulated signaling pathway which involves cAMP, exchange proteins activated by 
cAMP (Epac), protein kinase A (PKA), LKB1, and AMP-activated kinase (AMPK). 
This suggests that coordinating apical trafficking with increased mitochondrial 
bioenergetics and autophagy may provide the necessary metabolic resources for 
the polarization process [8, 13, 86, 87]. Hepatocytes develop multiple apical lu-
mens via the asymmetric segregation of their apical plasma membrane domains 
to the daughter cells during cell division [10, 88]. Thus, one daughter hepatocyte 
inherits the apical domain and lumen, whereas the other daughter cell becomes 
non-polarized. The non-polarized daughter cells form de novo apical lumens with 
the new neighbors at the site of cytokinesis or through aforementioned processes 
with a non-daughter neighbor cell [10] (Figure 4). The asymmetric segregation 
of the apical domain is dictated by a distinct, polarized recruitment of the Gαi–
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LGN–NuMA complex during mitosis, both in rat liver hepatocytes in vivo and in 
polarized HepG2 and WIF-B9 cells in culture [10]. Par1b controls this polarized re-
cruitment of Gαi–LGN–NuMA, LGN-mediated spindle orientation, and resultant 
asymmetric lumen inheritance in a RhoA/ROCKI- and myosin II-dependent man-
ner [10, 11]. Thus, overexpression of Par1b in MDCK cells leads to hepatocyte-like 
cell division orientations and lumen inheritance, whereas knockdown of Par1b or 
the expression of a dominant-negative mutant of Par1b in hepatic cells leads to 
symmetric cell divisions and the development of a simple epithelial polarity phe-
notype [10, 11]. Par1b exerts these effects, at least in part, by suppressing polarized 
laminin secretion and the development of a basal lamina [11]. Notably, hepato-
cytes in vivo do not attach to a basal lamina, but face a loosely organized ECM 
that consists mostly of fibronectin and collagens and is typically devoid of laminin 
[48]. Conceivably, hepatic Par1b activity orchestrates ECM composition, spindle 
orientation, and lumen inheritance in proliferating hepatocytes to avoid the de-
velopment of a solitary central lumen and cyst phenotype. Simultaneously, Par1b 
activity in this way promotes the formation and dissemination of multiple apical 
lumens in the proliferating fetal liver cell mass, and these may serve to facilitate 
the development of the typical branching network of canaliculi in the liver [8, 10].

Concluding remarks

Much of our current knowledge on apical–basal axis orientation and lumen po-
sitioning comes from a relatively small number of model systems, mainly (can-
cer) cell lines. Recent advances in embryo, stem cell, and organoid culture [34, 59, 
78, 89, 90] provide promising new models that are more representative of the in 
vivo situation, while still retaining the experimental versatility of in vitro culture. 
Although cell polarity remains largely unexplored in these cultures, it appears 
that the general principles of polarity reorientation observed in cell lines are re-
capitulated in some of these systems [34, 59, 78]. We also know little about the 
mechanisms that balance stochastic differences in individual cells with the need 
of an entire tissue [91]. Widely used techniques such as RNA interference, protein 
overexpression, and inhibitory small molecules are often examined for their ef-
fect on cell populations. Emerging methodologies such as optogenetics allow the 
coupling of light-sensitive probes to a regulatory protein of interest to tightly con-



36

Chapter 2

trol spatiotemporal activity in single cells at a subcellular location [92]. Such ap-
proaches may help to determine how changes in individual cells affect the polarity 
of a tissue. The identification of mutated genes in human monogenetic diseases 
associated with defects in apical–basal axis orientation [34, 57, 93] will be instru-
mental to further elucidate the molecular mechanisms controlling polarity axis 
orientation, and the in vivo pathological relevance of polarity axis misorientation. 
An outstanding question is whether and, if so, how directional cues for lumen 
positioning are used in a flexible manner to drive tissue morphogenesis. For ex-
ample, the asymmetric cell division displayed by hepatocytes has been proposed 
to allow the liver to be the most extensively networked organ in terms of luminal 
branching [10, 88]. Following liver damage, proliferating hepatocytes instead form 
acinar-type, cystic lumens in a transient manner [94]. In the case of persistent dam-
aging insults, such remodeling is permanent. This suggests that plasticity exists 
in the aforementioned mechanisms controlling lumen positioning during tissue 
development and/or tissue repair. Implementation of the technological advances 
described here above will boost the exploration of the molecular dynamics and 
(patho-)physiological relevance of apical–basal polarity orientation.
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