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Abstract

In multicellular systems, oriented cell divisions are essential for morphogenesis and homeostasis 

as they determine the position daughter cells within the tissue and also, in many cases, their fate. 

Early studies in invertebrates led to the identification of conserved core mechanisms of mitotic 

spindle positioning centred on the Gαi–LGN–NuMA–dynein complex. In recent years, much has 

been learnt on the way this complex functions in vertebrate cells. In particular, studies addressed 

how Gαi–LGN–NuMA– dynein complex dynamically crosstalks with astral microtubules and 

the actin cytoskeleton, and how it is regulated to orient the spindle according to cellular and 

tissue-wide cues. We have also begun to understand how dynein motors and actin regulators 

interact with mechanosensitive adhesion molecules sensing extracellular mechanical stimuli, such 

as cadherins and integrins, and with signalling pathways in order to respond to extracellular 

cues instructing the orientation of the division axis in vivo. In this Review, with the focus on 

epithelial tissues, we discuss the molecular mechanisms of mitotic spindle orientation in vertebrate 

cells, and how this machinery is regulated by epithelial cues and extracellular signals to maintain 

tissue cohesiveness during mitosis. We also outline recent knowledge gathered about how spindle 

orientation impacts tissue architecture in epithelia and its emerging links to the regulation of cell 

fate decisions. Finally, we describe how defective spindle orientation can be corrected or its effects 

eliminated in tissues under physiological conditions, and the pathological implications associated 

with spindle misorientation.

Introduction

Cell division is orchestrated by the mitotic spindle, a large intracellular structure 

organized in mitosis by polar tubulin filaments termed microtubules that emanate from 

the centrosomes 1. Bundles of microtubules connecting spindle poles to kinetochores [G] 
are essential for equal segregation of sister chromatids, whereas astral microtubules [G] 
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protruding to the cell cortex dynamically position and stabilize the spindle within the cell, 

this way determining the division orientation.

The working principles and the biological relevance of spindle orientation for tissue 

morphogenesis and homeostasis have been intensively studied in the last two decades. 

Initial studies conducted in invertebrate systems and epithelial cells in culture led to 

the identification of molecular motors that power spindle positioning, and the conserved 

regulators that determine their position and activity2. More recently, genetic manipulation 

coupled to confocal and live imaging techniques have uncovered cell-autonomous and 

tissue-mediated regulatory mechanisms instructing division orientation in different organs 

in vertebrate systems. Parallel in silico modelling uncovered the key molecular players 

and functional principles underlying spindle positioning 3–6. These studies also revealed 

the identity of cell-type specific ancillary subunits and post-translational modifications 

modulating the activity of force generators, and demonstrated that these regulatory 

mechanisms are coupled to the execution of morphogenetic programmes and respond to 

cues from the environment, such as tissue injuries and challenges 7. Thus, we now appreciate 

that formation of the mitotic spindle must be coupled with its proper orientation for tissue 

development and function.

Early on in studies of spindle positioning it was appreciated that division orientation in 

a mother cell can impact fate choices of the progeny. Seminal studies in Drosophila 
melanogaster neuroblasts [G] and Caenorhabditis elegans zygotes provided crucial 

conceptual insights into the process of asymmetric stem cell division, defined as cell 

division leading to daughter cells with different identity 8–10. Notably, these initial studies 

were conducted in cells that always divide asymmetrically (with respect to fate), even in 

isolation, and set the stage to investigating the relevance of asymmetric oriented divisions 

in vertebrate stem cells. However, vertebrate stem cells are intrinsically more difficult to 

analyze in that they: do not obligatorily divide asymmetrically; they require specialized 

microenvironments known as niches to maintain stemness — and hence might be affected 

by isolation procedures from endogenous tissues; and they are endowed with high plasticity 

that allows cell identity changes during experimental manipulation.

In this Review, we describe mechanisms of oriented divisions in vertebrate cells, 

with emphasis on epithelial cells, where division orientation is tightly linked to tissue 

architecture. We also discuss the major research achievements that over the last few 

years contributed to the current understanding of how oriented divisions contribute to the 

morphogenesis and homeostasis of multicellular organisms.

Pulling machinery at the cortex

Oriented divisions are defined as mitoses occurring in a prototypic direction with respect 

to intrinsic cell polarity and overall tissue organization, and they ultimately determine 

positioning of daughter cells in the tissue. Division orientation is determined by the 

positioning of the mitotic spindle, which is governed by multiple distinct factors. In most 

vertebrate systems, the mitotic spindle first assembles and captures chromosomes, and then, 

at metaphase, it is centred in the cell and stabilized in an orientation that is maintained 

through anaphase and telophase, when the spindle elongates and sister chromatids are 
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separated towards opposite spindle poles 1 (Figure 1). In this paragraph we outline the basic 

molecular machinery for spindle orientation, comprising the cortical Gαi–LGN–NuMA 

complex and cytoplasmic dynein-1 (hereon termed dynein), which together with astral 

microtubules couple the spindle poles to the cortex to orient the spindle and ultimately 

specify the division plane.

Centrosomes and microtubules.—In most cell types, centrosomes serve as spindle 

poles and the main microtubule organizing centres for spindle microtubules, including astral 

microtubules radiating to the cell cortex, that are fundamental players in spindle placement 

through their interactions with the cell cortex [G]. From prophase onwards, separation of 

duplicated centrosomes assisted by dynein and kinesin Eg5 enables the formation of an 

overlapping array of microtubules between the nascent spindle poles. Consistently, defects 

at the spindle poles resulting in abnormal centrosome separation in prophase11 and impaired 

astral microtubule nucleation from the centrosomes 12, often cause spindle assembly defects 

and misoriented divisions.

Astral microtubule dynamic instability [G] is a key factor in spindle orientation mechanisms 
13,14. Consistently, treatment of mitotic cells with low doses of the depolymerizing drug 

nocodazole causes spindle misorientation defects 15,16, and oftentimes misorientation 

phenotypes can be rescued by stabilizing microtubules with taxol 16. Specific microtubule-

associated proteins (MAPs) control microtubule plus-ends including plus-end tracking 

proteins (+TIPs), such as EB1, or polymerizing enzymes, including XMAP215/Stu2 family 

proteins [G] and CLIP170 [G] 17 (Figure 2a). They synergize to orchestrate spindle–cortex 

contacts.

Considerable evidence demonstrated a role for microtubule dynamics in spindle positioning. 

For example, stabilization of microtubules with taxol inhibits spindle positioning in C. 
elegans embryos 18. Some aspects of the molecular control of microtubule dynamics that are 

important for spindle positioning have also been elucidated. In mitotic cells, phosphorylation 

of GTSE (G2 and S phase-expressed protein 1) by CDK1 [G] prevents its association with 

EB1, resulting in destabilization of astral microtubules, thereby preventing formation of long 

astral microtubules that prevent the preferential spindle orientation along the long cellular 

axis (phenomenon known as Hertwig’s rule) 19. Similarly, the depolymerizing kinesin, 

KIF18b, promotes catastrophe of astral microtubules and is required for robust spindle 

orientation in cultured cells, similar to the role of its yeast orthologue 20,21.

It recently became clear that the mitotic microtubules–MAPs interaction landscape is 

regulated by a specific tubulin post-translational modification (PTM), namely tyrosination of 

the α-tubulin tail 22. In mammalian cells, tyrosination is enriched on astral microtubules, 

whereas this modification is absent from inner spindle microtubules 23. Tyrosination 

enrichment at astral microtubule plus-ends, which is catalyzed by tubulin-tyrosine ligases 

(TTLs)24, is required for microtubule interaction with CAP-Gly containing proteins [G] 
recognize the EEY/F motif 25, which is present in key components of the force-generation 

machinery acting on the spindle, including the dynactin [G] subunit p150-Glued and 

CLIP-170 26 (Figure 2a) (see also next section). Mechanistically, these interactions are 

thought to stabilize the contacts between tyrosinated astral microtubule plus-ends and 
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cortical dynein–dynactin complexes or the actomyosin cortex. Consistently, TLL-deficient 

mice, almost completely lacking tubulin tyrosination, display defective spindle orientation 
27.

The dynein–NuMA–LGN–Gαi module.—The current view of spindle orientation has 

focused on pulling forces acting on astral microtubules, directed by restricted cortical 

localization of force generators and polarity proteins and modulated by astral microtubule 

dynamic instability. These traction forces act in concert with cell anisotropy factors and 

tissue-derived mechanical cues, such as compression and adhesion forces, to determine the 

final division orientation.

In most vertebrate cells, the activation of traction forces acting on the mitotic spindle starts 

in late prometaphase, when the microtubule cytoskeleton is reorganized in a bipolar spindle 
28,29 (Figure 1a–b). Dynein is thought to be a major force generator on astral microtubules 

to position the spindle, and, once anchored at the mitotic cortex, it uses its movement 

towards microtubule minus ends (retrograde movement) to pull on the spindle poles 30,31. 

However, some kinesins and other MAPs play ancillary roles in spindle positioning by 

controlling microtubule dynamics and stability as discussed above. In addition, in mammary 

cells kinesin-1 has been reported to contribute to LGN, NuMA and dynein cortical targeting 

by direct transport on astral microtubules 32. To perform this role in force generation, rather 

than simply moving on microtubules, dynein needs to be stably connected to the cell cortex.

The first evidence in support of the existence of force generating macromolecular complexes 

acting on spindles came from studies in D. melanogaster and C. elegans 8–10, showing that 

in mitosis, GDP-loaded Gαi subunits of heterotrimeric G proteins [G] localize in cortical 

crescents above the spindle poles. In this location, they initiate an interaction cascade 

leading to the sequential recruitment of proteins named Pins in D. melanogaster, GPR1/2 in 

C. elegans and LGN in vertebrates (also known as GPSM2), and the dynein adaptor [G], 
termed Mud in D. melanogaster, LIN-5 in C. elegans and NuMA in vertebrates. NuMA 

then recruits and activates dynein, establishing a complete, cortical machinery capable of 

generating pulling forces on the spindle (see next section).

Metaphase crescents of Gαi–GDP target LGN and NuMA to the mitotic cortex33,31, 

supporting the notion of a conserved function of the Gαi–LGN–NuMA core module 

in spindle orientation 7,34 (Figure 1b). A number of observations led to the conclusion 

that the Gαi–LGN–NuMA module exerts this function by modulating the extent of 

microtubule pulling forces, which correlate with cortical LGN levels31. Accordingly, 

ectopic overexpression of LGN results in increased rotation of the spindle, termed rocking, 

caused by excessive cortical forces31, a phenomenon that is not observed upon NuMA 

overexpression 35.

Vertebrate LGN is a 77 kDa protein consisting of an N-terminal Tetratrico-Peptide-Repeat 

(TPR) domain [G] and a C-terminal region coding for four GoLoco motifs [G] interacting 

with Gαi–GDP. In the unliganded form, LGN is kept inhibited by intra-molecular 

interaction between the inner surface of the LGN-TPR domain and the GoLoco motifs 33,36 

(Figure 2b). Cooperative binding of cortical Gαi–GDP to the LGN-GoLoco region induces 
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a conformational opening of LGN that allows binding of the C-terminal region of NuMA 

in the same TPR cleft previously occupied by the LGN-GoLoco 37. Notably, in vertebrates, 

a homologue of LGN exists. This protein, termed AGS3 (Activator of G-protein-Signal 3), 

shares the same domain structure with LGN but is unable to localize cortically in dividing 

mouse and chick neuroepithelial progenitors. It is also unable to rescue misorientation 

phenotypes induced by LGN loss 38. Intriguingly, AGS3 has been implicated in oriented 

divisions39, perhaps by regulating cortical Gαi–GTP/GDP availability (see next section).

Control of oriented force generation

Once assembled, the mitotic spindle acts as a rigid structure, whose movement and 

rotation occurs without deformations, and that usually is localized at the centre of the 

cell. Importantly, the spindle adopts an orientation that responds to intracellular and 

extracellular cues. Unsurprisingly, this requires various levels of regulation of the cortical 

force generation complex, and we discuss below several mechanisms that have emerged to 

date including the Gαi GTP-cycle, the interaction of NuMA with dynein– dynactin, and 

NuMA post-translational modifications.

Role of nucleotide cycle in Gαi.—In D. melanogaster neuroblasts, the conformational 

rearrangement of Pins was shown to be triggered by association with the GTP-loaded 

pool of the G protein variant oα that is generated apically by the rhodopsin family G 

protein-coupled receptor [G] (GPCR) Tre1. This interaction primes Pins to bind Gαi-GDP 
40. The evidence suggests that specific GPCRs might be implicated in generating a localized 

pool of Gαi molecules acting as initial positional cue that ultimately instructs cortical 

dynein recruitment. This provides a mechanism to coordinate the division orientation with 

the surrounding tissue that delivers the extrinsic signal for GPCR activation. There are 

several observations that suggest that GPCRs may play similar roles in some vertebrate 

cells, including in the kidney and neural progenitor cells 41,42, though this requires 

further examination. An additional unclear aspect of Gαi-dependent mechanism of spindle 

orientation relates to evidence that LGN associates only with GDP-loaded Gαi. This raises 

the possibility that the Gαi GTP/GDP cycle is important for spindle orientation, but the 

details of how the nucleotide state of Gαi contributes to spindle orientation require further 

investigation. In D. melanogaster neuroblasts and one-cell stage C. elegans embryos, the 

GTPase-activating protein (GAP) for Gαi, RGS-7, and the respective guanine nucleotide 

exchange factor (GEF), RIC-8, synergistically promote oriented cell divisions 7 43–45. 

The vertebrate RIC-8 homologue, RIC-8A (also known as synembryn-A), is required for 

LGN, NuMA and dynein cortical targeting in metaphase, and hence for oriented divisions 

of adherent HeLa cells and MDCK polarized cysts 46,47. Intriguingly, recent literature 

indicates that the working principles of RIC-8A differ profoundly from the canonical GEF 

factors, which induce a conformational rearrangement of the GEF nucleotide-binding pocket 

promoting GDP to GTP exchange. Structural studies revealed that RIC-8A rather acts as 

a chaperone cradle, that folds the nascent Gαi chain in a step-wise mechanism and assists 

GTP loading 48–52. However, how this chaperoning activity could favour LGN–NuMA 

recruitment at the cortex remains largely unclear (Figure 2c).
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Function of NuMA as a dynein adaptor.—Functional studies on reconstituted dynein 

motors revealed that the processivity of mammalian dynein is enhanced by the presence 

of the macromolecular cofactor dynactin 53 and of different activating adaptors, which 

strengthen the dynein–dynactin binding affinity and physically link the motor to its cargoes 

conferring specificity (Figure 2d)54. HOOK2 was recently shown to be the dynein–dynactin 

activating adaptor promoting centrosome separation at mitotic entry, astral microtubule 

nucleation, and cytokinesis. Consistently, HOOK2 depletion results in spindle pole defects 

and therefore spindle misorientation 11.

Notably, elegant optogenetic studies conducted in HeLa and HCT116 cells showed that 

direct targeting of endogenous dynein to the cortex is insufficient to move the spindle 55, 

suggesting that dynein activators and/or other factors are required for its astral-microtubule 

pulling function. Several lines of evidence support the notion that NuMA is the dynein 

activating adaptor responsible for spindle orientation activities. Accordingly, binding of 

NuMA to dynein is required for dynein–dynactin cortical targeting, and hence for spindle 

positioning 31,55,56. NuMA shares domain structure with other dynein activating adaptors 

having an N-terminal hook domain followed by a dimerizing coiled-coil, and a C-terminal 

unstructured region. The NuMA C-terminus is responsible for the direct binding to 

plasma membrane 57,58, cortical proteins such as 4.1R [G] 56,59, LGN37,60,61 as well as 

microtubules and α/β-tubulin dimers 35,62–64 (Figure 2a), whereas, the hook domain and 

a recently identified CC1-like box motif [G] that resides within the N-terminus of NuMA 

have been found to the required for dynein–dynactin interaction 31 by directly contacting 

dynein65. The evidence that NuMA harbours two distinct dynein-interacting regions hints 

at the possibility of high-stoichiometry complexes with dynein, in which two dynein 

motors assemble with one NuMA dimer and one dynactin to ensure robust microtubule 

traction force, as already observed for other adaptors 66,67. Mutational analyses revealed 

that in HeLa cells the coiled-coil of NuMA is also necessary for dynein-dependent spindle 

positioning, and that shortening of its length results in NuMA molecules that are unable 

to promote spindle movement 55. An additional layer of supramolecular NuMA–dynein–

dynactin ordering is promoted by the hetero-hexameric architecture of the NuMA–LGN 

complexes that was recently uncovered. In fact, the LGN–NuMA 3:3 stoichiometry (Figure 

2b), combined with the dimeric nature of NuMA, might promote multivalent interactions 

leading to the assembly of cortical protein networks that are required for spindle orientation, 

as indicated in in HeLa cells and polarized Caco-2 cysts64. Interestingly, the NuMA C-

terminal region has been shown to promote cortical dynein clustering that becomes visible 

as a punctate signal by confocal microscopy55 suggesting that a defined spatial organization 

of dynein motors concentrated in localized cortical areas is needed to effectively position 

the spindle. Whether the hexameric NuMA–LGN interactions are key in promoting the 

formation of cortical NuMA–dynein clusters observed by confocal microscopy in HeLa cells 
55 remains an intriguing open question.

Of note, in spite of the number of evidences supporting the notion that NuMA can act as a 

dynein adaptor, a clear demonstration that NuMA can activate processive dynein–dynactin 

movement (for example, with reconstituted complexes) is still missing. Also, .in addition 

to its role as dynein adaptor, NuMA also binds microtubules and interactions of NuMA 
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with astral microtubule plus-ends has been proposed to contribute to spindle orientation in 

keratinocytes 63.

Coordination with mitotic progression.—To coordinate spindle positioning with 

mitotic progression, the distribution of NuMA, and hence dynein–dynactin, between poles 

and the cortex is finely tuned by mitotic kinases. Phosphorylation by Aurora A [G] 
positively promotes the turnover of NuMA at the poles, preventing excessive accumulation 

at the poles in early mitosis and enabling cortical recruitment of NuMA specifically at 

metaphase 35,68. NuMA is also phosphorylated by CDK1, which is reversed by PP2A 

phosphatase activity, and these phosphorylation–dephosphorylation events regulate NuMA 

binding to the plasma membrane. At anaphase onset, when CDK1 activity decreases, NuMA 

is dephosphorylated, which promotes its LGN-independent binding to the plasma membrane 

phospholipids. Direct binding of NuMA to the plasma membrane above the spindle poles 

allows a much enhanced accumulation of cortical NuMA–dynein above the spindle poles in 

anaphase, and hence the generation of stronger dynein-based traction forces to assist spindle 

elongation and sister chromatids separation 56,69,70 71 (Figure 1b–c). Furthermore, the 

activity of PLK1 [G] disrupts the NuMA–dynein–dynactin interaction when the poles get 

too close to the cortex, this way sustaining spindle centring by oscillatory movements72,73. 

Furthermore, the activity of kinetochore-localized PLK1 was reported to prevent cortical 

LGN enrichment near chromosomes, hinting at the existence of an exclusion mechanism 

acting at the LGN level able to confine force generators in defined cortical crescents 74. In 

metaphase, the activity of PLK1 has also been shown to act as an additional layer negatively 

controlling cortical NuMA and dynein levels in an LGN-independent manner by direct 

phosphorylation of the C-terminal region of NuMA 73. Collectively, these evidences depict 

PLK1 as a master regulator of cortical pulling forces positioning the spindle.

In adherent cells, the chromosome derived Ran-GTP [G] gradient has also been shown to 

contribute to cortical exclusion of LGN–NuMA from the spindle middle zone; this might 

occur by local remodelling of the stiffness and contractility of the actomyosin cortex, but 

molecular details are still not clear 59. A similar mechanism of actomyosin contractility 

reshaping accompanied by relaxation of tension at the poles stabilizes the spindle position 

at anaphase onset to promote sister chromatid separation 75. Interestingly, NuMA harbours 

a nuclear localization sequence (NLS), which overlaps with its microtubule-binding domain. 

This initially suggested that Ran-GTP-dependent dissociation of NuMA from importin-b 

could initiate microtubule-dependent spindle assembly functions 76. However, recent studies 

revealed that the Ran-GTP gradient is not essential for spindle assembly activities that occur 

far from the chromosomes, including NuMA-dependent spindle pole focusing.

Role of WNT signalling in NuMA-dependent spindle orientation.—Increasing 

evidence points at the existence of NuMA-mediated LGN-independent mechanisms 

recruiting dynein–dynactin-based force generators at the cortex. So far, the best 

characterized pathway is linked to non-canonical WNT signalling [G] and converges on 

the putative direct interaction between NuMA and the WNT effector Dishevelled (DVL, Dsh 

in D. melanogaster). Initial hints of WNT-dependent spindle orientation came from studies 

in D. melanogaster sensory organ precursor cells in which the apico-basal vertical tilt of 
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the spindle was shown to be regulated by Frizzled receptors acting upstream of Dsh and 

Mud 77,78. This link was later confirmed in zebrafish epiblast cells in which the NuMA–Dvl 

interaction promotes spindle orientation along the animal-vegetal axis during gastrulation 
79,80. In HeLa cells, binding of NuMA to DVL depends on the deubiquitinase activity of 

CYLD, that also stabilizes astral microtubules81. The notion that WNT signals not only 

contribute but also suffice to drive oriented asymmetric mitoses was recently demonstrated 

by elegant single-cell analyses of cultured murine embryonic stem cells (mESCs) (see 

also Supplementary BOX-1), recapitulating the niche–ESC interaction in vitro 82,83. These 

experiments revealed that when exposed to a bead coated with a WNT ligand, WNT3, 

mESCs orient the mitotic spindle, and specifically the mother centrosome [G], towards 

the bead. They also polarize WNT components such as Lrp6, APC and β-catenin near 

the bead, this way preserving stemness of the daughter cell retaining contacts to the bead 

and promoting differentiation of the one positioned away from the bead. Interestingly, 

the concept of WNT3-mediated asymmetric oriented ESC divisions has recently found 

important application in bone regeneration strategies 84.

Implication of the actin cytoskeleton

The actin cytoskeleton is formed by double-helical actin filaments (F-actin), which are much 

thinner and less stiff than microtubules. The major cellular morphological changes observed 

in mitosis reflect the reorganization of the actin cytoskeleton in a contractile actomyosin 

cortex that first drive cell rounding by building a uniform high tension, and later, assist 

cytokinesis by forming a highly contractile ring at the midzone at the site of the cleavage 

furrow ingression 85 (Figure 1b–c). This reorganization of the actin cytoskeleton contributes 

to determine the spindle orientation in several ways.

Contribution of mitotic cell rounding.—The nearly spherical shape of mitotic cell 

is essential to provide 3D space for the assembly and the positioning of the mitotic 

spindle. Specifically, the rounded cell shape supports spindle movements: in metaphase 

and anaphase the actomyosin cortex of rounded cells provides a rigid scaffold counteracting 

the traction forces exerted by force generators on astral microtubules and preventing plasma 

membrane invaginations during spindle positioning and elongation 86. A critical factor for 

this scaffolding function is the stable anchoring of the actomyosin cortex to the plasma 

membrane, which is provided by the ERM (Ezrin-Radixin-Moesin) family proteins [G] 
87 (Figure 1b and 2a). In cultured cells and murine neuronal progenitors, ERM proteins 

activated by the Ste20-like kinase [G] have been directly linked to spindle orientation by 

favouring enrichment of LGN and NuMA into cortical crescents88.

Recent evidence uncovered the existence of direct physical linkages between the actomyosin 

cortex and dynein motors orienting the spindle. Structural and functional studies showed that 

in cultured HeLa cells the actin-binding protein Afadin (Canoe in D. melanogaster) localizes 

at the mitotic cortex and promotes the recruitment of LGN by direct interaction with the 

TPR domain, this way favouring dynein–dynactin motor enrichment at the cortex 89 (Figure 

3). A key role in directing NuMA to the cortex of metaphase cells has been also reported for 

the 4.1R protein family 56,59, although in this case it is not trivial to uncouple the structural 

role of 4.1R proteins at the cortex from their cortical NuMA-targeting function (Figure 2a).
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The profound cell shape change induced by the mitotic rounding-up has interesting 

implications for the cell division orientation with respect to extracellular cues. In epithelia, 

mitotic rounding counteracts the columnar shape that cells have in interphase, thereby 

preventing divisions occurring along the apico-basal axis — which may be unwanted, 

leading to, for example, cell delamination from the tissue — while allowing ‘memory’ 

of the cell shape via maintenance of cell–cell junctions. As we will describe better later, 

these events are key for oriented planar cell divisions, occurring with the spindle axis 

perpendicular to the apico-basal polarity axis and generating daughter cells positioned in 

the same epithelial layer as the mother cell. Interestingly, cultured cells that round-up for 

mitosis also retain memory of the shape they had in interphase, indicating the existence of 

adhesion cues granting memory thought the cell cycle. These cues have been associated 

with the assembly of actin-rich protrusions known as retraction fibres, that secure mitotic 

cells to their substrates (Figure 1b). Retraction fibres capture astral microtubule plus-ends 

in regions that are associated with subcortical actin clouds — mitosis-specific dynamic 

pools of subcortical filamentous actin that organize in response to the position of retraction 

fibers — (Figure 1b), by direct interaction of the protein MIPS (mitotic interactor and 

substrate of PLK1) with +TIPs such as EB1 and with the dynactin subunit p150-Glued 
90,91, and by concomitant binding of myosin X [G] to F-actin and to astral plus-ends92 

(Figure 2a). Establishment of retraction fibres also impinges on the membrane associated 

protein caveolin-1, which upon cell rounding enriches locally near retraction fibres and 

promotes formation of caveolae [G] -like structures. These membrane invagination are then 

able to recruit Gαi–LGN–NuMA complexes 93 (Figure 1a). Recent evidence pointed at the 

existence of mitotic actin clouds also near the spindle poles, that have also been proposed 

to regulate the growth of astral microtubules radiating from the poles and to transduce 

mechanical forces form the cortex to the spindle, possibly contributing in these ways to 

spindle positioning 94,95.

Cooperation between the microtubule and actin cytoskeleton.—Microtubule and 

actin interplay during many cellular processes, including in cell division, when these 

cytoskeletal systems work together in setting the division plane (reviewed in96). Molecularly, 

this interplay occurs in a number of different ways. On the one hand, actin and microtubule-

interactors crosslink physically microtubule and actin filaments to guide microtubule growth 

and stabilize +TIPs at the cortex, as illustrated above. On the other hand, cortical actin 

acts as a barrier for astral microtubule to reach membrane-bound cortical anchors such 

as Gαi–LGN–NuMA complexes. Beside mechanical links, F-actin and astral microtubules 

share also common regulators of the RHO small GTPase family, controlling both F-actin 

and microtubules at the plus ends. In line with this, the RHO GTPase Cdc42 was among the 

first components of the spindle orientation pathway to be identified as an effector of planar 

divisions of Caco-2 cysts97.

Role of tissue architectural cues

Even though the machinery for spindle orientation that we have described so far functions 

intracellularly, it has the capacity to respond to extracellular cues guiding the recruitment of 

force generators to specific sites. This allows this machinery to regulate spindle orientation 

and in extension the cell division plane with respect to tissue architecture, thereby allowing 
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an appropriate cell response to developmental and regeneration programmes. External cues 

impacting the spindle orientation pathway have been mostly studied in epithelial tissues 

and include cell adhesion to the extracellular matrix (ECM; or to the substrate in the case 

of cultured cells), and cell–cell contacts, including epithelial adherens junctions and tight 

junctions. In this paragraph, we will survey the current knowledge on the mechanisms 

transducing environmental cues to the spindle apparatus to orient cell divisions.

Cell–ECM adhesion.—As already mentioned in the previous paragraph, mitotic cells 

retain memory of interphase adhesion geometry via retraction fibres. Great insights into 

the molecular link between division orientation and substrate adhesion came from studies 

in cells cultured on adhesive fibronectin micropatterns of defined shapes 4,98 (see also 

Supplementary BOX-1). These elegant analyses not only led to the discovery that the mitotic 

distribution of retraction fibres is a key predictor of division orientation, but also provided 

knowledge of the molecular events underlying this phenotype. In interphase, canonical focal 

adhesion [G] complexes consisting of the focal adhesion kinase (FAK), talin and paxillin 

associate with the cytoplasmic tail of the β-integrin subunit of the integrin transmembrane 

receptor to form a layer connecting the cell to the substrate 99 (Figure 1b). Recent studies in 

HeLa cells suggested that focal adhesion complexes are not totally disassembled upon cell 

rounding, but that a thin signalling layer of paxillin, vinculin and FAK remains to maintain 

weaker adhesion 100. The relevance in vivo of adhesion to the ECM for oriented divisions is 

underscored by the evidence that β1-integrin ablation results in spindle misorientation in the 

murine developing skin and aberrations in keratinocyte stratification in the tissue (see also 

next section) 101.

Polarity and cell–cell adhesion.—Division orientation by definition implies an 

alignment of the cell division plane to a distinctive feature of the cell itself or its surrounding 

environment. As described above, for cultured cells in isolation the division orientation 

is oftentimes defined by mitotic spindle axis alignment with the plane of the substratum. 

However, in multicellular organisms, this is much more complex and division orientation 

is evaluated on many levels, for example with respect to tissue architecture or apico-basal 

polarity in the case of epithelial tissues.

Epithelial tissues are organized in monolayers of cells characterized by an asymmetrical 

distribution of cytoplasmic and membrane-associated cytoplasmic components, and a 

polarized actin and microtubule cytoskeleton. Intercellular adhesion occurs through 

junctional complexes positioned at the lateral sites of the cells, that also set the borders 

between apical and baso-lateral domains 102 (Figure 3a). As mentioned before, mitotic cells 

inherit polarity cues from interphase in the form of intercellular and ECM adhesive contacts; 

these ‘memory’ structures also contribute to determine the division orientation. Epithelial 

cells can orient their mitotic spindle parallel to the epithelial plane, this way promoting 

planar cell divisions in which daughter cells are positioned close to one-another and retain 

the same integrin-mediated contacts with the basement membrane [G]. Alternatively, they 

can undergo apico-basal divisions, which often induce delamination of one of the daughter 

cells and have been associated with the acquisition of asymmetric cell fates 29,101,103.
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Polarity can be regarded as a prerequisite for regulated spindle orientation as defects in 

polarity invariably result in mislocalization of force generators and randomized orientation. 

A number of molecular mechanisms connects epithelial polarity to the spindle orientation 

pathway, mostly related to adhesive complexes. Astral microtubule plus-ends are captured 

by F-actin-rich adherens junctions. This occurs via E-cadherins, whose intracellular portion 

is also able to interact directly with the TPR domain of LGN 104. Specifically, in polarized 

monolayers of MDCK and enteroendocrine L-cells derived from the gut, the cytosolic tail of 

E-cadherins recruits LGN to adherens junction already in interphase, forming complexes 

with topology resembling the ones established for canonical interactions at adherens 

junctions between E-cadherin and catenins [G] (Figure 3b). Notably, in this experimental 

setting, planar spindle alignment along the underlying substrate not only requires binding of 

E-cadherin to LGN but also extracellular homotypic E-cadherin contacts, indicating a dual 

function of adherens junctions in sensing tissue organization — likely via transmission of 

tension, as adherens junctions are mechanosensitive 105— and concomitantly transducing 

this information to the spindle orientation machinery via LGN 104,106. Similarly, tight-

junctions, which, in vertebrate cells are positioned apically to adherens junctions and 

are enriched in ZO-1 and Afadin, directs planar divisions by direct association of the 

Afadin C-terminal portion to LGN-TPR 89 (Figure 3b). Live cell imaging analyses 

of stretched Xenopus laevis embryonic tissues integrated with mathematical modelling 

revealed that tricellular junctions — where at least three cells meet — reorient in response 

to external tension, and instruct the orientation axis by accumulating LGN 107. This mirrors 

observations in the D. melanogaster notum [G] where NuMA was shown to instruct spindle 

orientation by localizing at tricellular junctions 108.

Consistent with the crosstalk between lateral cell–cell adhesion and spindle motors, planar 

divisions of chick neuroepithelial cells have been shown to rely on the Gαi-dependent 

distribution of LGN and NuMA in an equatorial belt at the lateral cortex, in accordance 

with the positioning of cellular junctions in these cells109. Of note, in addition to 

junctional proteins, also other lateral cues might contribute to secure this lateral NuMA–

LGN localization, including the direct interaction of LGN with polarity protein DLG1 (a 

component of the Scribble polarity complex [G] ), promoted by mitotic phosphorylation of 

LGN by apical polarity-associated kinase aPKC 110 (Figure 3b).

An intriguing aspect of the junction-to-spindle connection relates to the evidence that E-

cadherin and Afadin bind to LGN competitively with NuMA, as they all share a common 

negatively-charged motif that binds to the TPR domain of LGN37,89,104. A model of 

sequential binding of LGN first to the adhesive positional cues provided by cell–cell 

junctions and later, at mitotic entry, to NuMA in order to transfer the epithelial positional 

information to dynein–dynactin motors has been envisioned 89,104, although it is not 

straightforward to provide experimental validation for it.

Connections with tissue mechanics.—As mentioned above, division orientation is 

contributed not only by directional active forces pulling on astral microtubules towards 

specific cortical sites but also by tissue architecture. Another tissue-wide cue that impacts 

spindle positioning is tissue mechanics, which, in epithelia, is tightly related to tissue 

architecture via parameters such as cell crowdedness and cell shape.
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Initial observations of the importance of cell shape on spindle orientation were made already 

in the late 19th century in artificially flattened amphibian eggs by Oscar Hertwig, who 

showed that the mitotic spindle could align passively to the longest cell axis111. However, 

the events instructing this kind of spindle movement were poorly understood for many 

years to come. Division orientation can also be influenced by tissue stretching that, in the 

case of uniaxial stretch, results in division along the deformation axis and serves to release 

mechanical tension at the lateral junctions, as elegantly documented in D. melanogaster 
pupal notum epithelium 108, in zebrafish epiboly [G] 112 as well as in vertebrate cells plated 

on deformable patterns 56,106,113. Mechanistically, it is plausible to assume that changes in 

cell shape generated by compression and tissue stretching instruct spindle axis alignment 

along the longest cell dimension. In parallel, during stretching, cell–cell contacts undergo 

remodelling, which includes actomyosin reorganization to favour accumulation of force 

generators at the contact under tension 98. Thus, one might say that cell shape and active 

spindle orientation mechanisms are coordinated in response to external mechanical stimuli, 

such as stretch and compression, which in turn are coupled to tissue dynamics, including 

proliferation, morphogenetic movements and mechanical stress/trauma.

We speculate that adhesion-dependent planar divisions might rely on molecular 

mechanosensitive platforms forming at adhesive sites, where multivalent dynamic 

interactions between adhesive molecules (such as ZO-1, Afadin and possibly also E-

cadherin) and LGN determine spindle position in response to mechanical cues received. In 

such a model, LGN would cycle among different partners at the lateral site of epithelial 

cells alternating between junction-organized, positional complexes and NuMA–dynein–

dynactin pulling ones (Figure 3b), this way recruiting dynein motors at adhesive sites 

instructed by the tissue organization and local tension. We conclude this paragraph by 

mentioning that throughout mitosis, cell shape, epithelial membrane tension and junctional 

mechanotransduction are affected by membrane trafficking and endocytosis (reviewed in 
114). However, whether and how direct molecular links exist between membrane trafficking 

and division orientations remains to be explored.

Implications for tissue organization

Spindle orientation has well documented roles in regulating tissue organization and 

differentiation, although most of what we know about these mechanisms comes from 

invertebrate systems 115. Nevertheless, studies in recent years have also provided insights 

into the importance of spindle orientation in vertebrate tissues (see Table 1, which presents 

a list of vertebrate tissues and cell types in which regulated spindle orientation has been 

reported, with key examples from literature of the roles of oriented cell divisions in 

these systems). The two major functions of regulated spindle orientation are the control 

of tissue organization with the generation of distinct tissue architectures and cell fate 

specification via asymmetric divisions. These processes are often linked, but we discuss 

them in separate sections. Here, we focus on four, best described roles of spindle orientation 

in epithelial organization — stratification; branching/sprouting; elongation and turnover; and 

maintenance of a simple epithelium (Figure 4). In the following section, we will discuss in 

more detail connections between spindle orientation and establishment of tissue architecture.
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Oriented cell divisions in tissue stratification.—Stratified epithelia, including the 

epidermis of the skin, oral cavity, cornea and oesophagus, are characterized by multiple 

layers of epithelial cells in physical contact with one another. They are distinct from simple 

epithelia as the basal cells that sit on the underlying basement membrane do not have a free 

apical surface that characterizes simple epithelia. Despite this, these cells are polarized and 

use that polarity to orient their spindles. We highlight here three distinct roles for oriented 

cell divisions with a focus on mammalian epidermis, which has been extensively used to 

study the mechanism and functions of spindle orientation in vertebrates.

First, in the mouse embryonic epidermis, oriented divisions regulate tissue architecture and 

differentiation. In this case, aligning the spindle perpendicular to the basement membrane 

results in asymmetric division (see next section), resulting in one basal cell, which remains 

a progenitor and one apical daughter cell, which undergoes differentiation. In this way, these 

divisions promote both tissue stratification and connect that with cell fate decisions. By 

contrast, divisions with spindle aligned parallel to the basement membrane generate two 

basal daughters, which facilitates tissue growth and expansion of the basal progenitor pool, 

while preventing cell differentiation 101,116. The canonical spindle orientation machinery, 

described above, is required for these oriented divisions, as are adherens junctions and 

integrin-based adhesions 63,101,103. Promoting parallel spindle orientation results in a 

failure to stratify the tissue and perturbs tissue patterning, with randomization of division 

orientation leading to less severe defects. Accordingly, live imaging revealed that spindle 

orientation in the mouse embryonic epidermis is indeed a strong predictor of cell position, 

although oblique divisions can be resolved in distinct ways that can’t be predicted at late 

metaphase 117. Oriented cell divisions are also found during early stages of hair follicle 

morphogenesis118. In this case, cells divide with spindles oriented exclusively perpendicular 

to the basement membrane, which has been proposed to generate the bilayered placode with 

distinct cell types. Finally, during postnatal hair follicle morphogenesis, progenitors divide 

with spindles perpendicular to the underlying basement membrane to give rise to inner 

layers of the hair follicle 63.

Notably, the molecular requirements for the oriented divisions can differ depending on 

the epithelial tissue, suggesting molecular flexibility and context-specificity of spindle 

orientation machinery. For example, LGN is required in interfollicular epidermis, but not 

in hair placodes; similarly, different regions of the oral epithelium show differences in their 

reliance on LGN for tissue stratification119. Also, the perpendicular divisions are generally 

asymmetric in fate and coupled to the generation of distinct cell types, depending on the 

context. However, our understanding of molecular determinants of cell fate acquisition by 

vertebrate cells and how they are coupled to spindle orientation are only beginning to 

emerge (see next section).

Oriented cell divisions in tissue branching.—In addition to forming simple sheets, 

epithelia can also form highly branched networks that are required for their function. As 

notable examples, the developing mammalian lung and the gestational mammary gland 

undergo extensive branching that is required for their final form and function. In the 

developing lung epithelium, mitotic spindles fall into two categories: those that quickly 

align with the long axis of the cell and the airway axis, and those that continue to rotate 
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throughout metaphase and contribute to branching 120,121. Cell shape, particularly length, 

appears to have an important role in regulating spindle position in these cells, as changing 

cell length disrupts the proportion of cells dividing in each mode and ultimately, disrupts the 

morphology of the branched epithelium 121. However, the molecular machinery that controls 

the differential spindle dynamics has not yet been described.

Of note, this function for spindle orientation is not limited to epithelia, but has also 

been reported to drive endothelial sprouting required for the elaboration of the vascular 

network during angiogenesis122. In this case, cells in angiogenic sprouts divide to generate 

a small tip cell enriched in VEGF [G] receptor, which is able to respond to angiogenic 

cues and initiate directed migration, and a larger stalk cell, which follow the path of tip 

cells while retaining high proliferative capacity. Thus, during angiogenic sprouting, oriented 

cell division is tightly connected to functional roles of the progeny, similar to scenario of 

epithelial stratification described above.

Oriented cell divisions in tissue elongation and turnover.—Alignment of spindle 

orientation along a defined axis (anterior–posterior or proximal–distal for example) in 

epithelia results in directional elongation of this tissue, by adding more cells consistently 

in a given plane 80. Similar mechanisms are responsible for homeostatic epithelial turnover 

in the small intestine. Here, tissue turnover relies on sustained cell divisions in the crypts, 

which serve as niches that house the stem cells and transit amplifying cells. Cell divisions 

in these cells align along the crypt axis, perhaps to maintain crypt diameter and to drive 

movement of these cells in a conveyor-belt fashion into the differentiated villus to replace 

cells that shed off from the tissue 123.

Oriented cell divisions in the maintenance of simple epithelia.—Simple epithelia, 

like those lining the intestines, kidney and lungs, orient their spindles parallel to the 

underlying ECM to maintain their simple architecture and prevent stratification. In epithelial 

cells cultured in vitro as 3D cysts, loss of planar spindle orientation leads to either 

multi-layering or multi-lumen phenotypes 89,97. In vivo, in the mouse lung epithelium, 

disruption of β1-integrin results in spindle misorientation and a multilayering phenotype, 

but whether spindle misorientation is sufficient to generate this phenotype is not known 
124. More recently, in vivo studies in zebrafish embryos revealed the importance of planar 

cell divisions for the maintenance of integrity in the retinal neuroepithelium — a precursor 

tissue for the retina 125. The cells in the neuroepithelium are elongated and distribute their 

nuclei along the apico-basal axis in the interphase. However, for mitosis they redistribute 

their nuclei to the apical surface, where also cell–cell adhesions reside. During tissue 

proliferation, most of the divisions occur with spindles oriented parallel to the apical 

surface, resulting in two daughters that retain their apical contact and contact with each 

other. Spindle misalignment or induction of basal mitoses — whereby cells divide with 

random orientations, likely owing to the lack of positional cues delivered by cell–cell 

junctions — has been associated with the loss of apical contact by one of the daughters 

and cell delamination. This, in turn, led to the formation of aberrant, basal clusters of 

delaminated and perturbed tissue architecture126–128. Similar observations linking simple 

epithelium organization to spindle positioning have been made in intestinal organoids (see 
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Supplementary BOX-1). Here, symmetric divisions guided by a parallel orientation of the 

spindle with respect to the apical surface were shown to result in both daughter cells 

maintaining their apical and basal attachments and staying close together after division. By 

contrast, asymmetric divisions, whereby the spindle is not aligned with the apical surface, 

were associated with the loss of basal attachment by one of the daughters and spatial 

separation of daughter cells in the tissue. This separation was then linked to the distribution 

of cells between tissue compartments (stem cell compartment versus transit amplifying 

cell compartment). In extension, if this distribution of cells is hampered, cells could gain 

the ability to colonize the stem cell niche more efficiently, potentially driving malignant 

growth127. In fact, mutations that result in misoriented divisions in the intestinal crypt were 

linked to oncogenesis129,130.

Remarkably, despite this evidence for the association between spindle orientation and simple 

epithelia organization and function, there is still no conclusive evidence for the roles of core 

spindle orientation machinery in most simple epithelia in vivo.

Connections to cell fate control

Spindle orientation can be used to generate cellular diversity when coupled to fate choices 

through asymmetric divisions 2,10. In this context, asymmetric division refers to the distinct 

fates of daughter cells, rather than size asymmetry. Importantly, this asymmetry can result 

from either intrinsic differences (that is, differential inheritance of cell fate determinants 

or from extrinsic differences (that is, differences in the microenvironment the daughter 

cells experience) that may result from the different positions of daughter cells within the 

tissue (Figure 5). Although very clear and elegant examples for intrinsic and extrinsic cues 

have been found in D. melanogaster and C. elegans (reviewed in 115), the mechanistic 

understanding of how spindle and division plane position translated to cell fate acquisition in 

vertebrate models, and in particular mammalian tissues, remains fragmentary, necessitating 

further studies in this area. This paucity of clear evidence may be due, in part, to robust and 

redundant mechanisms of spindle orientation in some cell types as well as potential rescue 

mechanisms (see next section). We describe the emerging themes below.

Asymmetric distribution of cell fate determinants in non-planar divisions.—
Asymmetric inheritance of diverse cellular factors — these include proteins (such as 

transcription factors), RNAs, organelles, etc. — has been proposed to mediate cell fate 

decisions in invertebrate model systems (reviewed in115). The defining characteristic of such 

asymmetric divisions is that these fate-associated factors become enriched at one half or side 

of the cell defined by the spindle orientation (for example, cortical, cytoplasmic or enriched 

around one of the spindle poles), or that the spindle orientation is driven by the pre-existing 

polarity and/or the intracellular distribution of the cell fate determinant.

In vertebrates, these mechanisms have been described in T cells during their activation. 

In this process, a T-cell interacts with an antigen-presenting cell with which it establishes 

an immune synapse [G]. The immune synapse defines a polarity axis for the cell and the 

spindle aligns along this axis. The T-cell-specific T-box transcription factor T-bet, polarizes 

to the immune synapse, thus being preferentially inherited by the daughter cell proximal 
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to the synapse. This then is linked to the acquisition of differential cell fates, specifying 

effector versus memory functions 131. This initial fate asymmetry in the naïve T cell is 

thought to be mediated by selective destruction of T-bet on the other end of the cell by the 

enrichment of the proteasome at this location 132. Similarly, during B cell activation, the 

BCL6 transcription factor is asymmetrically inherited 133, suggesting that these mechanisms 

are prevalent in the regulation of immune responses.

Another example of asymmetric distribution of intrinsic determinants is found in the 

early mouse embryo, where inheritance of the apical domain and/or apically associated 

intermediate filament cytoskeleton [G] component keratin drives cells toward the outer cell 

fate and extraembryonic tissue lineage, whereas cells that do not inherit the apical domain 

are more likely to internalize, becoming inner cell mass that generates the embryo proper 
134.

Multiple studies across the years have also investigated asymmetric divisions in progenitors 

of the vertebrate central nervous system. These revealed that the inheritance of various 

components — including apical polarity proteins, primary cilium [G], the mother 

centrosome and the basal process that connects the cell to the ECM via integrin adhesions 

— is associated with retention of the proliferative state versus neurogenic differentiation 

(reviewed in 135). Having said so, the importance of spindle orientation in regulating cell 

fate decisions in neural progenitors is debated.

Extrinsic cues in the regulation of asymmetric fate acquisition.—Extrinsic 

factors can include contact-dependent cell–cell and cell–ECM interactions or gradients of 

signalling molecules. As epithelial cells sit on top of a basement membrane, this serves 

as an ideal extrinsic cue in many contexts. As mentioned above, the retention of the basal 

attachment confers proliferative potential on neural progenitor cells. Consistent with this 

idea, signals through integrins are essential for maintenance of proliferation in many tissues 
136. Integrins are also important for proper spindle orientation in a number of cellular 

contexts 101, which complicates the genetic analysis of their roles in specific cell types. 

In stratified epithelia of the skin, expressing β1 integrin in the differentiated cells, from 

which it is normally absent, is sufficient to perturb the balance between proliferation and 

differentiation, consistent with the idea that integrins contribute to cell fate determination 
137. That said, the pivotal experiment demonstrating the effects of disrupting integrin 

asymmetry upon cell division has not yet been accomplished. Further ahead, it will be 

required to decipher the signalling instigated by integrins to control cell fate.

Asymmetric distribution of signalling accompanying asymmetric divisions can also drive 

asymmetric cell signalling. A notable example here are the neural progenitors. In this 

case, Notch signalling components have been shown to be distributed unequally between 

the daughters, with cells inheriting high amounts of Notch receptor remaining progenitors 

and cells inheriting high amounts of Delta ligand being fated for differentiation. These 

experiments also revealed that through these mechanisms cells in the developing central 

nervous system generated their own micro-niche, in which neighbouring cells influence each 

other’s fate via regulation of Notch signalling 126,138–140
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More recently, connections between asymmetric division and asymmetric cell signalling 

have been documented in the earliest steps of hair follicle formation141. As discussed above, 

during hair placode formation cells divide perpendicular to the basement membrane, thereby 

generating apical and basal progeny. In this case, the basal progenitor cells show polarized 

secretion of WNT signalling ligands and inhibitors, with the former accumulating basally 

and the latter apically. In consequence, when the early basal cell divides perpendicular to 

the tissue axis, its daughters experience a very different WNT-signalling environment, which 

favours maintenance of proliferative potential in the basal cell and differentiation of the 

supra-basal daughter. However, the respective contributions of intrinsic and extrinsic signals 

in cell fate specification in this cell type remain to be uncovered.

Cell size asymmetry.—An interesting, atypical example of spindle positioning/

orientation in driving distinct cell fates is provided by the mammalian meiotic spindle in 

the oocyte. To generate the large oocyte, the spindle, rather than being positioned in the 

middle of the cell, is displaced to the cell cortex. There, the spindle rotates, with one spindle 

pole contacting the cortex, so that division results in the generation of one large cell, fated 

toward the oocyte and a small polar body [G]. Remarkably, this spindle displacement does 

not use the core spindle positioning molecular machinery and is dependent on F-actin but 

not microtubules 26,61,142,143. Myosin-mediated pulling forces, Arp2/3-mediated branched 

actin polymerization and resulting forces and cytoplasmic flows have all been implicated 

in this spindle movement. The subsequent anchoring and rotation of the spindle are also 

F-actin-dependent events. This example highlights the diversity in mechanisms for moving 

and placing spindles within the cells and suggests that other mechanisms may be elucidated 

by the further study of spindle orientation in diverse cell types. Asymmetry in cell size has 

also been linked to sprouting angiogenesis. Here, the asymmetric division that generates 

tip and stalk cells (see above) also produces a difference in size — with tip cell being 

considerably larger — which has been connected to the differences in migratory properties 

between these cells.

Dysregulation of spindle orientation

Spindle orientation is used in diverse organs to establish tissue architecture and cell fates. 

This leads to an expectation that spindle misorientation may contribute to human disease, 

including both developmental disorders, as well as diseases of stem cell dysregulation, like 

cancer. Here we discuss the reported roles of spindle orientation defects in human disease 

and in cancer. An important take away is that tissues have robust mechanisms to restore 

division orientation and/or tissue architecture after misoriented division, thereby limiting the 

negative consequences of cell division with aberrantly positioned spindles.

Spindle orientation and cancer.—Asymmetric cell divisions in stem and/or progenitor 

cells can give rise to one stem and one differentiated cell, maintaining the pool of 

progenitor cells. Disruption of asymmetric division would yield an imbalance between 

the pools of progenitors and differentiating cells, resulting in excessive differentiation and 

the exhaustion of progenitors or favouring the production of additional stem cells and 

potentially causing hyperproliferation and tumour formation. Work in D. melanogaster 
demonstrated that transplantation of neuroblasts that could not divide asymmetrically 
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resulted in tumour formation and that loss of spindle orientation in a tumour-susceptible 

(p53 mutant) background also caused tumours 144,145

To date, there is little evidence that disruption of spindle orientation is sufficient to drive 

cancers in vertebrates. However, there is accumulating evidence that aberrant divisions 

associated with misaligned spindles may act in concert with the activation of oncogenes 

or inactivation of tumour suppressors (Figure 6a). For example, in skin tumours driven by 

increased VEGF signalling, there was a decrease in asymmetric divisions, consistent with 

more self-renewing and amplifying divisions 146–148. Other work suggests that asymmetric 

divisions are increased in epidermis in response to hyperproliferation149. Consistent with 

this, when cell division was randomized in a KRAS oncogene mutant background, tumours 

rapidly formed in the skin 149. One interpretation of these results is that perpendicular 

spindles, which generally generate one differentiated progeny are tumour suppressive in 

function, limiting the ability of oncogenes to expand progenitor cell numbers (Figure 6b).

A positive role for asymmetric cell division in leukaemia has also been proposed. The 

dynein-regulator LIS1 was required for spindle positioning and the localization of putative 

cell fate determinants in adult haematopoietic stem cells and its loss blocked their 

progression in to leukaemia 150. However, as LIS1 has pleiotropic roles in cells, including 

in mitotic spindle assembly and various aspects of intracellular membrane trafficking, it 

remains unclear whether these effects are due to differences in asymmetric cell division or, 

mitotic and/or signalling defects downstream of LIS 1 loss.

Spindle orientation and morphogenetic defects.—Although spindle orientation has 

many roles during development, prominently including tissue patterning and morphogenesis, 

clear evidence for human diseases linked strictly to spindle orientation is still lacking. 

One developmental disorder with tight links to spindle orientation machinery is Chudley-

McCollough syndrome [G], which results from mutations in the LGN-encoding GPSM2 
gene151,152. The disease is characterized by deafness and architectural changes in the 

brain. The relatively mild disease suggests that these mutations are not associated with a 

complete loss of function of LGN. Indeed, testing of one of the most common mutant forms 

associated with the disease, which lacks the C-terminal GoLoco repeats, did not result in a 

dramatic defect in spindle orientation when expressed in the mouse developing epidermis103. 

Therefore, it is unclear whether the disease phenotypes result from a hypomorphic function 

of mutant LGN in spindle orientation or from possible other functions of this protein. In 

support of this last idea, GPSM2 expression has been reported to be important for stereocilia 

[G] function in the inner ear153, a spindle orientation-independent function.

It is also worth mentioning that defects in the planar cell polarity [G] (PCP) pathway result 

in multiple developmental alterations. As these also cause defects in spindle orientation, it 

is tempting to speculate that spindle orientation defects underlie some of these. For example 

PCP mutations which result in polycystic kidney disease have been shown to alter spindle 

orientation 154. Direct cause/consequence relationships are hard to detangle, however.

A final class of developmental disorders that has been proposed to be associated 

with disrupted spindle orientation is microcephaly [G]. The small brain size found in 
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individuals with microcephaly has been ascribed to defects in generating correct numbers 

of neurons. Genes that are disrupted in microcephaly include centrosomal genes and 

early work suggested that spindle misorientation may underlie some of these defects 

(reviewed 155). However, contradictory evidence demonstrates that spindle misorientation 

does not necessarily result in microcephaly. For example, a number of microcephaly-causing 

mutations cause cell fate defects that have been reported to be caused by prolonged mitosis 

in the presence of aberrant spindles, rather than spindle misorientation 156

The reasons for the paucity of reported diseases that clearly result from spindle orientation 

defects may be several-fold. First, the core machinery is likely used in many developmental 

stages, starting from the early embryo as discussed above, likely resulting in embryonic 

lethality upon severe disruption. Second, as described below, the process of spindle 

orientation is quite robust, and mechanisms exist to ensure its fidelity.

Mechanisms to limit consequences of spindle misorientation.—Likely because 

of the great importance of spindle orientation in both tissue architecture and cell fate 

determination, there are safeguards to ensure this process occurs robustly. There have now 

been several mechanisms described that can, at least partially, rescue the effects of spindle 

misorientation (Figure 6c). First, aberrantly positioned spindle in the metaphase can still 

be re-positioned, thereby rescuing the proper plane of cell division. This process is known 

as telophase rescue and was first described in D. melanogaster neuroblasts 157. Subsequent 

work has hinted at a distinct form of this phenomenon occurring in vertebrates. Rather 

than repositioning the cell fate determinants with the spindle as occurs in flies, vertebrate 

cells appear to rely on re-positioning the spindle using tissue landmarks. In the mouse 

epidermis, misoriented metaphase/anaphase spindles can be re-aligned in telophase, in a 

tissue and adherens junction dependent manner 158. Oblique spindles were observed to be 

corrected into more clearly aligned perpendicular or parallel to the basement membrane 

during telophase. Second, cells that are mispositioned in the tissue after division, especially 

those displaced from the basement membrane, may undergo apoptosis due to loss of 

contact (anoikis) or loss of other micro-environmental survival signals. Further, work in D. 
melanogaster has demonstrated that in simple epithelia, divisions with improper orientations 

result in cells that are not fully integrated into the epithelium. These cells can use 

surrounding cells to ‘zipper back up’ and reform attachment with the basement membrane 
159,160. Similarly, during embryonic gut development in the mouse, daughter cells born 

without the attachment to the basement membrane can reintegrate into the epithelium, for 

which they use filopodial pathfinding mechanisms161,162 In uteric buds, luminal mitoses 

are common, and the daughter cell that lacks a basal connection, is also able to reintegrate 

into the epithelium 163. Finally, progenitor cells in the vertebrate central nervous system can 

mitigate the loss of cell attachments resulting from oblique divisions, and were shown to be 

able to regrow both their apical connections and the basal attachment. This has important 

implications for tissue organization and integrity as well as tissue patterning and maturation. 

In the former case, uncontrolled cell delamination can displace progenitors, leading to 

proliferation in abnormal locations125. In the latter case, retention/regrowth of the basal cell 

attachment has been shown to be important for regulating cell fate: remaining a progenitor 

versus being directed towards neuronal differentiation (reviewed in 164). Together, these 
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correction mechanisms safeguard proper tissue organization and development, and may also 

limit malignant growth by regulating the proliferative potential of the tissue.

Conclusions and perspective

As we look back on the last 20 years of studies on spindle orientation in mammalian 

systems, there are some clear lessons learned. We have made strides in understanding the 

function and regulation of the core LGN–NuMA–dynein–dynactin machinery. We are also 

beginning to appreciate that there is a diversity of mechanisms that can orient the spindle 

— even this core machinery can be used in distinct ways in different tissues, with new 

regulators awaiting discovery. We also now know that the very simple and elegant cell fate 

connections to spindle orientation that were elucidated in C. elegans and D. melanogaster 
are more complicated in mammals. Although it can be expected that new studies will unveil 

some contexts of cell fate allocation that are regulated in this way, the data on the role of 

spindle orientation in cell fate decisions and/or tissue architecture available to date is mostly 

correlative. Redundancy between extrinsic and intrinsic cues impacting spindle orientation 

may make it difficult to determine the precise connections. Also, owing to correction 

mechanisms, spindle misorientation appears to be fairly well-tolerated in some tissues. 

To progress, we need to identify the machinery specific for spindle orientation in distinct 

cell types, and determine the effects of specifically disrupting spindle orientation, without 

the impact on other cellular processes in the tissue of interest, at the same time closely 

examining the consequences of divisions with misoriented spindles on tissue architecture 

and cell fate decisions. Optogenetic methods for controlling spindle orientation combined 

with CRISPR-technologies to introduce specific point mutations into spindle orientation 

proteins will provide excellent ways of gaining more precise control over spindle orientation 

mechanisms and regulatory pathways.
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Glossary

Kinetochores
Protein complexes that assemble on the centromeres of chromosomes that capture 

microtubules of the mitotic spindle, allowing for chromosome capture and segregation

Astral microtubules
Populations of microtubules in the mitotic spindle that do not attach to kinetochores. A 

subset of these interacts with the cell cortex and are essential for spindle positioning

Neuroblasts
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Neural stem cells in Drosophila melanogaster development

Cell cortex
Layer of actomyosin, F-actin and other cytoplasmic proteins forming on the inner side of the 

cell membrane and responsible for the mitotic round-up

Dynamic instability
Dynamical switch between growing and shrinking phases occurring at the microtubule plus 

and minus ends

XMAP215/Stu2 family proteins
Frog XMAP215 (Stu2 in budding yeast, TOG in human cells) are proteins containing TOG 

domains that binds tubulin and regulate microtubule dynamics, primarily by promoting 

microtubule growth

CLIP-170
Cytoplasmic linker protein 170 contains two CAP-Gly domains binding to tubulin

CDK1
Cyclin-dependent-kinase 1, activated by cyclin-B to promote G2/M transition. It is then 

inactivated upon bipolar kinetochore attachment by APC-dependent degradation of cyclin-B, 

which promotes metaphase to anaphase transition

CAP-Gly containing proteins
Proteins containing a Cytoskeletal Associated Protein-Glycine rich domain associating to 

EEY motifs

Dynactin
Macromolecular complex of 23 subunits acting as a cofactor for the microtubule motor 

cytoplasmic dynein 1

Hetero-trimeric G proteins
Membrane-associated G-proteins consisting of trimers of Gα–Gβ–Gγ subunits, with 

a GTPase Gα subunit. Upon extracellular stimuli, transmembrane G-Protein-Coupled-

Receptors (GPCRs) acts as GEF for the Gα subunits resulting in G-protein signaling 

activation

Dynein adaptor
Coiled-coil protein promoting the formation of dynein–dynactin complexes and the 

processive movements of the dynein complex on the microtubule tracks

Tetratrico-Peptide-Repeat (TPR) domain
34-residue long repeats consisting of two antiparallel helices connected by a short loop, 

generally organized in super-helical arrays

GoLoco motifs
19-residue long motifs found in G-protein regulators acting as guanine-dissociation 

inhibitors of Gαi
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G protein-coupled receptor
Cell surface seven-pass-transmembrane receptor activating cellular response upon binding to 

extracellular signalling molecules

4.1 R
Member of the F-actin–binding 4.1 family that in mitosis binds to NuMA

CC1-like box motif
Motif conforming to the CC1-box present in several dynein-activating adaptors but carrying 

a frameshift in the position of the Ala-Ala doublet and lacking the Gly at the central 

A-A-x-x-G sequence

Aurora A
Mitotic kinase activated by microtubule-associated protein TPX2 that assists mitotic 

progression by phosphorylating key substrates at the spindle poles

PLK1
Polo-like kinase 1, centrosomal kinase promoting spindle pole maturation and spindle 

assembly

RAN-GTP
A small G-protein that plays roles in nuclear import–export as well as in regulating 

chromatin-dependent microtubule nucleation in mitosis

Non-canonical WNT signalling
Signalling through secreted WNT proteins that activate pathways other than stabilization of 

β-catenin

Mother centrosome
Centrosomes consists of a pair of centrioles and the pericentriolar material. The mother 

centrosome contains one centriole that is more than one cell cycle old, and another that 

was assembled during the current cell cycle, while the daughter centrosomes contain one 

centriole that was assembled in the previous cell cycle and one that was assembled in the 

current cell cycle

ERM (Ezrin-Radixin-Moesin) family proteins
Conserved proteins consisting of a FERM domain interacting with membrane associated 

proteins and an F-actin-binding domain cross-liking actin filaments at the mitotic cortex. 

Moesin codes for a microtubule-binding domain stabilizing astral microtubules at the cortex

Ste20-like kinase
Ser/Thr kinase that in mitosis activates ERM proteins to promote spindle orientation via 

LGN–NuMA cortical enrichment

Myosin X
Microtubule-binding myosin with an unconventional dimeric motor domain

Caveolae
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Invaginations of the plasma membrane of about 50–100 nm diameter, that have 

been implicated in clathrin-independent endocytosis. In addition subcortical cavelin-rich 

patches generates proteinaceous platform for astral microtubule anchoring and mechano-

transduction

Focal adhesion
Integrin-containing macromolecular complexes mediating mechanical contacts between 

intracellular F-actin and the extracellular matrix

Basement membrane
Thin flexible sheet-like extracellular-matrix found between the basal site of epithelial layers 

and connective tissues, providing support and signalling

Catenins
Family of proteins binding to the intracellular portion of caderins at adherens junctions and 

to the actin cytoskeleton

Notum
Dorsal portion of the thoracic segment of insects

Scribble polarity complex
Macromolecular complex consisting of the evolutionarily conserved proteins Scribble, DLG 

and LGL, localising at the cytoplasmic site of the lateral membrane in polarized epithelial 

cells

Epiboly
One of the types of cell movement occurring during zebrafish gastrulation

VEGF
Vascular endothelial growth factor. A growth factor that promotes angiogenesis

Immune synapse
The site of connection between an antigen presenting cell and a T or B lymphocyte

Intermediate filament cytoskeleton
A cytoskeleton element, comprising filaments (8–10 nm in thickness) made up of diverse 

and cell-type specific proteins, such as keratins and vimentin

Primary cilium
Microtubule-based structure that extends from the cell and that can act as a sensory antenna 

and signalling centre

Polar body
A small haploid cell that result from meiotic divisions of the oocyte

Chudley-McCollough syndrome
An autosomal recessive condition characterized by hearing loss and brain malformations

Stereocilia
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F-actin-rich protrusions of hair cells of the inner ear that sense fluid flow and are essential 

for hearing and balance

Planar cell polarity
Polarization of a field of cells within the plane of the cell sheet

TOG domains
Conserved tubulin-binding domains consisting of six HEAT repeats, i.e. helix-turn-helix 

repeats present in Huntingtin, Elongation factor 3, protein phosphatase PP2A and the kinase 

Tor1

Nectin
Cell–cell adhesion molecule organizing epithelial junctions and interacting intracellularly 

with the F-actin-binding protein Afadin
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Figure 1. Morphological changes instructing spindle orientation during mitotic progression.
a) Distribution of integrin/focal adhesion adhesive cues, F-actin cytoskeleton and 

chromosomes in interphase and prometaphase. Centrosomes are positioned near the nucleus, 

NuMA is nuclear, and ERM (Ezrin-Radixin-Moesin) proteins are found in a closed inhibited 

conformation. b) Rounded-up morphology of cells in metaphase, with sister chromatids 

congressed on the metaphase plate and a bipolar spindle. The spherical shape is sustained 

by an actomyosin layer (1, which is connected to the plasma membrane near actin clouds 

by activated ERM proteins (2). Mitotic cells maintain contact to the substrate via mitotic 

β1-integrin containing focal adhesion complexes anchored to actin-based retraction fibres 

(3). The mitotic spindle axis is maintained aligned to the substratum by dynein–dynactin 

cortical force generators recruited to cortical crescent above the spindle poles by Gαi–LGN–

NuMA complexes (4). Actin clouds formed by F-actin localizing near the spindle poles 

contribute to spindle orientation as well. c) At anaphase, force generators level increases 

symmetrically above the spindle poles. At this point, NuMA is anchored to the membrane 

independently of LGN, by binding to membrane phospholipids, after its phosphorylation 

by CDK1 is relieved (not shown). This allows generation of stronger dynein-based traction 

forces that are needed to separate sister chromatids in synergy with pushing and pulling 

forces acting at the kinetochore level. Anaphase is also associated with actomyosin cortex 

reorganization, whereby actomyosin enriches at the equatorial region of the cell to promote 

cytokinetic cleavage furrow ingression.
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Figure 2. Working principles of cortical force generators.
a) Cartoon representation of the molecular players implicated in spindle positioning at the 

mitotic cortex. The force generating machines exerting traction forces on astral microtubules 

are organized on the dynein–dynactin–NuMA complexes, targeted to the membrane by 

Gαi–LGN via NuMA. Gαi-GDP accumulates at caveolin-rich membrane patches. The 

N-terminal portion of NuMA interacts with dynein, while the C-terminal region contacts 

LGN. A number of microtubule plus-TIPs binders modulate the dynamic instability of 

astral microtubules near the cortex, this way contributing to spindle positioning. These 

include: EB1, that binds with the C-terminal EEY motif to CAP-Gly containing proteins 
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such as CLIP170 and p150Glued; XMAP215, that uses its four TOG domains [G] to assist 

tubulin incorporation into microtubules and stabilize the microtubule lattice at the plus 

ends; kinesins, such as kinesin-1. In addition, myosin X provides a physical link between 

astral microtubules and the cortical actin cytoskeleton, and generates pulling forces that 

cooperate with those produced by dynein–dynactin. Astral microtubule ends interact with 

the actin cortex also through mitotic interactor and substrate of PLK1 (MISP), which binds 

EB1 and p150Glued. The stiffness of the mitotic actomyosin cortex, needed to provide a 

rigid scaffold counterbalancing microtubule pulling forces exerted by dynein to position 

the spindle, is regulated by 4.1R proteins, likely associating to NuMA itself, and by ERM 

(Ezrin-Radixin-Moesin) proteins tethering F-actin to the plasma membrane b) Molecular 

events promoting cortical recruitment of dynein–dynactin force generators in metaphase. 

Top: In the unliganded form, LGN is kept inhibited by intra-molecular interactions between 

the N-terminal Tetratrico-Peptide-Repeat (TPR) domain and the C-terminal GoLoco region. 

Cooperative binding of the four GoLoco motifs to Gαi-GDP induces a conformational 

change allowing binding of LGN to NuMA C-terminus. Bottom: Structural evidence 

accumulated over the years documented the conformational rearrangement of LGN upon 

binding to Gαi and NuMA. In the closed conformation, the TPR domain of LGN folded 

as a helical cradle is occupied by the GoLoco helices, in purple (PDB-ID 4JHR). Binding 

of LGN to Gαi-GDP displaces the GoLoco motif from the TPR domain, that can form 

donut-shaped hetero-hexamers with the C-terminal portion of NuMA (PDB-ID 6HC2). 

Full-length NuMA dimerizes via its coiled-coil central region. The combination of the 3:3 

stoichiometry observed in the LGN-TPR–NuMA-C-terminus donut-shaped structures with 

the dimeric nature of full-length NuMA implies that each donut connects at least two NuMA 

dimers — depicted by the dotted line of one of the NuMA chains departing from the 

hexamer — this way promoting the formation of LGN–NuMA–dynein cortical networks 

c) Gαi GTP-cycle associated with the assembly of Gαi–LGN–NuMA cortical complexes. 

In interphase, GDP-loaded Gαi forms hetero-trimeric G-protein complexes with Gβγ. To 

transfer Gαi from Gβγ to LGN, one possibility could be that, at mitotic entry, a localized 

pool of Gαi dissociates from Gβγ, possibly assisted by the GEF activity of a G-Protein-

Coupled Receptor (GPCR), and generates a population of GTP-loaded Gαi molecules that, 

upon GTP hydrolysis, can bind and target LGN to the cortex by direct association with the 

four LGN-GoLoco motifs (path labelled 1 in the schematic). Alternatively (or in addition), 

recent evidence points at the chaperone-like activity of the scaffold RIC-8A to assist Gαi 

folding and GTP-loading, this way creating a GTP-bound pool of Gαi available for LGN 

after GTP hydrolysis (path labelled 2 in the schematic). c) Organizational principles of 

the dynein–dynactin–NuMA module responsible for the generation of microtubule-pulling 

forces orienting the spindle. Dynein is a multi-subunit complex comprising two-copies of 

six different chains, including a microtubule-binding stalk and an AAA+ ATPase domain. 

In mitosis, NuMA binds the light intermediate chain (LIC) subunit of dynein, likely 

sandwiching between dynein and the dynactin complex, which has been shown to confer 

processivity to the motor activity of dynein. Dynactin itself consists of several subunits, 

including a p150Glued subunit encompassing a CAP-Gly domain.
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Figure 3. Molecular mechanisms of oriented planar cell divisions.
a) Schematic representation of epithelial mitosis in which the dividing cell rounds up 

maintaining adhesive junctions with neighbouring cells and with the extracellular matrix 

(ECM) at the basal site. Epithelial cell–cell contacts include adherens and tight junctions. 

b) Enlarged view of the molecular players accumulating at the lateral membrane during 

epithelial mitoses to promote planar cell divisions. Microtubule motors organized on 

dynein–dynactin–NuMA complexes are recruited laterally by Gαi–LGN–NuMA. Binding 

of NuMA to LGN and Gαi is compatible with the concomitant association of phospho (P)-
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LGN to the GK domain of the baso-lateral protein DLG because this LGN phosphorylation 

— mediated by the apical polarity kinase aPKC — occurs on the linker region between 

the Tetratrico-Peptide-Repeat (TPR) domain and the GoLoco motifs. In addition, the 

LGN-TPR interacts directly with the cytoplasmic tail of E-cadherin and with the actin-

binding protein Afadin that localizes at the tight junctions with nectin [G] and ZO-1. Cell–

cell junctions respond to mechanical forces by changing their organization and function 

(mechanosensing). Hence, forces acting tissue-wide, such as compression or stretching that 

can result from, for example, changes in cell number or morphogenetic movements, can be 

transmitted to regulate spindle orientation.
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Figure 4. Roles of regulated spindle orientation in controlling tissue architecture.
a) Development of stratified epithelia is driven by spindle reorientation with respect to the 

basement membrane, from parallel to perpendicular. This directly generates an additional 

layer(s) of cell(s). These divisions are typically coupled to cell fate determination, whereby 

the basal daughter remains a progenitor and the apical daughter is fated for differentiation. 

b) Simple epithelia maintain their architecture by orienting their mitotic spindle parallel 

to the basement membrane. This prevents abnormal positioning of cells within the tissue, 

which would disturb tissue architecture and/or could lead to abnormal proliferation. c) 
Planar organization of spindles in one direction across the tissue can lead to elongation of a 

tissue (for example during morphogenetic growth or during tissue regeneration/homeostatic 

turnover). d) Spindle orientation can promote tissue branching in various ways. In the 

example shown, during angiogenesis, endothelial cells branch off of the main vessels, and 

orient their spindles along the branching axis. These divisions are also coupled to the 

acquisition of asymmetric cell fates, whereby the spindle is displaced proximal to the vessel, 

generating a smaller proximal and a larger distal cell, which become stalk cell and tip cell 

respectively. Tip cells are migratory and drive angiogenic branching of the vessel.
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Figure 5. Cues implicated in asymmetric cell fate acquisition.
Cell fate asymmetry can be conferred by the daughters being exposed to distinct 

microenvironments (extrinsic cues) and/or via asymmetric segregation of cell fate 

determinants (intrinsic cues). Shown are three examples of extrinsic cues — the basement 

membrane, cell–cell contact and a gradient of cues, which can include both chemical 

and physical/mechanical signals. Intrinsic cell fate determinants may be proteins, RNA 

or organelles, which become asymmetrically positioned in the mitotic cell, accumulating 

towards one of the spindle poles or the cell cortex.
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Figure 6. Tumorigenic consequences of spindle misalignment and tissue responses to ameliorate 
spindle misorientation.
a) Loss of spindle orientation in a tissue is generally not sufficient to confer tumorigenic 

potential, likely via the existence of various rescue mechanisms operating in the tissue (see 

part c). However, as shown in this example, loss of spindle orientation (for example, owing 

to mutations associated with spindle positioning machinery or changes in intracellular or 

extracellular cues (see Figure 5)), and specifically, asymmetric cell division of a progenitor 

cell in a simple epithelium, might collaborate with oncogenes to promote tumour formation. 

Note that the order of eventscould be reversed, with spindle positioning defects preceding 

oncogenic insults. b) In a stratified epithelium, the tissue can respond to some oncogenic 

mutations by increasing divisions perpendicular to the basement membrane. This generates 

differentiated daughters, limiting the potential effect of hyperproliferation, resulting from the 

loss of asymmetric divisions and increased generation of stem/progenitor cells. However, 

when oncogenic mutations co-exist with the loss of spindle orientation, this may lead to 

tumour growth. c) Tissues have multiple ways to deal with spindles that are misoriented in 

anaphase. They may correct these errors later in telophase, undergo apoptosis to eliminate 

the misplaced cell, or re-integrate the cell back into the epithelium.
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Table 1

Roles of oriented cell divisions in vertebrate tissues

Tissue Proposed role of spindle oreintation References

Epidermis (Interfollicular) Promotes stratification and differentiation 101,103,116

Epidermis (Hair placode) Proposed to generate SOX9-positive stem cell precursors (division orientations have been 
observed but not disrupted)

118

Hair follicle matrix Promotes the formation of differentiated hair cells 63

Oral epithelium Stratification and differentiation 119

Oesophagus Stratification and differentiation 165

Lung Maintains epithelial architecture necessary for branching, planar divisions prevent 
stratification

120,121

Epicardium Asymmetric division with apical cell remaining in epicardium and basal cell delaminating 
and entering the underlying myocardium

166

Endothelium Occurs during sprouting, daughters have asymmetric fates and sizes, drives angiogenesis 122

T cells Promotes asymmetric division, whereby Tbet transcription factor is asymmetrically inherited 
by effector T cells.

131

B cells Promotes asymmetric division, BCL6 is asymmetrically inherited during division of germinal 
centre B cells.

133

Haematopoietic stem cells Notch inhibitor Numb and lysosomes are inherited asymmetrically and may influence 
activation and differentiation decisions

150,167

Neural progenitors Regulated spindle orientation during development, functional role remains controversial 127,168,169

Intestinal epithelium Proposed to maintain simple epithelium and to promote linear arrays of cells moving up into 
the villus

123

Kidney epithelium Disruption of spindle orientation is associated with cyst formation 154,170–172

Muscle (Satellite (stem) cells) Asymmetric divisions of stem cells regulate production of progenitors 173

Oocytes F-actin-dependent spindle positioning generates the large oocyte and small polar bodies 61,143

Mammary gland epithelium Promotes branching 174

Prostate epithelium Thought to promote luminal cell fates, branching and tissue polarity 121,175,176

Testes Regulates germ cell fate, disruption may promote seminomas 177,178

Retina Proposed to control cell fate and differentiation 179,180
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