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Warts phosphorylates Mud to promote Pins-mediated mitotic
spindle orientation in Drosophila independent of Yorkie
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SUMMARY

Multicellular animals have evolved conserved signaling pathways that translate cell polarity cues
into mitotic spindle positioning to control the orientation of cell division within complex tissue
structures. These oriented cell divisions are essential for the development of cell diversity and the
maintenance of tissue homeostasis. Despite intense efforts, the molecular mechanisms that control
spindle orientation remain incompletely defined. Here we describe a role for the Hippo (Hpo)
kinase complex in promoting Partner of Inscuteable (Pins)-mediated spindle orientation.
Knockdown of Hpo, Salvador (Sav), or Warts (Wts) each result in a partial loss of spindle
orientation, a phenotype previously described following loss of the Pins-binding protein
Mushroom body defect (Mud). Similar to orthologs spanning yeast to mammals, Wts kinase
localizes to mitotic spindle poles, a prominent site of Mud localization. Wts directly
phosphorylates Mud in vitro within its C-terminal coiled-coil domain. This Mud coiled-coil
domain directly binds the adjacent Pins-binding domain to dampen the Pins/Mud interaction, and
Wits-mediated phosphorylation uncouples this intramolecular Mud interaction. Loss of Wts
prevents cortical Pins/Mud association without affecting Mud accumulation at spindle poles,
suggesting phosphorylation acts as a molecular switch to specifically activate cortical Mud
function. Finally, loss of Wts in Drosophila imaginal disc epithelial cells results in diminished
cortical Mud and defective planar spindle orientation. Our results provide new insights into the
molecular basis for dynamic regulation of the cortical Pins/Mud spindle positioning complex and
highlight a novel link with an essential, evolutionarily-conserved cell proliferation pathway.

INTRODUCTION

During cell division the mitotic spindle apparatus directs the localization of the actomyosin
contractile ring and cleavage furrow ingression; thus, spindle positioning serves as an
essential determinant of cell division orientation. Two fundamental aspects of animal
development arise from this principle. First, spindle orientation directs the asymmetric
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segregation of cell fate determinants during stem cell divisions, providing a means of
balancing self-renewal and differentiation. For example, uncoupling of spindle orientation
from the cortical polarity axis in Drosophila neuroblasts can contribute to an
overproliferation of these neural stem cells, disrupting proper CNS development and
resulting in severe tissue overgrowth phenotypes [1, 2]. Second, the establishment and
maintenance of complex tissue structures relies on spindle orientation in order to balance
cell divisions that lead to tissue expansion versus stratification. For example, spindle
orientation defects in the mouse epidermis result in defective stratification, yielding tissue
structures that are incapable of proper fluid and electrolyte regulation [3]. Despite being
linked to several developmental disorders and having recently emerged as a possible
contributor to tumorigenesis [4], the molecular details of spindle orientation process remain
incomplete.

The conserved Partner of Inscuteable (Pins) protein regulates spindle orientation in diverse
cell types from model organisms spanning metazoan evolution and represents perhaps the
best-characterized regulator of spindle positioning [5-9]. Pins is thought to control spindle
orientation through two synergistic pathways: (1) its tetratricopeptide repeat (TPR) domains
directly bind Mushroom body defect (Mud) to activate dynein-dependent spindle forces, and
(2) its phosphorylated ‘Linker’ domain directly binds Discs large (DIg) to capture
microtubule plus ends through the kinesin motor protein Khc-73 [10, 11]. Mud/dynein-
mediated forces generate rapid spindle oscillations to position the metaphase spindle prior to
anaphase onset [6, 12]. Mud is a spindle pole/centrosomal protein that becomes cortically
polarized in a Pins-dependent manner. Loss of Pins in Drosophila neuroblasts, which
induces spindle orientation defects, prevents cortical Mud enrichment without affecting its
spindle pole localization [13, 14]. Mud at spindle poles contributes to spindle assembly
processes, whereas cortical Mud localization is essential for proper spindle positioning.
Furthermore, cortical targeting of dynein-mediated forces appears to be sufficient for spindle
orienting activity [12]. Together, these results suggest distinct Mud functions are elicited
through differential subcellular localizations and highlight the importance of cortical
localization in Mud-mediated spindle orientation. Recent studies have demonstrated Ran-
and CDK1-dependent pathways that prevent cortical Mud association; however, the
molecular mechanisms that promote the formation of cortical Pins/Mud remain largely
undefined [15, 16].

Using a combination of biochemical, cellular, and genetic methods, we define a role for the
Hippo kinase complex, an eminent regulator of cell growth and proliferation [17], in Pins/
Mud-mediated spindle orientation. The core complex components Hippo (Hpo), Salvador
(Sav), and Warts (Wts) are each required for spindle orientation to a cortically polarized
Pins cue. RNAI directed against individual Hpo components results in a partial loss of
spindle orientation, a unique phenotype previously described following selective loss of the
Mud/dynein arm of Pins signaling. Wts localizes to mitotic spindle poles and directly
phosphorylates Mud in vitro within its terminal coiled coil (Mud®C) domain. We also show
that Mud©C directly interacts with the adjacent Pins-binding domain (Mud”BP) to regulate
its Pins binding capacity. Wts phosphorylation prevents this putative intramolecular
interaction, suggesting Wts functions to enhance Pins/Mud complex formation. Consistent
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with this, loss of Wts prevents Pins-mediated cortical Mud accumulation without perturbing
its accumulation at spindle poles. Finally, Wts-directed RNAI results in defective Mud
localization and a loss of planar spindle orientation in Drosophila imaginal wing disc
epithelial cells. Together, our results demonstrate a novel mode of regulating Pins/Mud-
dependent spindle orientation through the Hippo tumor suppressor pathway, highlighting an
important intersection between cell cycle and spindle orientation pathways.

Warts and Mud localize to spindle poles in mitotic S2 cells

To identify molecular pathways that promote polarized cortical Mud localization, we
reasoned that proteins localized to mitotic spindle poles with cell cycle-dependent activity
would represent attractive candidates. The Hippo kinase complex localizes to spindle pole
bodies (SPB) in S. cerevisiae (the yeast equivalent of centrosomes), and its activity increases
throughout mitosis to ultimately induce anaphase onset and mitotic exit through the Mitotic
Exit Network (MEN) signaling system [18, 19]. Interestingly, Cdc15 (the yeast Hippo
ortholog) activity is necessary for proper orientation of the mother SPB into the nascent bud
cell; however, this effect is mediated through asymmetric activity of centrosomal Kar9, a
protein with no apparent metazoan ortholog [20]. MEN activity is dependent on spindle pole
body activity of Dbf2, the yeast equivalent of Wts. Studies using both mouse and human cell
culture systems have confirmed that components of the Hippo complex, in particular the
Wits kinase orthologs LATS1/2, also localize to spindle poles/centrosomes where they
control centrosome disjunction, chromosome segregation, and cell cycle progression [21-
26]. We have thus focused herein on the role of Hippo signaling in oriented cell division
using Drosophila as a model system.

We first examined the cellular localization of Wts, the key kinase output in Hippo signaling,
in Drosophila S2 cells. We cloned full-length Wts from an S2 cDNA library, indicating this
gene is endogenously transcribed, and expressed low amounts as a FLAG-tagged transgene.
As shown in Figure 1, FLAG-Wts localized to mitotic spindle poles, including proximal
regions of their emanating microtubules. This localization in S2 cells is identical to that seen
with endogenous Mud (Figure 1). We further examined Mud and Wts localization following
colchicine-induced microtubule depolymerization. Colchicine treatment resulted in
primarily cytoplasmic localization of both Mud and Wts with no significant localization at
v-tubulin positive centrosomes, consistent with localization specifically to spindle poles and
proximal spindle microtubules. These results are in agreement with previous studies of Mud
localization [27]. We conclude that Wts kinase localization resembles that of Mud both
spatially and temporally at mitotic spindle poles.

Hippo kinase signaling is required for Pins-mediated spindle orientation

We next investigated whether the Hippo complex regulates spindle positioning in S2 cells
using an ‘induced polarity’ reconstitution assay [10]. Cells were transfected with the cell
adhesion molecule Echinoid (Ed) fused to Pins at its intracellular C-terminus (Ed:Pins),
which localizes specifically to sites of cell-cell contact, thus generating Ed-dependent
cortical polarization of Pins in an otherwise non-polarized cell. Spindle orientation is then
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measured relative to these induced polarity crescents within small, otherwise isolated
clusters (2-3 cells) containing one contiguous patch of Ed:GFP signal (Figure 2A). As
previously reported, the mitotic spindle exhibits robust alignment to the center of this
Ed:Pins crescent, whereas cells expressing Ed alone display random spindle orientation
(Figure 2C). Also consistent with our previous studies, treatment of cells with RNA.
directed against Mud resulted in a partial loss of Ed:Pins-mediated spindle orientation,
intermediate between the effects of Ed:Pins and Ed (Figure 2B,C). This partial loss-of-
function phenotype contrasts with the complete dysfunction induced by DIgRNAI and is the
result of attenuated dynein-mediated spindle forces [10]. Individual RNAI treatments against
Hpo, Sav, or Wts each caused a partial loss of spindle orientation phenotype that was
statistically indistinguishable from MudRNAI which can be seen in representative images
(Figure 2B) as well as when expressed as a cumulative percent across the entire sample of
cells collected (Figure 2C). To control for potential off-target effects, we designed two
additional RNAI sequences for each Hippo component that targeted distinct regions of their
coding sequences. These alternative RNAI treatments all produced phenotypes identical to
the initial results, suggesting that off-target effects were unlikely (Figure S1). We also
quantified spindle orientation relative to the outer edge of the Ed:Pins crescent; whereas
control cells preferentially orient spindles to the crescent center, a tighter coupling between
spindles and the crescent edge is observed following RNAI against Hpo, Sav, or Wts, a
result that also mirrors the effects of MudRNAT (Figure 2D). This phenotype is consistent
with residual activity of the spindle-capturing Dlg/Khc-73 pathway, which can operate in the
absence of the Mud/Dynein pathway, and suggests that the core Hippo complex is
dispensable for Dlg/Khc-73 function [10]. Thus, these results suggest that the Hpo/Sav/Wts
complex functions specifically within the Pins/Mud/dynein spindle orientation pathway and
serves as a positive modulator of its activity.

Wits is a member of the NDR (nuclear Dbf2-related) protein kinase family, which also
includes the evolutionarily-conserved NDR1/2 kinase, Tricornered (Trc) [28]. Despite
strong primary sequence homology and identical consensus phosphorylation target motifs,
Trc participates in functions distinct from Wts. Trc localizes to the cytoplasm and cell cortex
and maintains extended cellular structures, such as epidermal hair and dendritic branches in
sensory neurons [29]. As knockdown of kinases could have pleiotropic effects, we reasoned
that Trc would serve as an ideal negative control. Indeed, TrcRNAI treatment did not
significantly alter Ed:Pins-mediated spindle orientation (10.4 £ 6.2, n=49 compared to 11.0
+ 14.5, n=47 with TrcRNA) consistent with a Wts-specific regulation of Pins/Mud function
in S2 cells.

Hippo signaling controls spindle orientation independent of Yorkie

The canonical phosphorylation target of Wts kinase is the transcriptional regulator, Yorkie
(Yki), which normally promotes cell cycle progression through upregulation of genes such
as c-myc and cyclin-E [30, 31]. Yki phosphorylation, however, prevents its nuclear
translocation and function, resulting in cytoplasmic retention thereby explaining the growth
suppressive effects of canonical Hpo pathway [32]. As WtsRNAI treatment would be
predicted to increase Yki activity, we designed two approaches to assess whether elevated
Yki function may contribute to spindle orientation defects following loss of Wts. First, we
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simultaneously treated cells with both WtsRNAi and YkiRNAI to determine if YkiRNAT could
suppress WtsRNAl-mediated effects. However, as shown in Figure 3B, combined RNAI
against Wts and Yki did not differ from WtsRNAi alone. Treatment of cells with YkiRNAI
alone did not perturb Ed:Pins function either, indicating YKki is also not necessary for spindle
orientation. Combined treatment with WtsRNAI and MudRNAI did not differ from treatment
with either alone (Figure 3B), adding further support that Wts functions together with Mud
to regulate spindle orientation. Second, we overexpressed a constitutively active,
‘phosphodead’ Yki mutant (YkiS168A) and monitored for a potential dominant phenotype.
YkiS168A expression did not significantly affect Ed:Pins-mediated spindle orientation,
however. As a complementary approach, we also overexpressed the Yki target gene cyclin-E
as another means of mimicking the possible effects of enhanced Yki activity. As with Yki
itself, cyclin-E overexpression did not significantly alter spindle orientation (Figure 3A,B).
Conditions leading to reduced Wts or Mud function again resulted in precise alignment to
crescent edges, whereas cells with compromised Yki function remained oriented
preferentially to the middle of Ed:Pins crescents (Figure 3C). These results collectively
suggest that the effects of WtsRNAI on spindle orientation are Yki-independent and likely act
through an alternative, ‘non-canonical’ pathway.

Warts directly phosphorylates Mud at its C-terminal coiled-coil domain

Spindle pole localization at metaphase, the phenocopy of MudRNAI treatment, and the lack
of Yki-dependent effects all lead us to explore the hypothesis that Wts functions directly
within the Mud pathway. Wts is a serine/threonine kinase that preferentially phosphorylates
the consensus sequence motif H-x-R/K-x-x-S/T (where ‘H’ represents Histidine, ‘R/K’
represent Arginine/Lysine, and ‘X’ represents any amino acid) [33]. Although basic residues
at the —2 and/or -3 positions are characteristic of several protein kinase families, the
histidine at -5 is the signature preference of the Wts recognition motif, although its presence
may not be absolutely mandatory. Using the Eukaryotic Linear Motif (ELM; http://
elm.eu.org/) program, we performed in silico analyses of Pins/Mud pathway components
[11], revealing a single, strongly predicted Wts phosphorylation site within Mud itself. This
site lies within the C-terminal Mud coiled-coil domain (Mud®C) at serine-1868 (S1868:
Figure 4A). To directly examine this prediction experimentally, we cloned and purified the
Mud®C domain to homogeneity (Figure 4D) and qualitatively examined phosphorylation
using an [y-32P]-ATP radiometric kinase assay with purified Wts. As shown in Figure 4B,
Wits directly phosphorylated MudCC. A single alanine substitution at the predicted
phosphorylation site (51868A) completely abolished the detected signal. These results
demonstrate that S1868 in the MudC domain is a direct in vitro substrate of Wts kinase.

The mitotic functions of Mud, particularly those of the cortical Pins/Mud complex, appear to
be evolutionarily conserved, yet the overall primary sequence conservation across Mud
orthologs is remarkably low [13, 14]. Sequence comparison between orthologous Mud®C
domains specifically, however, reveals that Wts phosphorylation is likely to be a conserved
regulatory mechanism (Figure S3). NuUMA, the mammalian Mud ortholog, contains
numerous predicted phosphorylated sites [34], and the NuMA C-terminal coiled-coil domain
(NUMACC) in several vertebrates (including humans) retains both the S/T phospho-acceptor
residue and the conserved R/K in the —3 position (Figure S1). The histidine at the -5
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position preferred within the Wts motif is not conserved, although other Wts substrates have
been identified that violate this sequence rule as well [35]. Radiometric kinase assays
demonstrated that NUMA is indeed a direct Wts substrate, with a single T1677A mutation
greatly reducing phosphorylation (Figure 4C). Furthermore, MARCOIL sequence analysis
(Max-Planck Institute for Developmental Biology) revealed that the coiled-coil register is
identical between Mud®C and NuMACC, with the phosphorylated S/T residue residing at a
surface exposed ‘E-position” in both (Figure 4F), and, like Mud®C, NuUMACC is predicted to
exist as a trimer. Size exclusion chromatography confirmed the trimeric nature of both
Mud®C and NuMACC purified proteins (Figure 4E). These results highlight structural
conservation between fly and human orthologs of this key coiled-coil domain. Among
Drosophila Mud isoforms themselves, it is interesting to note that the MudPBP and Mud®C
domains are mutually inclusive. Specifically, the solitary MudPBP-containing isoform,
expressed in neuroblasts and likely other cells undergoing Pins-dependent oriented
divisions, contains MudCC, whereas the other two distinguished isoforms exclude Mud®C by
sequence truncation or alternative splicing [14].

Phosphorylation of Mud®C prevents its self-association with MudPBD

To understand the impact of Wts on Mud function, we next explored how phosphorylation
might affect Mud structure. The Mud©C domain was originally identified as part of the Pins
binding region and immediately precedes the minimal Pins binding sequence subsequently
described [13, 14, 36], referred to as MudPBP herein (Figure 4A). Sequence analysis of the
Mud®C and MudPBP domains revealed significantly opposing surface charge potentials,
with predicted isoelectric points of 9.4 and 4.4, respectively (EXPASy Bioinformatics
Resource Portal), leading us to speculate that these adjacent domains may exist in an
intramolecularly bound conformation. To test this model, we purified the isolated MudPBD
as GST-fusion protein, immobilized it on glutathione agarose beads, and performed
‘pulldown’ assays with purified Mud®C as an isolated, soluble Mud fragment. Indeed,
MudC€C interacted directly with MudPBD as an in trans complex (Figure 5A,B). We then
examined whether Wts might modulate this interaction. Phosphorylation of MudCC by Wits
abolished its ability to bind MudPBP (Figure 5A). These results suggest that Mud exists in
an intramolecular conformation through Mud®C-MudPBP association, a structural feature
which is negatively regulated by Wts kinase activity (Figure 5D).

We next considered whether MudPBP binds MudCC using similar sequence elements used to
bind the TPR domains of Pins [36]. Based on the crystal structure of the LGN/NuUMA
complex (the mammalian Pins/Mud orthologs), we designed a double charge-reversal
(E1939K/E1941K; “EEKK™) mutation in MudPBD, These two residues are strictly conserved
between Mud and NuMA, contribute significantly to the LGN/NUMA interaction, and
represent strong candidate amino acids to respond to introduction of a negatively charged
phosphate on Mud®C. As shown in Figure 5B, this MudBP mutant was dramatically
impaired in its ability to bind MudC©C. These results are consistent with an electrostatic
model of Mud®C-MudPBP association and suggest that this intramolecular Mud interaction
could mask key Pins binding residues, possibly serving as a mode of Mud autoinhibition.
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To test whether the intramolecular Mud interaction affects its ability to directly interact with
Pins in vitro, we examined binding of PinsTPR to either MudPBP alone or the MudC€C-PBD
tandem domain cassette as GST fusion proteins. Binding of Pins™PR to MudPBP was
detectable at low Pins concentrations and fit to a normal Langmuir binding model. In
contrast, interaction with Mud©C-PBD was significantly reduced specifically within a low
PinsTPR concentration regime, with the binding curve displaying a slightly steeper slope
than seen with MudPBP alone (Figure 5C). These data indicate that the proximal Mud©C
domain suppresses the formation of the Pins/Mud”BP complex at low concentrations and
may shape the overall dynamics of the interaction. We speculate this may function to
prevent unproductive Pins binding at sites of low expression such as the spindle proximal
cytoplasm, thus aiding in the productive formation of a cortical Pins/Mud complex (Figure
5D).

Warts is required for cortical but not spindle pole Mud localization

To understand how the Wts/Mud interaction might impinge upon Mud function within a
cellular context, namely with respect to its association with Pins, we visualized endogenous
Mud localization in S2 cells. In cells with induced Ed:Pins cortical polarity, Mud localizes
strongly to both spindle poles as well as accumulating at the cortical Pins crescent (Figure
6), similar to that seen in vivo [3, 13, 14]. Treatment with WtsRNAI resulted in a significant
reduction in cortical Mud signal; however, its localization to spindle poles was largely
unaffected by Wts loss-of-function (Figure 6). Together with the in vitro binding
experiments above, these data indicate that Wts-mediated Mud phosphorylation serves as a
positive cortical localization signal.

Warts facilitates Mud-dependent spindle orientation in Drosophila wing disc epithelia

The Hippo signaling pathway is well known to regulate cell proliferation and tissue size in
vivo through its inhibitory action on Yki [17]. Recent studies suggest that this pathway also
controls the orientation of cell division in the Drosophila imaginal wing disc, a tissue in
which planar polarized Fat-Dachsous, an upstream activator of Hpo [37, 38], instructs
directional tissue growth by controlling orientation of individual cell divisions [39, 40].
Mechanisms proposed for this function include proliferation-induced cell crowding and
modulation of the actin cytoskeleton, leading to mechanical forces that alter cortical tension
and cell shape globally throughout the tissue [41, 42]. Both of these models implicate tissue-
level mechanics that determine mitotic orientations and have been suggested to operate
through canonical Wts/YKki activity [43]. Our results in small, Ed-induced S2 cell clusters, a
minimal reconstitution system less constrained by tissue-dependent signaling, suggests Wts
may exert cell intrinsic effects as well, independent of Yki-dependent growth. Such activity
could operate via regulation of Mud, which has recently been shown to regulate oriented
divisions in wing disc epithelia as well [44]. We expressed hairpin UAS-RNAI sequences
directed against Mud or Wts using the nubbin-GAL4 (nub®AL4) driver that expresses
throughout the wing disc pouch. Mitotic orientations relative to the wing disc axis fluctuate
based on cell position within the tissue [41, 45]; thus, we chose to quantify spindle
orientation relative to adjacent actin rich folds typical of late larval discs (Figure 7A). In this
paradigm, cells from control animals showed a nearly perfect bias for spindle orientation
parallel to the overlaying actin fold. MudRNAI expression significantly attenuated this bias,
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resulting in more randomized spindle orientations (Figure 7A,B), consistent with similar
studies reported recently [44, 46]. Expression of RNAI against Hpo, Sav, or Wts each
resulted in a nearly identical loss of spindle orientation, suggesting these genes may function
in a linear pathway to control oriented epithelial divisions (Figure 7A,B). We also examined
spindle orientation in wing discs expressing WtsRNAI driven by two alternative GAL drivers,
apterous-GAL4 and engrailed-GALA4. Both of these conditions resulted in a loss of spindle
orientation similar to that seen with nubbin-GAL4 (Figure S3). It should be noted that the
nubbin-GAL4 stock contains UAS-Dicer2 on its X-chromosome; however, its presence did
not significantly enhance the effects of MudRNAI on the spindle orientation phenotype
(Figure S4). To test whether WtsRNAi expression alters Mud function, we examined Mud
localization in dividing epithelial cells. In control wing discs, Mud localized strongly to both
spindle poles as well as the cell cortex, with a bias towards cortical regions above each
spindle pole. In contrast, cells from WtsRNAi_expressing discs showed a significant
reduction of cortical Mud signal, although Mud localization at spindle poles was not
significantly affected (Figure 7C,D). These results mirror those obtained in S2 cells and
implicate Wts as an essential determinant of cortical Mud localization and a positive
regulator of the Pins/Mud spindle positioning complex in epithelial cells. Cortical actin was
not altered under any conditions tested (Figure 7D). We also examined localization of Pins,
which although implicated in asymmetric division of wing disc sensory organ precursor
cells [5, 47], has not been directly investigated in disc epithelial cells to our knowledge. Pins
was cortically localized and accumulated at regions above spindle poles, similar to that seen
with Mud. In contrast to Mud, however, expression of WtsRNAI did not significantly affect
Pins cortical association (Figure 7E), consistent with a model in which Wts is required for
Mud recruitment to an independently-established cortical Pins cue.

MudRNAI alone did not cause significant defects in wing disc development (Figure 7F),
similar to previous reports [44, 48]. Somewhat surprisingly, Hpo, Sav, and Wts RNAI
expressions also did not induce significant tissue overgrowth in wing discs, suggesting that,
under the expression conditions used, these constructs were not sufficient to induce
excessive YKi activation despite the detrimental effects on spindle orientation (Figure 7F).
The lack of overgrowth was independent of GAL4 driver (Figure S3), suggesting the
WisRNAI construct being expressed was not completely penetrant with respect to regulation
of tissue size. We therefore tested an alternative RNAI stock (WtsRNALLVDRC). nubGAL4-
mediated expression of this WtsRNALLWVDRC did cause tissue overgrowth, as well as
defective spindle orientation similar to the original WtsRNA stock (Figure 7B,F). That
spindle orientation deficits are nearly identical in discs from both Wts RNA. lines despite
dramatic differences in tissue growth suggests that, although both are influenced by Wits,
these events may operate independent of one another (Figure 7G), although we cannot
directly rule out possible differences in RNAI efficacy. To more directly examine the effects
of hyperactive Yki on spindle orientation, we overexpressed the constitutively active, Wts-
insensitive YkiS168A mutant, which induced a marked overgrowth phenotype (Figure 7F).
Despite this misshapen tissue development, however, individual cell divisions remained
oriented similar to those in wild-type discs (Figure 7A,B). Cortical Mud localization was
also unaffected by YkiS168A expression, again supportive of a Yki-independent Wts/Mud
pathway (Figure 7C,D). Thus, Wts appears to regulate both the rate and orientation of cell
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divisions through distinct downstream effectors with nonequivalent functions in these
processes (Figure 7G). Specifically, phosphorylation of Yki imparts an inhibition of cell
proliferation and tissue growth, while Mud phosphorylation acts as an activation of an
essential spindle orientation mechanism. To further test this possibility, we examined wing
discs of larvae expressing both MudRNAT and YkiS168A |t should be noted that double
mutant animals contain two UAS sequence elements, the same as when each was examine
individually due to the selective presence of UAS-Dcr2 in single mutants. The phenotype of
these MudRNAI/YKiS168A double mutant discs appeared to be complementary. That is, discs
remained overgrown as seen in the YkiS168A alone; however, co-expression of MudRNAI
induced a spindle orientation defect very similar to MudRNAi alone (Figure 7). Interestingly,
MudRNAi/YkiS168A double mutant discs experienced a significant ~33% reduction in size
compared to YkiS168A single mutant discs that show an overgrowth phenotype alone (Figure
7F), indicating that defective spindle orientation may limit overgrowth potential of this
tissue.

DISCUSSION

In this study, we have identified a role for the core Hippo kinase complex in Pins/Mud-
dependent spindle orientation (see Figure S5 for summary model). Warts kinase directly
phosphorylates Mud within its C-terminal coiled-coil domain, which uncouples self-
association with the adjacent Pins-binding domain, thus promoting formation of the
Pins/Mud complex in vitro. Warts is required for cortical Mud localization and spindle
orientation in cultured S2 cells as well as epithelial cells in Drosophila imaginal wing discs.
Notably, this spindle orientation function of Warts is independent of the canonical pathway
effector Yorkie. Thus, in addition to its well defined role in cell growth and proliferation
through Yorkie inhibition, the Hippo pathway can also control the orientation of cell
division through a novel Warts effector, Mud. The ability to coordinate the rate and
orientation of mitotic events could have important impacts on tissue development and
homeostasis.

Controlling the orientation of cell division is an essential underlying mechanism for cell
diversification and tissue homeostasis in multicellular animals. Recent years have witnessed
an impressive expansion in the identification of spindle orientation regulators [11]. The
highly conserved Pins/Mud complex regulates spindle positioning in diverse cell types
across animal taxa [49]; yet, the molecular mechanisms that regulate Pins/Mud activity
remain sparsely defined. Using a human cell culture system, Kiyomitsu and Cheeseman
recently showed that elevated activity of Ran-GTP localized at condensed metaphase
chromosomes inhibited cortical localization of LGN/NuUMA (human orthologs of Pins/Mud)
[15]. This inhibitory signal prevents accumulation at the lateral cortex, indirectly permitting
polarized localization that maintains spindle positioning. Kotak, et al. identified CDK1 as an
additional negative regulator of cortical NUMA localization. CDK1-mediated
phosphorylation reduces cortical NUMA in early phases of the cell cycle to prevent
excessive spindle forces, whereas reduction in CDK1 activity at anaphase allows increased
NuMA-mediated dynein activation necessary for spindle elongation [16]. As these two
pathways dampen cortical Mud localization, what signals then promote the assembly and
function of the cortical Pins/Mud complex?
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Little is known about how Mud becomes cortically enriched specifically in polarized cells
(e.g. with Pins). The Pins-binding protein Canoe (Cno) has been shown to be required for
cortical Mud localization, although the molecular mechanism has not been thoroughly
addressed [50, 51]. Cno itself localizes with apical Pins in dividing Drosophila neurablasts,
which is dependent on a network of monomeric G-proteins. Cno directly interacts with
PinsTPRs which also serve as the binding site for Mud and Inscuteable (Insc). While recent
studies have demonstrated that Mud and Insc bind competitively to PinsTPRS [36, 52], it
remains to be determined whether similar Pins-binding dynamics exist with between Mud
and Cno complex and how the PinsTPRS can accommodate such overlapping demand for its
protein-protein interaction capacity. Phosphorylation, particularly in response to cell cycle
commands, represents an attractive model for regulating such combinatorial protein
interactions.

Another recent study demonstrated that a complex between the centriole duplication protein,
Ana2, the dynein light chain molecule, Ctp, was necessary for cortical Mud localization in
Drosophila. The Ana2/Ctp complex localized at spindle poles, and disrupting its expression
prevented polarized cortical Mud association with Pins leading to improper spindle
orientation [53], a phenotype strikingly similar to that observed herein following knockdown
of the Hpo/Sav/Wts complex. Our in vitro binding experiments show that phosphorylation
of the Mud coiled-coil domain abolishes a self-association with the Pins-binding domain,
allowing for an increased Pins/Mud interaction affinity (Figure 5). Whether Mud
phosphorylation affects its association with the Ana2/Ctp complex, directly or indirectly
through an additional Mud-binding protein, and how this might impact this proposed mode
of cortical Mud localization remains to be investigated.

The Hippo/Warts kinase pathway is a prominent regulator of cell proliferation and growth,
yet a considerable amount of attention has been focused on Yki (and its transcriptional
control of growth-associated genes) as the terminal pathway effector; noncanonical pathway
effectors have only begun to emerge [54]. Our studies identify Mud as a novel target of
Hpo/Wits signaling and provide evidence that Mud-dependent spindle positioning is
controlled by this conserved kinase module. Upon mitotic entry, Hpo triggers NEK2-
mediated centrosome dysjunction and bipolar spindle assembly [23]; our results suggest Hpo
signaling persists in later phases of mitosis to regulate the positioning of this bipolar mitotic
spindle. Thus, the Hpo complex appears to link cell cycle progression, primarily through
regulation of G1/S promoting genes, with dynamic aspects of the mitotic spindle during M-
phase. Elevated Hpo signaling at interphase suppresses cell growth and division, suggesting
Hpo activation must be tightly regulated both spatially and temporally during M-phase
transition. A diverse set of upstream regulators of Hpo function are beginning to be
revealed, including cell adhesion and G-protein coupled receptors, cell polarity complexes,
and the actin cytoskeleton [38], and further work will be required to identify possible
activators of the spindle-associated Wts activity involved in spindle positioning. Perhaps
more clear is the ability of diverse downstream targets of this complex to control unique
aspects of the cell cycle. Our results in Drosophila wing discs support a model in which
distinct Wits targets, Yki and Mud, function together to control tissue development
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specifically through regulation of the rate and orientation of cell divisions, respectively
(Figure 7G).

Wits serves as a negative regulator of cell proliferation yet promotes the activity of an
essential spindle orientation pathway; thus, understanding how these events are coordinated
with respect to cell cycle progression will be an important question to resolve. Interestingly,
discs expressing both MudRNAT and YkiS168A showed a reduction in overgrowth compared
to YkiS168A alone (Figure 7F), suggesting spindle misorientation suppresses tissue growth.
Recent studies in Drosophila wing discs have shown that loss of genes involved in spindle
assembly and orientation, including essential centrosomal proteins as well as Mud, can
induce apoptosis resulting in stunted wing development [44, 48]. Our results suggest that
loss of Mud can also suppress aberrant overgrowth under conditions of constitutive Yki
activity. Whether spindle misorientation per seis sufficient to induce apoptosis in unclear,
as defects in spindle assembly and chromosome segregation were also seen in these discs
[48]. These results contrast with those obtained in certain model stem cell systems, in which
spindle orientation defects are hypothesized to act synergistically with other overgrowth
inducing mutations, including the those involved in the tumorigenesis process [4]. The
evolutionarily-conserved nature of the Hippo pathway highlights the importance of
continued unraveling of its role in both normal development as well as disease.

EXPERIMENTAL PROCEDURES

Fly stocks

The following stocks were obtained from the Bloomington Stock Center: VALIUM20 TRiP
lines for mudRNA (stock# 35044), hpoRNAT (stock# 33614), saviNAT (stock# 32965) and
witsRNAT (stock# 34064), w; PUASyki.S168A.V5attP2 (stock# 28818), and the UAS-
Dcr-2.D1, w1118; PGawBnubbin-AC-62 (stock# 25754), Ap-GAL4 (stock# 46223), and En-
GALA4 (stock# 35064). An additional “KK library” WtsRNAi stock was obtained from the
Vienna Drosophila Resource Center (VDRC; stock# 106174). The Mud and Yki double
mutant was achieved using a nub-GAL4/nub-GAL4; mudRNAI/mudRNAI [ine generated using
a Cyo/Br; TM2/TM6 double balancer line (Richard M. Cripps, UNM). Generation of this line
resulted in the loss of the UAS-Dcr-2.D1 allele on the X-chromosome from the original nub-
GAL4 stock. Crossing this nub-GAL4/nub-GAL4; mudRNAI/mudRNAI [ine to w; PUAS
yki.S168A.V5attP2 (for generation of MudRNAI/YkiS168A double mutants) thus resulted in
the presence of two UAS sequence elements. Because single mutant crosses all retained the
UAS-Dcr-2.D1, conditions in which UAS-MudRNAI or UAS-Yki S168A were expressed alone
also contained two UAS elements, thereby ensuring wing disc growth phenotypes were not
due to unequal copy numbers of UAS and GAL-4 elements.

Induced S2 cell polarity assay

Schneider S2 cells (Invitrogen; Carlshad, CA, USA) were grown in Schneider’s insect
media supplemented with 10% heat-inactivated fetal bovine serum (SIM). Cells were
passaged every 3—4 days and maintained at 25°C in the absence of CO,. For transient
transfections, 1 x 10° cells were placed in 6-well culture dishes for 30 minutes in 3 mL of
SIM. Cells were then transfected with 0.05-1 pg total DNA using the Effectene® reagent
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system according to manufacturer protocols (Qiagen, Germantown, MD, USA). Following
24-36 hour incubation, transgene expression was induced by the addition of CuSO,4 (500
uM) for 24 hours.

For the Echinoid-based ‘induced polarity” assay, cells were harvested, pelleted, and
resuspended in fresh SIM supplemented with CuSO,. Cells were then placed in a new 6-well
dish and rotated at ~175 RPM for 2-3 hours, allowing for stochastic cell collisions that lead
to cell-cell contacts and cluster formation [10].

Immunostaining and imaging

Clustered cells (0.25 mL) were mixed with an 0.75 mL of fresh SIM in 24-well dishes
containing 12 mm diameter round glass coverslips. Cells were incubated for 2—-3 hours to
allow for adherence to coverslips and to increase the percentage of mitotic cells. Cells were
then fixed using a treatment of 4% paraformaldehyde (10 min) or ice-cold methanol (5 min).
Cells were washed 3 times (5 min) with wash buffer (0.1% Triton X-100 in PBS), followed
by a 1 hour incubation with block buffer (0.1% Triton X-100 and 1% BSA in PBS). Primary
antibodies were then incubated with slides overnight at 4 °C. Following primary antibody
incubation, slides were washed 3 times with block buffer. Secondary antibodies (Jackson
Immuno Research) diluted 1:250 in block buffer were then added an incubated at room
temperature for 2 hours. Antibodies were removed and slides were washed 4 times with
wash buffer. Finally, coverslips were inverted and mounted using Vectashield® HardSet
reagent (\VVector Laboratories, Burlingame, CA, USA) and stored at 4 °C prior to imaging.

Antibodies used were as follows: mouse anti-FLAG (1:500; Sigma), rat anti-a-tubulin
(1:500; Abcam), rabbit anti-Mud (1:1000), and rabbit anti-PH3 (1:2000, Abcam). y-tubulin
antibodies were obtained from Sigma (1:500, rabbit) and Abcam (1:1500, mouse). The anti-
Yorkie and anti-Pins antibodies were generous gifts from Dr. Kenneth Irvine (Rutgers
University, HHMI) and Dr. Chris Doe (University of Oregon, HHMI), respectively. Imaging
was performed using a Nikon Eclipse Ti-S inverted fluorescence microscope and collected
under oil immersion at 60x magnification. All secondary antibodies (preabsorbed and non-
crossreactive) were obtained from Jackson ImmunoResearch and used at 1:250 dilutions.

RNAI design and treatment

RNAI primer designs were obtained using SnapDragon web-based service (http://
www.flyrnai.org/snapdragon). Primer sets that amplify segments of ~200-600 base pairs
within the coding sequence of desired targets were optimized for efficiency and specificity
and designed with T7 promoter sequence recognition tags. Targeted sequences were
designed to universally recognize all possible isoforms for desired transcript. PCR-amplified
target sequences were transcribed to yield double-stranded RNA using the Megascript® T7
kit (Ambion, Austin, TX, USA) following the recommended protocol.

For RNAI treatment, S2 cells were seeded in 6-well dishes at 1 x 10° cells per well in 1 ml
of serum-free Schneider growth media and incubated with 10 pg of respective RNAI. After 1
hour, 2 mL of serum-containing media were added and cells were incubated for an
additional 3 days prior to subsequent assays.
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Protein purification

Mud and Pins sequences were PCR amplified from an S2 cell cDNA library with BamHI/
Sall (Mud) or Bglll/Sall (Pins) restriction sites, enzyme digested, and ligated into pGEX and
pBH4 plasmid backbones to generate GST and 6xHis fusions, respectively. Mutation of
MudS1868 was carried out using standard PCR protocols. Plasmids were transformed into
BL21(DE3) E. cali (Invitrogen) and cultures were grown at 37°C in standard LB
supplemented with 100ug/mL ampicillin. At ODggg ~ 0.7, cultures were induced with 1mM
Isopropyl B-D-1-thiogalactopyranoside and grown for an additional 4 hours. Protein
purification was carried out using sequential NiNTA affinity, anion exchange, and size
exclusion chromatographies. Proteins were concentrated using Vivaspin concentrators
(Sigma Aldrich, St. Louis, MO), flash frozen in liquid nitrogen, and stored at —80°C in
storage buffer (20mM Tris, pH 8, 100mM NaCl, and 2mM DTT).

GST pulldown assay

GST-tagged constructs were absorbed to glutathione agarose for 30 minutes at room
temperature and subsequently washed 3 times with PBS. Subsequently, desired
concentrations of prey proteins were added for 3 hours at 4°C with constant rocking in wash
buffer (20mM Tris, pH 8; 100mM NaCl; 1mM DTT with 0.5% NP-40 or without for in cis
Mud©C/MudPBD binding experiments). Reactions were washed 4 times in respective wash
buffers, and resolved samples were analyzed using coomassie blue staining.

In vitro kinase assays

Active, recombinant human LATS1 kinase domain (orthologous to Drosophila Warts),
purified from Sf9 insect cells, was purchased from SignalChem. Purified Mud©C constructs
(50 ug) and LATS1 (1 pg) were diluted in ice-cold assay buffer (20mM Tris, pH 7.4,
100mM NaCl, ImM DTT, 10mM MgCI2, and 10 uM ATP). To initiate reaction,
[v-32P]ATP (5 puCi) was added to each reaction and incubated at 30 °C for 30 minutes.
Reactions were quenched by addition of SDS loading buffer. Samples were resolved by
SDS-PAGE and dried gels were analyzed using Kodak BioMax MS film in a Konica
SRX-101A developer.

Imaginal wing disc analysis

Imaginal wing discs were dissected from wandering third instar larvae in PBS. Discs were
fixed in 4% paraformaldehyde at room temperature for 20 minutes with rocking. Following
fixation, discs were washed three times in wash buffer (0.3% Triton X-100 in PBS) and then
once at RT for 20 minutes with rocking. Discs were blocked in block buffer (0.3% Triton
X-100 + 1% BSA in PBS) for 1 hour at room temperature. Phalloidin-568 (1:5) and primary
antibodies in block buffer were incubated with rocking at 4°C for 24-48 hours. Discs were
washed and treated with secondary antibodies in block buffer for 2 hours. Washed discs
were mounted in Vectashield Mounting Medium for Fluorescence or 80% glycerol and
stored at 4°C until imaged. Antibodies used were as follows: mouse y-tubulin (1:500), rabbit
Mud (1:1000), rabbit phosphohistone-H3 (1:1000), and rat Pins (1:500).
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e Warts directly phosphorylates Mud to regulate Pins binding in vitro
»  Warts is necessary for cortical localization of Mud to a polarized Pins cue
e Warts promotes spindle orientation in Drosophila imaginal wing disc epithelia

»  Warts-mediated spindle orientation does not require its canonical effector,
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Figure 1. Warts localizes to mitotic spindle poles in mitotic S2 cells
(A) Cells were transfected with full-length Warts tagged with an N-terminal FLAG epitope

sequence (FLAG:Wsts) and stained with antibodies against FLAG and a-tubulin. To
visualize endogenous Mud, untransfected cells were stained with an a-tubulin and Mud
antibodies. (B) To depolymerize spindle microtubules, cells were treated with colchicine
(12.5 pM) for 2 hours prior to fixation and antibody staining. Yellow arrowheads indicate
both y-tubulin-positive centrosomes, to which neither Wts nor Mud show significant
localization. a-tubulin staining indicates successful depolymerization of spindle
microtubules; note this channel is not shown in the merge panel.
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Figure 2. The core Hippo kinase complex is required for robust Pins-mediated spindle

orientation in polarized S2 cells
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(A) Schematic overview of induced polarity assay. Cells are transfected with Pins fused to
the truncated intracellular C-terminus of the adhesion protein Echnoid (Ed), which also
contains GFP for visualization. Cell adhesion induces polarized Ed-based crescents, relative

to which mitotic spindle orientation is measured. (B) S2 cells were transfected with

Ed:GFP:Pins and subsequently treated with dsSRNAI against indicated protein. Cells were
fixed and stained with an a-tubulin antibody. In addition to the contact-induced cortical
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crescent, Ed:GFP:Pins often forms cytoplasmic puncta that can accumulate at peri-
centrosomal regions. This localization can still occur in the presence of each RNAI
treatment, suggesting that neither the Hippo complex nor Mud are required for this non-
cortical localization. Also, previous studies have shown spindle orientation to be
independent of the amount of puncta present [10]. (C) Spindle angles from at least 30
individual cells for each genotype are plotted as the cumulative percentage of cells at or
below a given angle of spindle orientation. Each RNAI causes a phenotype intermediate
between fully active Ed:Pins and the Ed alone negative control. Each RNAI condition was
statistically different from both Ed and Ed:Pins but not one another (*, p < 0.05 ANOVA
with Tukey’s post-hoc test). (D) Spindle angles were measured relative to the Ed:Pins
crescent edge (grey filled bars) and center (open bars) for each condition. Fully active
Ed:Pins (Control) positions spindles more closely to the center, whereas Hpo, Sav, and Wts
RNA. preferentially orient spindles to the edge similar to Mud RNAI. *, p < 0.05 for ‘center’
versus ‘edge’ values within respective genotypes; #, p<0.05 for given RNAI ‘center’
compared to Control ‘center’, ANOVA followed by Tukey’s post-hoc test. The absence or
presence of peri-centrosomal Ed:Pins puncta was similar across all conditions examined and
did not show any significant correlation with spindle angle measurements, demonstrating
they neither interfere with nor contribute to the spindle orientation process. See also Figure
Sl
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Figure 3. Hippo signaling acts independently of its canonical effector, Yorkie, to control S2 cell
spindle orientation

(A) Cells were transfected with Ed:GFP:Pins together with either Yorkie-S168A
(YkiS168A) or cyclin-E (CycE) as N-terminal c-myc tag fusion constructs. Cells were fixed
and stained with antibodies against a-tubulin and the c-myc epitope. (B) Cumulative
percentage plots for indicated genotypes. Neither CycE nor YkiS168A affect Ed:Pins
function; RNAI against Yki was also without effect. Combined treatment of Wts and Yki
RNAI or Wts and Mud RNA. resulted in spindle orientation similar to either Wts or Mud
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RNA. alone. Inset: western blot (20 g total S2 cell lysate protein) indicating robust
knockdown of Yki protein expression in cells treated with YkiRNAI, * p < 0.05 compared to
Ed:Pins, ANOVA followed by Tukey’s post-hoc test. (C) Spindle angles were measured
relative to the Ed:Pins crescent edge (grey filled bars) and center (open bars) for each
condition. In each genotype, edge and center measurements were statistically separated, p <
0.05, ANOVA followed by Tukey’s post-hoc test.
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Figure 4. Warts directly phosphorylates Mud within its C-terminal coiled-coil domain
(A) The domain architecture of Mud consists primarily of coiled coil (CC) domains. The

most C-terminal of these (MudCC; blue) contains a single consensus phosphorylation motif
for Wts kinase that closely resembles that found in Yki. Immediately following this domain
is the minimal Pins-binding domain (MudPBP; yellow). (B) Mud®C, wild-type (MudCC-
WT) or a single S1868A mutant (MudCC-S1868A), were incubated in the absence or
presence of GST:Wts kinase together with [y-32P]-ATP. Radioactive phosphate
incorporation was assessed by autoradiography using Kodak BioMax-MS radioisotope film.
Inset below: Coomassie stain of reaction inputs showing equal levels of Mud protein
between phosphorylation conditions. (C) Identical experiments carried out with the
NuMACC domain and the corresponding T1677A mutant. (D) Coomassie stained gel
indicating homogenous purity of the MudCC protein purification. (E) Both Mud®C and
NuMACC domains elute from a size-exclusion column at volumes consistent with trimers.
Predicted elution volumes were calculated from a standard curve performed on the HiLoad
Superdex 200 column (GE Healthcare). (F) Schematic of coiled-coil heptad repeat residue
interactions. Both $1868 in Mud®C and T1677 in NUMACC are predicted to reside at ‘e’
positions, which participate in ionic interactions in an ideal coiled-coil. See also Figure S2.
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Figure 5. Mud phosphorylation modulates its direct interaction with Pins
(A) Mud®C was incubated in the absence or presence of Wts kinase to allow

phosphorylation. Proteins were then incubated with GST or GST fused to MudPBP
(GST:PBD), resolved by SDS-PAGE and coomassie stained to determine bound proteins.
Wis inhibits the ability of GST:PBD to co-precipitate Mud®C. The higher molecular weight
band in lane 1 is an impurity that sometimes proved difficult to remove during Mud©C
purification. (B) Mud®C was incubated with GST or GST:PBD, either as wild-type (WT)
sequence or a E1939K/E1941K double mutant (EE/KK). The mutant PBD is severely
impaired in its ability to bind Mud©C. The arrow in panels A and B indicates Mud®C(C)
MudPBD alone or in tandem with the coiled-coil (Mud®C-PBD) were fused to GST and
incubated with increasing concentrations of the TPR domains of Pins (Pins: TPRs). Bands
representing Pins:TPRs were quantified using densitometry analysis (ImageJ) and plotted as
percent bound (right insets). Inclusion of the coiled-coil domain (i.e. MudCC-PBD)
significantly reduced interaction with Pins: TPRs at concentrations up to 10 uM. (D) Model
for Wts-mediated Mud regulation. Self-association between Mud©C and MudPBP domains
prevents Pins binding at low concentrations. Wts phosphorylation of Mud©C allows for high

Curr Biol. Author manuscript; available in PMC 2016 November 02.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dewey et al.

Page 25

affinity Pins binding at the cell cortex. Whether the cortical and spindle pole Mud pools are
directly connected remains to be determined, as is the precise mechanism for cortical Mud
translocation. Statistical analyses were performed using ANOVA with Tukey’s post-hoc
test.
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Figure 6. Warts kinase is dispensable for spindle pole Mud localization but necessary for its
cortical association with Pins

(A) Cells were transfected with Ed:GFP:Pins and treated without (Control) or with RNA.
against Warts (+Wts RNAI). Cells were fixed and stained for endogenous Mud. (B) The
relative intensities of cortical and spindle pole localized Mud were calculated relative to
cytoplasmic signal using ImageJ software. WtsRNAi reduces cortical Mud accumulation
without affecting its localization to spindle poles. Statistical analysis was performed using
ANOVA with Tukey’s post-hoc test.
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Figure 7. Warts is required for cortical Mud localization and spindle orientation in wing
imaginal disc epithelial cells

(A) Spindle orientation in individual epithelial cells of third instar larval imaginal wing discs
were measured relative to actin rich folds. Representative images show spindle positioning
in indicated genotypes. Discs were dissected and stained with antibodies against y-tubulin
(to mark centrosomes), phosphohistone-H3 (PH3), and phalloidin (to label actin). (B)
Cumulative percentage plots for all collected measurements. Expression of YkiS168A does
not significantly alter spindle orientation, whereas RNAI against Hpo, Sav, or Wts results in
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nearly identical loss of spindle orientation as MudRNAI expression. A second “Wts-VDRC’
RNA.I causes statistically equal spindle orientation defects. Asterisks indicate conditions
significantly different from control. (C) Expression of WtsRNAI but not YkiS168A causes
loss of cortical Mud accumulation (yellow arrowhead indicates sharp cortical Mud signal;
yellow asterisk indicates delocalized Mud signal). (D) Cortical Mud and actin intensity
ratios relative to cytoplasmic signal were calculated for each condition. (E) Pins localizes to
the cell cortex of dividing wing disc cells with preferential accumulation near spindle poles
(yellow arrowheads). Quantifications are shown below images: in contrast to Mud,
expression of WtsRNAI does not significantly affect cortical Pins localization. (F) Whole
wing discs from L3 staged larvae were imaged at identical magnification for each genotype
and maximum intensity projections of z-stacks were generated in Zen software (Carl Zeiss).
Although neither MudRNAI nor Hpo, Sav, or WtsRNAI caused dramatic effects on disc size,
expression of YkiS168A induced significant overgrowth. Animals expressing both MudRNA
and YkiS168A had a significantly reduced overgrowth compared to YkiS168A alone. Discs
from the alternate Wts-VDRC animals were overgrown to a similar degree as double mutant
discs. *, p < 0.05 compared to Control; #, p < 0.05 compared to YkiS168A, ANOVA with
Tukey’s post-hoc test. (G) Model for dual Warts functionality in wing discs: an inhibitory
phosphorylation of YKki restricts cell proliferation, whereas an activating phosphorylation of
Mud promotes proper spindle orientation. See also Figures S3 and S4.
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