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STRIPAK regulates Slik localization to control
mitotic morphogenesis and epithelial integrity
Camille Valérie De Jamblinne1,4, Barbara Decelle1, Mehrnoush Dehghani2,3, Mathieu Joseph2,4, Neera Sriskandarajah2,3, Kévin Leguay1,4,
Basile Rambaud1,4, Sébastien Lemieux1,5, Philippe P. Roux1,4,6, David R. Hipfner2,3,4,7, and Sébastien Carréno1,4,6

Proteins of the ezrin, radixin, and moesin (ERM) family control cell and tissue morphogenesis. We previously reported that moesin,
the only ERM in Drosophila, controls mitotic morphogenesis and epithelial integrity. We also found that the Pp1-87B phosphatase
dephosphorylates moesin, counteracting its activation by the Ste20-like kinase Slik. To understand how this signaling pathway is
itself regulated, we conducted a genome-wide RNAi screen, looking for new regulators of moesin activity. We identified that Slik is
a newmember of the striatin-interacting phosphatase and kinase complex (STRIPAK). We discovered that the phosphatase activity of
STRIPAK reduces Slik phosphorylation to promote its cortical association and proper activation of moesin. Consistent with this
finding, inhibition of STRIPAK phosphatase activity causes cell morphology defects in mitosis and impairs epithelial tissue integrity.
Our results implicate the Slik–STRIPAK complex in the control of multiple morphogenetic processes.

Introduction
Cell morphogenesis is an important process by which cells adapt
their shapes to achieve different functions. Filaments of the actin
and microtubule cytoskeletons play important roles during this
process. Actin filaments apply forces to the cortex to contribute to
plasma membrane remodeling, whereas microtubules are im-
portant for targeted trafficking and signaling (Koenderink and
Paluch, 2018; Stephens, 2012). Proteins of the ezrin, radixin, and
moesin (ERM) family link actin filaments and microtubules to the
plasma membrane (Solinet et al., 2013). They regulate important
cellular processes, such as cell division, migration, and epithelial
organization (Fehon et al., 2010). The phosphorylation of a con-
served threonine residue in the C-terminus of ERMs promotes
their activation. ERMs cycle between an active conformation at
the plasma membrane and an inactive form in the cytosol. An
intramolecular interaction between the N-terminal FERM domain
and C-terminal tail (C-terminal ERM association domain [CER-
MAD]) inactivates ERMs. Their activation involves a conformational
switch through a multistep mechanism: (1) Phosphatidylinositol 4,
5-bisphosphate (PtdIns(4,5)P2), a phospholipid of the plasma
membrane, recruits ERMs to the cortex and slightly opens the
molecules; (2) this preopening allows access to LOK, a sterile
20 (Ste20)-like Ser/Thr protein kinase that wedges between
the FERM and CERMAD domains to complete full ERM
opening; and (3) the kinase phosphorylates the regulatory

threonine of ERMs to stabilize their open conformation. This
opening unmasks the actin-binding site in the CERMAD and the
microtubule-interacting site in the FERM domain and allows
ERMs to link actin and microtubule filaments at the plasma
membrane to regulate cell morphogenesis.

Our laboratories have studied the function and regulation of
moesin, the only ERM orthologue in Drosophila melanogaster
(Polesello and Payre, 2004). We found that moesin controls
epithelial integrity and mitotic morphogenesis (Carreno et al.,
2008; Hipfner et al., 2004; Panneton et al., 2015; Roubinet et al.,
2011; Solinet et al., 2013). In Drosophila wing imaginal discs, we
discovered that Slik, the Drosophila orthologue of mammalian
SLK and LOK, phosphorylates moesin to control epithelial tissue
integrity. Cells lacking either Slik or moesin undergo an epi-
thelial-to-mesenchymal transition (EMT), sort basally out of the
wing disc epithelium, and undergo apoptosis (Hipfner et al.,
2004; Nakajima et al., 2013; Speck et al., 2003).

In Drosophila S2 cells in culture, we showed that moesin
controls mitotic cell shape and organization of the mitotic
spindle. We found that mitosis entry is characterized by an
approximately threefold increase in moesin phosphorylation.
We found that Slik is responsible for the basal level of moesin
phosphorylation in interphase and for the specific activation
of moesin in mitosis (Carreno et al., 2008). In metaphase,
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phosphorylated moesin (p-moesin) spreads around the cortex
and increases global cortical rigidity by coupling actin forces to
the plasmamembrane (Carreno et al., 2008; Kunda et al., 2008).
This promotes rounding of cells. In addition, moesin–
microtubule interactions regulate mitotic spindle organization
(Solinet et al., 2013). In anaphase, the Ser/Thr phosphatase Pp1-
87B dephosphorylates moesin at the poles and favors p-moesin
accumulation at the equator (Kunda et al., 2012; Roubinet et al.,
2011). This redistribution drives cell elongation and cytokinesis.
After abscission, Pp1-87B dephosphorylates moesin to allow cortex
relaxation (Roubinet et al., 2011). Either inhibition or overactivation
of moesin has damaging effects inmitosis. Overactivation of moesin
overstiffens the polar cortex in anaphase, preventing cell elongation
and cytokinesis (Roubinet et al., 2011). Conversely, moesin or Slik
double-stranded RNA (dsRNA) depletion renders the cortex too soft;
cells do not control mitotic morphogenesis properly and present
abnormal cortical blebs (Carreno et al., 2008).

In addition to Pp1-87B and Slik, we also found that the PtdIns-
4-kinase CG10260 and the PtdIns(4)P 5-kinase Skittles regulate
localized PtdIns(4,5)P2 production at the plasma membrane to
control moesin localization (Roch et al., 2010; Roubinet et al.,
2011; Tan et al., 2014). However, we still do not know how the
enzymes of the signaling network activating moesin are them-
selves regulated. To this end, we performed an unbiased
genome-wide dsRNA screen in Drosophila S2 cells and measured
p-moesin levels. We found that the striatin-interacting phos-
phatase and kinase complex (STRIPAK) is a positive regulator of
moesin phosphorylation. At the core of the STRIPAK complex,
there is a protein Ser/Thr phosphatase 2A (hereafter referred to
as “PP2ASTRIPAK”; Fig. 1 A; Goudreault et al., 2009; Hwang and
Pallas, 2014). PP2ASTRIPAK is a heterotrimeric enzyme that con-
sists of a PP2A catalytic C subunit (Mts, in Drosophila), a PP2A
scaffold A subunit (PP2A-29B), and a striatin regulatory B sub-
unit (Cka). On top of this core, striatin-interacting proteins
known as STRIPs (Strip) help to scaffold Ser/Thr kinases of the
Ste20-like family (Ashton-Beaucage et al., 2014; Goudreault
et al., 2009; Madsen et al., 2015; Ribeiro et al., 2010; Tang
et al., 2019).

STRIPAK controls the activity of its associated kinases, either by
regulating phosphorylation of regulatory residues (Gordon et al.,
2011; Zheng et al., 2017) or by recruiting them to specific sites in
the cell (Kean et al., 2011). Thereby, STRIPAK affects cell prolifer-
ation and survival, cytoskeletal regulation, and vesicle trafficking
(Kück et al., 2019). Here, we show that Slik is a new STRIPAK-
associated kinase. We found that PP2ASTRIPAK promotes Slik asso-
ciation with the cortex by regulating its phosphorylation status.
Finally, we show that PP2ASTRIPAK controls Slik and moesin func-
tions to regulate mitotic morphogenesis and epithelial integrity.
Our results place STRIPAK as a critical upstream regulator of cell
morphogenesis through its effects on Slik and, ultimately, moesin.

Results
A genome-wide RNAi screen identifies Drosophila STRIPAK
(dSTRIPAK) as an activator of moesin
To identify activators of Slik and moesin, we performed a
genome-wide screen using an RNAi library covering 90% of the

Drosophila genome. We screened for genes whose depletion
triggers a decrease of moesin phosphorylation in Drosophila S2
cells. To this aim, we developed an immunofluorescence high-
content screening method using an antibody specific to phos-
phorylated Thr559 moesin (Carreno et al., 2008). We initially
identified 201 genes acting as potential moesin activators (Fig. 1
B). Among these genes, we foundmoesin itself and all previously
characterized positive regulators (slik, skittles, and CG10260;
Carreno et al., 2008; Hipfner et al., 2004; Roubinet et al., 2011;
Tan et al., 2014), confirming the specificity and sensitivity of our
screening procedure. Of the 201 genes found, we validated 51
genes in a secondary screen using alternative nonoverlapping
dsRNAs (Fig. 1 C and Table S1). Among these moesin activators,
we investigated the function of a set of genes associated with the
dSTRIPAK complex (Ribeiro et al., 2010): connector of kinase to
AP-1 (Cka), Strip, and PP2A scaffolding subunit (PP2A-29B).

dSTRIPAK phosphatase activity regulates
moesin phosphorylation
STRIPAK is an evolutionarily conserved multiprotein complex
that functionally links the phosphatase activity of PP2A to dif-
ferent Ste20-like kinases (Gordon et al., 2011; Goudreault et al.,
2009; Kim et al., 2020; Kück et al., 2019; Ribeiro et al., 2010; Shi
et al., 2016). Both enzymatic functions are scaffolded by striatin
proteins (Fig. 1 A). Striatins also function as the STRIPAK-
specific PP2A regulatory subunits (B999) and control PP2AS-

TRIPAK subcellular localization and substrate specificity (Janssens
and Goris, 2001; Kück et al., 2019; Moreno et al., 2001). Cka, the
only Drosophila striatin, interacts with Strip and is considered as
a constituent of PP2ASTRIPAK (Ashton-Beaucage et al., 2014), al-
though its function is not totally understood. Finally, proteins of
the striatin family interact either directly or indirectly through
adapter proteins with Ste20-like kinases from different germi-
nal center kinase (GCK) subfamilies (Hwang and Pallas, 2014;
Kyriakis, 1999; Shi et al., 2016).

The components of dSTRIPAK that were identified as moesin
activators are all members of PP2ASTRIPAK (Fig. 1 A). We did not
identify any of the adapter proteins or the three kinases known
to associate with dSTRIPAK. We performed the primary round
of the genome-wide screen using a single dsRNA per gene,
opening the possibility of false-negative results. We therefore
decided to test the implication of the other dSTRIPAK members
in moesin regulation by using additional nonoverlapping
dsRNAs. Because moesin displays an approximately threefold
increase of phosphorylation at mitotic entry (Carreno et al.,
2008; Roubinet et al., 2011), we also investigated if members
of dSTRIPAK regulate moesin specifically in interphase and/or
mitosis. After dsRNA knockdown, we colabeled p-moesin and
p-histone H3, a marker of mitotic cells, and quantified the levels
of p-moesin in interphase and mitosis. This experiment revealed
that the depletion of Mob4, Slmap, and FGOP2, three different
dSTRIPAK adapter proteins, slightly decrease p-moesin levels
(Fig. S1 A).

Because kinases play important roles in STRIPAK functions,
we investigated the role of the three known dSTRIPAK-
associated kinases on moesin phosphorylation. Even if we
cannot rule out that the additional dsRNAs targeting GckIII,
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Hpo, and Msn did not efficiently knock down these kinases,
none of these dsRNAs affected p-moesin levels (Fig. 2 A). In
accordance with our primary screen, we also found that single
knockdown of Cka, Strip, and PP2A-29B with two independent
dsRNAs triggers a significant decrease of p-moesin in both
interphase and mitosis (Fig. 2 A). In addition to these three
PP2ASTRIPAK members, we found that dsRNA depletion of Mts,
the catalytic subunit of PP2ASTRIPAK, decreased the levels of
p-moesin. We did not originally identify Mts as a moesin ac-
tivator in the primary screen, but we found that the dsRNA of
the RNAi library targeting Mts did not fully deplete the protein
(Fig. S1, B and C; dsRNA Mts-1). Interestingly, we also found
that Cka depletion reduces Strip protein levels without

affecting its mRNA levels (Fig. S1, D–F). This suggests that
through their interaction, Cka stabilizes Strip.

The identification of each member of PP2ASTRIPAK as a
moesin activator suggests that dSTRIPAK phosphatase activity
regulates moesin. To confirm this, we used okadaic acid (OA), a
phosphatase inhibitor that specifically inhibits PP2A at low
concentrations (<1 μM) while inhibiting both PP2A and PP1 at
higher concentrations (Cohen et al., 1989; Favre et al., 1997).
Upon OA treatment at low concentration to solely inhibit PP2A,
we observed a significant reduction of p-moesin by Western
blotting (Fig. 2, B and C). Because the catalytic (Mts) and
structural (PP2A-29B) subunits of PP2A are shared by the dif-
ferent PP2A holoenzymes (Janssens et al., 2005), we tested the !

Figure 1. A genome-wide RNAi screen identifies the dSTRIPAK complex as a moesin activator. (A) Representation of the dSTRIPAK complex with
members controlling moesin phosphorylation identified in screen are highlighted with a blue star. (B and C) The activation score was calculated for each dsRNA
on the basis of mean intensity of p-moesin and ranked by increasing score for the primary RNAi screen (B) and secondary confirmation screen (C). Genes known
to control moesin phosphorylation are shown with blue stars, and genes of dSTRIPAK are shownwith orange stars. Thresholds are marked by dashed lines (see
Materials and methods). CTRL, control; Drosophila m., Drosophila melanogaster; Homo s., Homo sapiens; Moe, moesin; PP2Acat, PP2A catalytic subunit.
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Figure 2. dSTRIPAK phosphatase activity regulates moesin phosphorylation. (A) p-Moesin immunofluorescence intensity in S2 cells treated as indicated
and normalized to the nontreated condition. Data are represented as normalized mean ± SEM of two to four independent experiments (circles), and two-tailed
unpaired t tests were calculated against the nontreated condition. (B and D)Western blot of S2 cells treated as indicated. (C, E, and F) Relative p-moesin levels
and relative moesin levels normalized as indicated in three to eight independent experiments (circles). Data are represented as normalized mean ± SD, one-way
ANOVA with the following P values: NS, P > 0.05; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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four other PP2A regulatory B subunits using validated dsRNAs
(Chen et al., 2007). We found that well-rounded (Wrd), B99, and
widerborst (Wdb) dsRNA depletion did not affect moesin phos-
phorylation (Fig. S1, G and H). We also found that although Cka
dsRNA depletion reduced p-moesin levels by ∼75%, Twins (Tws)
dsRNA depletion reduced p-moesin levels by almost 50% (Fig. S1, G
and H). The function of PP2A-Tws on moesin phosphorylation
could be a secondary effect of its major role in mitosis (Chen et al.,
2007; Mehsen et al., 2018). We thus chose to further study the
function of PP2ASTRIPAK specifically by depleting Cka or its inter-
acting partner Strip (Gordon et al., 2011; Ribeiro et al., 2010). We
confirmed that dsRNA depletion of Cka or Strip reduced p-moesin
significantly without affecting overall moesin levels (Fig. 2, D–F).
Taken together, our results reveal that dSTRIPAK phosphatase
activity is needed formoesin activation at a post-translational level.

PP2ASTRIPAK interacts with Slik and regulates its
phosphorylation state
Most of the known functions of STRIPAK involve a functional
crosstalk between PP2ASTRIPAK and kinases that belong to the
GCK family (Gordon et al., 2011; Hyodo et al., 2012; Zheng et al.,
2017). However, we did not identify any of the known
STRIPAK-associated kinases as moesin regulators (Fig. 2 A).
Instead, we found that Slik, which is part of the GCK-V sub-
family, is a new kinase associated with the dSTRIPAK complex.
We expressed tagged versions of Slik together with Cka or Strip
and performed reciprocal coimmunoprecipitation experiments,
and we found that Stag-tagged Cka or Strip associated with
GFP-tagged Slik, while they did not associate with GFP (Fig. 3, A
and B).

We next wondered if Slik itself could be a target of
PP2ASTRIPAK. We noticed that when proteins from S2 cells
were separated on a low-percentage SDS-PAGE gel in the
presence of phosphatase inhibitors, Slik appeared as two
doublet bands. These bands may correspond to different Slik
splicing variants. Indeed, mRNAs encoding for three Slik
short isoforms (147.5, 152.1, and 155.1 kD; hereafter named
“Slik-short”) and mRNAs encoding for two long isoforms
(184.6 and 192.1 kD; hereafter named “Slik-long”) were pre-
viously identified (Fig. S2 A; http://flybase.org/reports/
FBgn0035001). Consistent with this hypothesis, both dou-
blet bands disappeared upon knockdown of all Slik iso-
forms, and only the upper doublet disappeared when using a
dsRNA targeting Slik-long specifically (Fig. S2, B and C). Upon
λ-phosphatase treatment, we found that both Slik-long and
Slik-short doublets disappeared to migrate both as unique
bands with increased mobility, demonstrating that Slik is
phosphorylated (Fig. 3, C and D). Thus, we can detect Slik
phosphorylation by apparent mobility shift. Importantly, we
found that PP2ASTRIPAK regulates Slik phosphorylation be-
cause inhibition of PP2A enzymatic activity using OA, or
knockdown of individual members of PP2ASTRIPAK, promoted
a greater mobility shift of Slik-long and Slik-short than in
control conditions (Fig. 3, E–G). These mobility shifts were
abolished upon λ-phosphatase treatment, further demon-
strating that the retarded bands correspond to phosphorylated
forms of Slik (Fig. S2, D and E).

PP2ASTRIPAK regulates Slik localization at the cell cortex
We then asked if PP2ASTRIPAK could regulate Slik function. We
found that PP2ASTRIPAK does not regulate the stability or the
catalytic activity of Slik. First, Strip or Cka dsRNA depletion did
not affect the stability of either the Slik-long or Slik-short iso-
form (Fig. S2, F and G). Next, we immunoprecipitated endoge-
nous Slik and measured its kinase activity in vitro on its natural
substrate, the C-terminal part of moesin (Plutoni et al., 2019).
We found that the depletion of Strip, Cka, PP2A-29B, or Mts did
not affect the kinase activity of Slik (Fig. S2, H and I).

STRIPAK can regulate the function of Ste20-like kinases by
controlling their localization (Elramli et al., 2019; Kean et al.,
2011; Zheng et al., 2017). We thus tested if PP2ASTRIPAK regu-
lates Slik subcellular localization. We previously reported that
Slik associates with the cortex of S2 cells and epithelial cells in
wing discs (Carreno et al., 2008; Hipfner et al., 2004; Roubinet
et al., 2011). We measured an ∼30% loss of Slik at the cortex
upon Strip or Cka depletion when compared with control cells
(Fig. 4, A and B; and Fig. S3 A). To test if PP2ASTRIPAK controls
Slik cortical association by regulating its phosphorylation state,
we treated cells with OA to increase Slik phosphorylation levels
(Fig. 3 E). We observed that Slik association with the cortex was
decreased upon OA treatment (Fig. 4, C and D; and Fig. S3 B). We
then used staurosporine (Stau), a broad kinase inhibitor, to
block Slik phosphorylation. We observed that upon Stau treat-
ment, Slik localization at the cortex increased significantly
(Fig. 4, C and D; and Fig. S3 B). Altogether, these results dem-
onstrate that PP2ASTRIPAK controls Slik association with the cell
cortex, potentially by regulating its phosphorylation.

PP2ASTRIPAK regulates Slik localization by phosphorylation to
control moesin activation
We reasoned that if PP2ASTRIPAK dephosphorylates Slik to pro-
mote its association with the cortex, a phospho-deficient mutant
of Slik should be enriched at the cortex. Also, the association
with the cortex of this phospho-deficient mutant should not be
reduced upon PP2ASTRIPAK depletion. To dynamically follow the
subcellular localization of relevant Slik mutants, we first tested
if a GFP version of Slik (Slik-GFP) behaves as the endogenous
kinase. As we previously reported, Slik-GFP localizes at the cell
cortex (Fig. 5 A; Roubinet et al., 2011). We then observed live
cells and assessed if drugs inhibiting Ser/Thr kinases or phos-
phatases affect Slik-GFP cortical association as we observed for
the endogenous kinase. We found that OA treatment reduces
association of Slik-GFP with the cortex, whereas Stau treatment
increased this association (Fig. S3, C and D). As observed for
endogenous Slik, we also found that dsRNA depletion of Cka or
Strip decreased the association of Slik-GFP with the cortex
(Fig. 5, A and B; and Fig. S3 E).

We previously identified 15 Ser/Thr that are phosphorylated
on Slik (Panneton et al., 2015), and by curating available data-
bases (Bodenmiller and Aebersold, 2011; Gnad et al., 2011; Hu
et al., 2019), we identified six additional Ser/Thr potentially
phosphorylated (Fig. 5 C). We constructed two different non-
phosphorylatable Slik partial mutants by replacing the 17 po-
tentially phosphorylated Ser/Thr of the nonconserved domain
(NCD) by nonphosphorylatable Ala within Slik-GFP (SlikNCD*-
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Figure 3. PP2ASTRIPAK interacts with Slik and regulates its phosphorylation state. (A and B) Cell lysates of S2 cells transiently expressing the indicated
cDNA were immunoprecipitated (IP) with anti-GFP (A) or anti-Stag (B) antibodies and analyzed by Western blotting. (C and E)Western blot of S2 cells treated
as indicated. (D and F) Line scans of C and E. Arrows indicate Slik-long (Slik-L) or Slik-short (Slik-S). (G) Proportion of phosphorylated Slik (upward shifted/
unshifted). Data are represented as mean ± SD of three to five independent experiments (circles). Unpaired t test for drug treatments and one-way ANOVA for
dsRNA conditions with the following P values: NS, P > 0.05; *, P < 0.05; **, P < 0.01. λ-PPtase, λ-phosphatase; NT, non-target.
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GFP) or the 4 Ser/Thr of the C-terminal domain (CTD; SlikCTD*-
GFP). We found that both SlikNCD*-GFP and SlikCTD*-GFP were
significantly enriched at the cortex when compared with Slik-
GFP (Fig. 5, D and E; and Fig. S3 F). In contrast to Slik-GFP (Fig. 5,
A and B), we found that Strip or Cka dsRNA depletion does not
decrease the association of SlikNCD*-GFP and SlikCTD*-GFP with
the cortex (Fig. 5 F). Finally, we showed that both Slik phospho-
deficient mutants rescue or partially rescue moesin phospho-
rylation levels caused by PP2ASTRIPAK depletion (Fig. 5, G and H).
Although Strip or Cka dsRNA depletion reduced moesin phos-
phorylation in cells that stably expressed Slik-GFP, the depletion
of these PP2ASTRIPAK members only slightly affected phospho-
rylation of moesin in cells stably expressing similar amounts
of SlikNCD*-GFP or SlikCTD*-GFP. These results indicate that
PP2ASTRIPAK dephosphorylates Slik to favor its association with
the cortex in order to activate moesin. In addition, they suggest

that by bringing global negative charges to Slik, phosphorylation
on Ser/Thr prevents the association of the kinase with the
plasma membrane.

Strip and Cka control Slik cortical association in mitosis and
mitotic morphogenesis
Because dSTRIPAK controls moesin phosphorylation both in
interphase and in mitosis (Fig. 2 A), we next wondered if
PP2ASTRIPAK could regulate association of Slik with the cortex of
mitotic cells. We followed Slik-GFP localization in live cells
undergoing mitosis. We discovered that Slik becomes enriched
at the cortex of control cells at the mitotic onset (Fig. 6, A and B).
We then wondered if Slik cortical recruitment at mitotic entry
could be affected by mutations of the potentially phosphorylated
Ser/Thr we characterized above. We found that although
SlikNCD*-GFP and SlikCTD*-GFP are both already enriched at the

Figure 4. PP2ASTRIPAK regulates Slik localization at the cell cortex. (A and C) Projection of three confocal planes of S2 cells upon the indicated treatment
and stained for Slik (green), F-actin (red), and DNA (blue). Enlarged areas of the cells are shown. (B and D) Slik intensity at the cortex (B) or the ratio of Slik
intensity (cortex/cytoplasm; D) in a minimum of 60 cells/condition in three independent experiments (see also Fig. S3). Data are represented as mean ± SD
(each dot represents the value for a single cell), one-way ANOVA with the following P value: ****, P < 0.0001. Scale bars, 5 µm and 2 µm for enlarged areas.
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Figure 5. PP2ASTRIPAK regulates Slik localization by phosphorylation to control moesin activation. (A) S2 cells stably expressing SlikWT-GFP (white top
row or green bottom row) upon the indicated treatment and stained for F-actin (red) and DNA (blue). (B) The ratio of SlikWT-GFP intensity (cortex/cytoplasm)
was quantified in a minimum of 40 cells/experiment in three independent experiments (see Fig. S3 D). Data are represented as mean ± SD (each dot represents
the value for a single cell), one-way ANOVA. (C) Illustration of Slik (short isoform of 1,300 amino acids) and its kinase domain (KD), NCD, and CTD containing
coiled-coil motifs (cc). Previously identified phosphosites (light blue; Panneton et al., 2015) and additional phosphosites (dark blue) are shown. (D) Cells
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plasma membrane in interphase when compared with Slik-GFP,
they are still significantly recruited to the cortex of cells entering
mitosis (Fig. 6, A and B). This suggests that other phosphoryla-
tion sites can control Slik cortical recruitment at mitotic entry.
Alternatively, another underlying mechanism could control Slik
recruitment to the plasma membrane of mitotic cells.

We then followed the consequences on Slik localization by
inhibiting Ser/Thr phosphatases or kinases in cells undergoing
mitosis. We found that, as observed in interphase, Slik is lost
from the cortex upon OA treatment and enriched upon Stau
treatment in metaphase (Fig. 6, C and D). Remarkably, we also
discovered that impairing PP2ASTRIPAK function through Strip or
Cka dsRNA depletion partially abrogated Slik mitotic cortical
recruitment (Fig. 6, E and F). This indicates that throughout the
cell cycle, PP2ASTRIPAK regulates a balance of the phosphoryla-
tion status of Slik to control the localization of the kinase at the
cortex.

Having shown that PP2ASTRIPAK regulates Slik localization
and moesin activation both in interphase and in mitosis, we
tested its function in mitosis. We and others previously reported
that Slik and moesin are necessary to sustain mitotic cortical
stability (Carreno et al., 2008; Kunda et al., 2008; Roubinet et al.,
2011; Solinet et al., 2013). As we previously reported, Slik dsRNA
depletion promoted cortical instability throughout each stage of
mitosis, with the formation of abnormal blebs (Fig. 7, A–C). In
addition, moesin is not recruited to the cortex in metaphase as a
consequence of its lack of phosphorylation and activation. We
observed similar, albeit milder, phenotypes upon Strip or Cka
depletion (Fig. 7, A–C). Thus, as for moesin and Slik, PP2ASTRIPAK

regulates cortical stability during mitosis.

Strip and Cka control epithelial tissue integrity in
Drosophila epithelia
Moesin plays an essential role in maintaining the integrity of
epithelial tissues such as the wing imaginal disc (Speck et al.,
2003). moesin mutant cells frequently activate expression of
matrix metalloprotease 1 (Mmp1, a marker of EMT), sort basally
out of the epithelium, and undergo apoptosis (Nakajima et al.,
2013), leading to a broader disorganization of the disc epithelium
(Speck et al., 2003). As in S2 cells, Slik is the main kinase that
phosphorylates and activates moesin in the wing imaginal disc,
and slik mutants show similar epithelial integrity defects as
moesin mutants (Hipfner et al., 2004). We therefore tested
whether epithelial integrity and moesin phosphorylation were
affected by depletion of Strip and Cka in wing discs.

Evidence suggests that dSTRIPAK associates with Hippo and
negatively regulates its activity in discs, promoting tissue
growth. Accordingly, dsRNA-mediated depletion of Cka caused
tissue undergrowth (Ribeiro et al., 2010). We used ptc-GAL4,

which drives transgene expression in a central stripe of cells in
the wing imaginal disc (labeled by GFP expression; Fig. 8 A), to
express dsRNAs targeting Strip or Cka. Strong depletion (e.g.,
when including a Dicer2 transgene to enhance RNAi produc-
tion) of Strip or Cka was lethal. With a more moderate deple-
tion, we observed a similar phenotype upon expression of Strip
or Cka dsRNAs, with a marked reduction in the GFP-positive ptc
domain that was most evident in cells of the prospective wing
blade (or wing pouch) region of the disc (arrowheads in Fig. 8, B
and C). Strip or Cka depletion was better tolerated in the more
proximal wing hinge region (arrows in Fig. 8, B and C). Rather
than reduced growth per se, we noticed a strong induction of
apoptosis in Strip- or Cka-depleted cells, as evidenced by acti-
vated capsase-3 and pyknotic nuclei on the basal side of the ptc
domain, mainly below the wing pouch region (Fig. 8, A–C).

Apoptosis could be a principal response to dSTRIPAK deple-
tion or a secondary consequence of a loss of epithelial integrity
as cells are extruded from the tissue. To distinguish between the
two, we coexpressed the baculoviral P35 protein to inhibit ap-
optosis. On its own, P35 expression had little effect (Fig. 8 D).
P35-expressing, Strip- or Cka-depleted cells showed improved
survival. However, the rescued cells frequently activated ex-
pression of Mmp1 and sorted to the basal side of the epithelium,
as seen in orthogonal projections (Fig. 8, E and F). This pheno-
type was similar to, though less pronounced than, that observed
in P35-expressing, Slik-depleted cells (Fig. 8 G). These results
suggest that apoptosis of Strip- or Cka-depleted cells is a con-
sequence of their extrusion from the disc epithelium and are
consistent with a role of dSTRIPAK in promoting epithelial tis-
sue integrity as Slik and moesin do.

Strip and Cka control Slik localization and function in the wing
disc epithelium
To test if the epithelial integrity defect triggered by Strip or Cka
depletion could be linked to Slik, we used moesin phosphoryl-
ation as a specific readout of Slik activity. Because they remain
viable and integrated in the epithelium, we focused on cells in
the wing hinge region. Moderate depletion of Strip or Cka re-
duced the level of p-moesin in this region (arrows, Fig. 9, A–C).
To quantify this, we measured p-moesin fluorescence intensity
in GFP-positive cells in the ptc domain versus adjacent wild-type
cells in the hinge region, where several apical–basal cross-
sections of the epithelium can be seen at the folds (Fig. 9,
A9–C9). In wild-type discs, p-moesin levels are uniform
throughout the folds of the wing hinge region, with a small (3%)
but statistically significant upregulation in cells in the ptc do-
main (Fig. 9, A9 and D). In contrast, depleting Strip (Fig. 9, B9
and E) or Cka (Fig. 9, C9 and F) caused a significant decrease in
p-moesin levels (by 9% and 17%, respectively). We observed a

expressing the indicated Slik-GFP constructs (white top row). The signal of the indicated Slik-GFP construct was pseudocolored in a rainbow heatmap to
underline variations in its localization (bottom row). (E and F) The ratio of Slik-GFP intensity (cortex/cytoplasm) was quantified in S2 cells stably expressing the
indicated constructs. 30 (E) or 40 (F) cells/condition in three (E) or two (F) independent experiments (see Fig. S3). Data are represented as mean ± SD (each dot
represents the value for a single cell), two-tailed unpaired t test (E) or one-way ANOVA (F). (G)Western blot of S2 cells stably expressing the indicated Slik-GFP
constructs and treated as indicated. (H) Relative p-moesin levels (normalized to moesin) were quantified in two independent experiments (circles). Data are
represented as mean ± SD normalized on nontarget (NT) dsRNA. P values are as follows: NS, P > 0.05; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Scale bars, 5 µm.
OE, overexpressed.
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Figure 6. PP2ASTRIPAK regulates Slik cortical association in mitosis. (A and E) Time lapse of Slik distribution in live S2 cell stably expressing control or
mutated Slik-GFP (white) and undergoing mitosis. Slik-GFP signals were pseudocolored in a rainbow heatmap to underline variations in its distribution in
metaphase (right row). (C) Time lapse of Slik distribution in live S2 cell stably expressing SlikWT-GFP (white) upon the indicated treatments after the first
metaphase time frame. SlikWT-GFP signal was pseudocolored in a rainbow heatmap to underline variations in its distribution after 20 min of treatment (right
row). (B, D, and F) The ratios of the indicated Slik-GFP constructs (cortex/cytoplasm) were quantified and normalized to the first time frame in a minimum of
six cells/condition in three independent experiments. Data are represented as normalized mean ± SEM of the pooled experiments, and one-way ANOVA was
calculated against the first time frame with the following P values: NS, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Scale bars, 5 µm.
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Figure 7. Strip and Cka control mitotic morphogenesis in cultured S2 cells. (A) Time lapse of cells stably coexpressing moesin-GFP (green) and α-tubulin-
mCherry (red) treated as indicated and undergoing mitosis. (B and C) Percentage of cells with cortical instability in metaphase (B) or after metaphase onset (C)
were quantified from live-cell recordings of four independent experiments (circles). Data are represented as mean ± SD of the pooled experiments, one-way
ANOVA with the following P values: NS, P > 0.05; *, P < 0.05; **, P < 0.01. Scale bars, 5 µm.
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similar reduction of p-moesin in Cka-depleted cells in the
wing pouch region (Fig. S4 A). Total moesin levels in the ptc
domain of the hinge region were similar to those in adjacent
cells (Fig. S4, B–D, quantified in Fig. S4, H–J), indicating that
it was specifically phosphorylation that was affected. The
levels and distribution of Drosophila E-cadherin (Shotgun, or
Shg) were also similar in all three backgrounds (Fig. S4, E–G,
quantified in Fig. S4, K–M). This suggests that the changes in
p-moesin levels were not due to a global alteration of epi-
thelial polarity.

We next examined the effect of Strip or Cka depletion on Slik
localization in cells of the wing hinge region. In wild-type discs,
Slik localizes uniformly within and outside of the ptc domain,
with increased protein accumulation evident at both the apical
and basal sides of the epithelial cells (Fig. 9 G, quantified in
Fig. 9, J and K). In Strip- or Cka-depleted cells, the intensity of

Slik staining was reduced (Fig. 9, H and I). However, this effect
was not uniform. Compared with neighboring wild-type cells,
Slik levels in the apical half of STRIPAK-depleted cells were
unchanged (Fig. 9, L and N). However, the levels in the basal half
of depleted cells were significantly lower (Fig. 9, M and O). We
conclude that dSTRIPAK controls the subcellular localization of
Slik and consequently its ability to phosphorylate moesin in
imaginal disc epithelial cells, as in S2 cells.

To confirm that the effects on moesin phosphorylation were
due to altered Slik function, we tested the effect of Strip or Cka
depletion in Slik-overexpressing cells. Expression of Slik in the
ptc domain strongly increased moesin phosphorylation (Fig. 10
A). This was largely suppressed by Strip or Cka depletion
(Fig. 10, B and C, quantified in Fig. 10 D). Thus, as is S2 cells,
the ability of Slik to phosphorylate moesin is dependent on
STRIPAK.

Figure 8. Strip and Cka control epithelial tissue integrity in Drosophila epithelia. (A–C) Confocal projections through medial (top) or basal (bottom)
regions of wing discs expressing GFP (green) in a stripe of cells under control of the ptc-GAL4 driver, either alone (A) or together with dsRNA targeting Strip (B)
or Cka (C). Discs were stained with DAPI (blue) to visualize nuclei and with anti–cleaved caspase 3 (Casp3) antibody (red) to visualize apoptotic cells. Ar-
rowheads indicate the transgene expression domain within the wing pouch. Arrows indicate the transgene expression domain within the hinge region.
(D–G) Confocal projections of wing discs (top row) expressing GFP (green) and P35, either alone (D) or together with dsRNA targeting Strip (E), Cka (F),
or Slik (G). Discs were stained with DAPI (blue) to visualize nuclei and with anti-MMP1 antibody (red). x–z sections of the same discs (bottom row)
generated by orthogonal projection.
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Figure 9. Strip and Cka control Slik localization and function in the wing disc epithelium. (A–C) Confocal projections through medial regions of wing
discs expressing GFP (green) in a stripe of cells under control of the ptc-GAL4 driver, either alone (A) or together with dsRNA targeting Strip (B) or Cka cDNA
(blue) and p-moesin (red). Arrows indicate downregulation of p-moesin levels in dSTRIPAK-depleted cells in the wing hinge region. Images in A9–C9 show
higher-magnification projections of the hinge region. Yellow dotted lines indicate limits of the GFP-transgene expression domains. (D–F) Quantification of
normalized p-moesin fluorescence intensity in hinge cells expressing GFP alone (D) or together with dsRNA targeting Strip (E) or Cka (F) compared with their
respective adjacent wild-type (GFP−) cells. Fluorescence was measured at multiple folds in five wing discs for each genotype. Two-tailed paired sample t test.
(G–I) Confocal projections through the hinge region of wing discs expressing GFP (green) alone (G) or together with dsRNA targeting Strip (H) or Cka (I). Discs
were stained with DAPI (blue) to visualize nuclei and antibody against Slik (red). Yellow dotted lines indicate limits of the GFP-transgene expression domains.
(J–O) Quantification of normalized Slik fluorescence intensity in hinge cells as above. Measurements were taken in the apical (J, L, and N) or basal (K, M, and O)
halves of the cells at multiple folds in four wing discs for each genotype. Two-tailed paired t-test. P values are as follows: NS, P > 0.05; **, P < 0.01; ***, P <
0.001.
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Discussion
We discovered that dSTRIPAK dephosphorylates Slik to favor its
association with the cortex. This regulation of Slik cortical as-
sociation occurs both in interphase and in metaphase. Impor-
tantly, loss of Slik cortical association correlates with a decreased
activation of moesin, the substrate of Slik throughout the cell
cycle. Finally, we showed that dSTRIPAK controls moesin-related
biological functions such as mitotic morphogenesis and epithelial
integrity during development.

dSTRIPAK is a multimolecular complex that functionally
bridges PP2A phosphatase activity with kinases of the Ste20-like
family (Kück et al., 2019). PP2ASTRIPAK was shown to inhibit the
catalytic activity of its associated kinases (Gordon et al., 2011;
Hyodo et al., 2012; Ribeiro et al., 2010; Zheng et al., 2017). For
instance, PP2ASTRIPAK dephosphorylates key regulatory residues
of the activation loop of Hippo and Mst3/4 (Gordon et al., 2011;

Ribeiro et al., 2010). Here, we found a new functional interaction
between PP2ASTRIPAK and an Ste20-like kinase. PP2ASTRIPAK

regulates Slik phosphorylation to control its association with
the cortex and thereby regulates its activity toward moesin.
PP2ASTRIPAK could indirectly regulate an upstream regulator of
Slik or directly dephosphorylate this Ste20-like kinase. We favor
the latter hypothesis because we found that Slik associates with
Cka and Strip, two major components of PP2ASTRIPAK.

It is unlikely that PP2ASTRIPAK dephosphorylates the regula-
tory residues of the activation loop of Slik, because we did not
measure any change of its kinase activity upon depletion of key
components of PP2ASTRIPAK. We then focused on 21 other po-
tential phosphosites, and we discovered that PP2ASTRIPAK favors
association of Slik with the cortex by regulating some of these
phosphosites. Replacing these potentially phosphorylated resi-
dues by nonphosphorylatable alanine either within the NCD or

Figure 10. The ability of Slik to phosphorylate moesin in discs depends on PP2ASTRIPAK. (A–C)Wing discs overexpressing Slik alone (A) or together with
dsRNA targeting Strip (B) or Cka (C) in a stripe of cells under control of the ptc-GAL4 driver. Discs were stained with antibody against p-moesin. Images are
maximum projections of 56–66 confocal sections spanning the entire thickness of the disc. Arrow indicates upregulation of p-moesin levels in Slik-
overexpressing cells. (D) Quantification of p-moesin fluorescence intensity in cells in the ptc stripe normalized to wild-type posterior compartment cells in
discs of the genotypes in A–C. Measurements were made in 7 wing discs for each genotype. Two-tailed unpaired t test with P value: ***, P < 0.0001. (E)Model
for the regulation of Slik localization at the cell cortex (adapted from Pelaseyed et al., 2017). Cycle of phosphorylation/dephosphorylation of Slik serves as an
electrostatic switch that controls Slik cortical association. (a) Phosphorylated Slik is localized in the cytoplasm due to electrostatic repulsion with the negatively
charged plasma membrane. (b) dSTRIPAK phosphatase activity (PP2ASTRIPAK) dephosphorylates Slik and promotes its association with the cortex. (c) The poly-
basic CTD is responsible for Slik localization at the cortex through electrostatic interaction. (d) Once at the cell cortex, Slik can phosphorylate the PtdIns(4,5)P2-
primed moesin on its T559. (e) Activated moesin is essential for proper mitotic morphogenesis and epithelial integrity.
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within the CTD of Slik is sufficient to promote the cortical en-
richment of these two phosphodeficient mutants and to prevent
their regulation by PP2ASTRIPAK. Importantly, both these mu-
tants rescue or partially rescue the decrease in moesin phos-
phorylation observed after PP2ASTRIPAK depletion. Although
these experiments demonstrate that global phosphorylation
governs the association of Slik with the cortex, the sites regu-
lated by PP2ASTRIPAK remain to be precisely identified.

We previously found that the CTD of Slik is necessary and
sufficient for its association with the cell cortex (Panneton et al.,
2015). Interestingly, this domain is polybasic (with a theoretical
isoelectric point of ∼9.6 compared with Slik ∼6.1). As previously
demonstrated for other signaling proteins (Das et al., 2003;
Thelen et al., 1991), these positive charges could promote the
association of Slik with the negatively charged inner leaflet of
the plasma membrane (Goldenberg and Steinberg, 2010;
Kurotani et al., 2019). We propose that the global negative
charge brought by phosphorylation promotes the dissociation of
Slik with the cell cortex by electrostatic repulsion with the
negatively charged plasma membrane. In this model, a cycle of
phosphorylation–dephosphorylation of Slik serves as an elec-
trostatic switch that controls Slik cortical association. We pre-
viously reported that Slik can be phosphorylated by other not
yet identified kinases (Panneton et al., 2015). Consistent with
this, we found that OA treatment promotes phosphorylation of a
Slik kinase dead mutant even in the absence of endogenous Slik
(unpublished results). We therefore favor the hypothesis that
one or more other kinases regulate the association of Slik with
the cortex. Our current efforts aim to identify which kinase(s)
could promote the dissociation of Slik from the plasma mem-
brane (Fig. 10 E).

PP2A phosphatase activity plays important roles during mi-
tosis. Independently of STRIPAK, PP2A regulates mitotic exit by
dephosphorylating Cdk1 substrates when associated with the
B55 regulatory subunit (Drosophila Tws). When associated with
the B56 regulatory subunit (Drosophila Wdb), PP2A controls
spindle organization by counteracting several kinases, such as
Aurora-B or Plk1 (Nilsson, 2019). However, only a few studies
reported a role of PP2ASTRIPAK during mitosis. In mammalian
cells, PP2ASTRIPAK regulates abscission by controlling Mink1
activity (Hyodo et al., 2012), and depletion of STRIP or striatin
promotes cytokinesis failures (Frost et al., 2012). Here, we dis-
covered that PP2ASTRIPAK controls mitotic morphogenesis. Mi-
totic cell morphogenesis requires that moesin be activated at
mitosis onset (Ramkumar and Baum, 2016). We found that
PP2ASTRIPAK controls enrichment of Slik at the cortex of meta-
phase cells and subsequent moesin activation.

Moesin and Slik play an important role in promoting epi-
thelial integrity in vivo, although the details of their regulation
in this context are also poorly understood. In mitotic epithelial
cells, p-moesin accumulates at the basolateral membrane and is
needed for planar spindle orientation. Moesin-depleted cells
frequently undergo mitoses perpendicular to the plane of the
epithelium, with the daughter cells undergoing EMT and de-
laminating and ultimately being eliminated by apoptosis
(Nakajima et al., 2013). This appears to be a major cause of the
loss of epithelial tissue integrity in moesin mutants (Nakajima

et al., 2013; Speck et al., 2003). Several of our observations
implicate dSTRIPAK in promoting moesin activation and epi-
thelial tissue integrity. We found that dSTRIPAK-depleted cells
undergo EMT, delaminate, and are eliminated by apoptosis,
particularly those located in the wing pouch. In dSTRIPAK-
depleted cells in the wing hinge region that maintained their
epithelial phenotype, we observed reduced levels of p-moesin, a
readout for Slik activity. This was not just correlative; the
ability of overexpressed Slik to phosphorylate moesin de-
pended on dSTRIPAK. Finally, dSTRIPAK-depleted cells showed
a redistribution of Slik protein, with a reduction of protein
levels particularly prominent in the basal half of the cells. To-
gether, these results support the finding that dSTRIPAK is a
general regulator of Slik localization to promote the morpho-
genetic functions of moesin. We note that the phenotypic con-
sequences of interfering with dSTRIPAK were more severe than
those observed upon depletion of Slik, with strong dSTRIPAK
depletion causing early lethality. This suggests that dSTRIPAK
regulates other targets, consistent with its known role in down-
regulating the growth-inhibitory function of Hippo (Ribeiro et al.,
2010; Zheng et al., 2017). Hippo signaling is particularly important
for growth of the wing blade (Zecca and Struhl, 2010), which may
explain why depletion of dSTRIPAK components had a stronger
effect in the wing pouch than in hinge regions.

In conclusion, we identified that PP2ASTRIPAK regulates the
localization of Slik by phosphorylation to control moesin acti-
vation. Our work places STRIPAK as a critical upstream reg-
ulator of moesin function for mitotic morphogenesis and
epithelial integrity.

Materials and methods
Primary and secondary screens
Primary and secondary screens were performed in 96-well
plates (BD Biosciences). 20 × 103 S2 cells per well were plated
in 200 μl Schneider medium and treated with 2 µg of dsRNA
(Open Biosystems Drosophila Library 2.0). After 5 d of incubation
at 27°C, cells were fixed in 10% TCA and incubated overnight
with an antibody against p-ERM (1:1,000; Cell Signaling Tech-
nology). Cells were then incubated with a goat Alexa Fluor
488–conjugated secondary antirabbit antibody (1:400, A11070;
Invitrogen). Texas Red-X Phalloidin (1:600, T7471; Invitrogen)
and DAPI were used to stain cytoplasm and nuclei, respectively.
Cells were mounted with MOWIOL mounting medium (BioShop
Canada). Images were acquired at 20× magnification using an
Operetta high-content analysis system (PerkinElmer) and ana-
lyzed using Harmony high-content analysis software (Perkin-
Elmer). Cells were detected by analyzing the nucleus (DAPI) and
cytoplasm (phalloidin). Mean intensity of p-moesin levels per
cell (xi) was then measured. A score (Scorei) was calculated for
each condition (i) as follows:

Scorei � Xi

MedianPlatej(Xi)
,

where Xi corresponds to the percentage of cells whose mean
intensity of p-moesin level is superior to a threshold (k). k was
determined by studying the distribution of cell populations upon
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treatment with negative (GFP) and positive (moesin) control
dsRNAs in order to match the following condition:

%ofcellsinWellCTRLnegwithxi > k ≈ 80%.

dsRNA production and primers
dsRNAs were produced by reverse transcription using the Ri-
boMAX Express Large Scale RNA Production System (P1320;
Promega). dsRNAs targeting moesin, PP1-87B, Slik, and Slik
59UTR were previously reported (Carreno et al., 2008; Panneton
et al., 2015; Roubinet et al., 2011). dsRNAs against Tws, Wdb,
Wrd, and PP2A-B’’ were kindly provided by V. Archambault
(IRIC, Montreal, Canada; Chen et al., 2007). Other dsRNAs were
amplified from genomic DNA or cDNA (see Data S1, experi-
mental procedures section, for dsRNA primer sequences).

Confirmation miniscreens
dsRNA-treated cells were incubated with an antibody against
p-ERM (1:1,000; Cell Signaling Technology) and an antibody
against p-histone H3 (1:1,000, clone 6G3; Cell Signaling Technology).
Cells were then incubated with a goat Alexa Fluor 488–conjugated
anti-rabbit secondary antibody (1:400, A11070; Invitrogen) and a
Texas Red–conjugated goat anti-mouse secondary antibody (1:200,
T862; Invitrogen). Cells were detected by analyzing the nucleus
(DAPI), and interphase cells (p-histone H3 negative) were distin-
guished from mitotic cells (p-histone H3 positive). The mean in-
tensity of p-moesin levels per cell was then measured in each cell
population as described for the screens.

cDNA constructs
Moesin-GFP and SlikWT-GFP were previously described
(Carreno et al., 2008; Roubinet et al., 2011). Stag-Cka and Stag-
Strip were kindly provided by M. Therrien (IRIC, Montreal,
Canada; Ashton-Beaucage et al., 2014). SlikNCD* and SlikCTD*

were obtained using cDNA synthesized by Genescript (see Data
S2, experimental procedures section, for cDNA sequences). The
two mutated sequences were then cloned into pMet-Slik-GFP
and replaced the wild-type sequences.

S2 cell culture, dsRNA treatment, transfection, or
drug treatments
Drosophila S2 cells were grown at 27°C in Gibco Schneider’s
Drosophilamedium (21720001; Life Technologies) complemented
with 10% FBS (12483020; Invitrogen) and 5% Gibco penicillin-
streptomycin antibiotics (15070063; Life Technologies). For
knockdown experiments, 1.5 × 106 cells were treated with 15 µg of
dsRNA during 5 d. For overexpression, cells were transfected with
the indicated cDNA using FuGENE HD reagent (E2311; Promega)
and analyzed 36 to 72 h after transfection. For immunofluorescence
or Western blot analysis, cells were treated for 60 min with 10 nM
OA (OKA004; BioShop Canada) or 30 min with 100 nM OA or for
60 min with 50 nM Stau (A8192; APExBIO). For live-cell analysis,
stable cell lines were treated with 50 nM OA or 50 nM Stau.

S2 stable cell lines and time-lapse microscopy
The stable cell line expressing moesin-GFP in combination with
α-tubulin-mCherry has been described previously (Roubinet

et al., 2011). Stable cell lines expressing SlikWT/NCD*/CTD*-GFP
(under pMt promoter) were generated upon Gibco Hygromycin
B (Thermo Fisher Scientific) selection. SlikWT/NCD*/CTD*-GFP
expression was induced with copper sulfate (CuSO4; 0.7mM),
and cells were analyzed 36 h after induction. For time-lapse
microscopy, 50 × 103 cells were plated in 96-well glass-bottom
plates (82050-792, SensoPlate microplate; Greiner Bio-One) and
filmed either overnight (dsRNA treatments) or for 1 h (drug
treatments) in an environmental chamber at 27°C in Schneider’s
medium. Cells expressing moesin-GFP were imaged using a
DeltaVision inverted microscope (Olympus) with a Plan Apo-
chromat 60×/1.42 NA oil lens (equipped with a CoolSNAP HQ2
camera) and controlled by SoftWoRx software. Cells expressing
Slik-GFP were imaged using a Carl Zeiss confocal spinning disk
microscope with a Plan Apochromat 63×/1.4 NA oil differential
interference contrast lens (equipped with a Zeiss Axiocam 506
mono camera) and controlled using ZEN 2 blue software (Carl
Zeiss Microscopy). Representative images were prepared for
publication using SoftWoRx, ImageJ (National Institutes of Health),
and Photoshop (Adobe) software.

Immunostaining, imaging, and image analysis of S2 cells
S2 cells were plated on glass coverslips and fixed with 4% par-
aformaldehyde (Alfa Aesar) for 30 min. Cells were per-
meabilized and blocked with TBS containing 0.1% Triton X-100
and 1% BSA and incubated overnight with antibody against Slik
(1:2,000; Panneton et al., 2015). Cells were then incubated with
an Alexa Fluor 488–conjugated goat anti–guinea pig secondary
antibody (1:100, A11073; Invitrogen). Texas Red-X Phalloidin (1:
100, T7471; Invitrogen) was used to stain F-actin. Coverslips
were mounted in VECTASHIELD medium with DAPI (Vector
Laboratories). Images were acquired using a Nikon Eclipse Ti
inverted microscope with a 63×/0.45 NA oil differential inter-
ference contrast lens (equipped with an extra–long-working
distance camera) and controlled using MetaMorph 6.1 soft-
ware (Molecular Devices). Representative images were pre-
pared for publication using ImageJ and Photoshop software.
Mean fluorescence intensities of Slik and SlikWT/NCD*/CTD*-
GFP were measured at the cortex and in the cytoplasm using
ImageJ software. Background was measured and subtracted.
The ratios correspond to the mean intensity at the cortex over
the mean intensity in the cytoplasm. The normalized data were
then plotted using Prism software (GraphPad Software). The
values for each single cell are represented as dots; independent
experiments are shown as circles.

Cell lysis, SDS-PAGE, and Western blot analysis
2 × 106 cells were centrifuged, and pellets were suspended in
Laemmli buffer supplemented with antiphosphatases (Phos-
phatase Inhibitor Cocktail, MilliporeSigma; 1 mM Na3VO4; and
5 mM β-glycerophosphate) and antiproteases (1 mM PMSF).
Antibodies against T559–p-moesin (1:1,000), moesin (1:25,000;
Roubinet et al., 2012), Strip (1:400, kindly provided by T. Chi-
hara, University of Tokyo, Tokyo, Japan; Sakuma et al., 2016),
Cka (1:200, kindly provided by T.S. Hays, University of Min-
nesota, Minneapolis, MN; Neisch et al., 2017), β-actin (1:5,000,
clone 4; MilliporeSigma), or α-tubulin (1:1,000, clone DM1A;
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MilliporeSigma). For Western blot quantification, the immu-
noreactive bands were quantified by densitometric analysis
using ImageJ software. Backgrounds were subtracted. Normali-
zation was performed as described in the figure legends.

For λ-phosphatase assays, cell pellets were suspended in
Triton lysis buffer (1 mM EDTA, 150 mMNaCl, 50 mM Tris-HCl,
pH 7.2, 10% glycerol, 0.2% Triton X-100, 1 mMPMSF, aprotinine,
and leupeptine) complemented with either phosphatase in-
hibitors (Phosphatase Inhibitor Cocktail, MilliporeSigma; and
1 mM Na3VO4) or λ-phosphatase (P0753S; New England Biol-
abs). The reaction was incubated at 30°C for 60min and stopped
in Laemmli buffer at 95°C. For Slik mobility shift assay, cell
lysates were resolved using a precast 3–8% gradient SDS-PAGE
gel (EA0375BOX; Invitrogen). The membranes were blocked
with TBS–0.1% Tween containing 5% milk (Carnation; Nestlé)
and then incubated with rabbit antibody against Slik (1:1,000).
Line scans were performed by densitometric analysis of Slik
immunoreactive bands using ImageJ software. The proportion of
shifted Slik bands was evaluated by the ratio of the area under
the line scan curves (upward shifted/unshifted) of Slik in dif-
ferent conditions. Data of independent experiments (shown as
circles) were plotted using Prism software.

Coimmunoprecipitation assays
8 × 106 cells were lysed 72 h post-transfection in 400 µl of Triton
lysis buffer (1 mMEDTA, 150mMNaCl, 50mMTris-HCl, pH 7.2,
10% glycerol, and 0.2% Triton X-100) supplemented with anti-
phosphatases (Phosphatase Inhibitor Cocktail, MilliporeSigma;
1 mM Na3VO4, 5 mM β-glycerophosphate, 1 mM PMSF) and
antiprotease cocktail (DA36046; Roche). GFP-Trap beads
(Chromotek) or anti-Stag (A00625; Genescript) along with
protein A agarose beads (17-0780-01; GE Healthcare Life Sci-
ences) were added to cell lysates and gently rocked at 4°C for
2 h or 4 h, respectively. The immunoprecipitates were resolved
on SDS-PAGE gels and immunoblotted with antibodies against
GFP (1:2,500; Invitrogen), Stag (1:1,000; Genescript), or Flag
(Western blot 1:4,000, clone M2; MilliporeSigma).

In vitro kinase assay
5 × 106 cells were lysed in 400 µl of Tris lysis buffer (40 mM
Hepes, 1 mM EDTA, 120 mM NaCl, 10 mM tetrasodium py-
rophosphate, 10% glycerol, 1% Triton X-100, and 0.1% SDS)
supplemented with antiphosphatases (Phosphatase In-
hibitor Cocktail, MilliporeSigma; 1 mM Na3VO4, 5 mM
β-glycerophosphate, 1 mM PMSF) and antiprotease cocktail
(DA36046; Roche). Cell lysates were immunoprecipitated with
antibody against Slik for 4 h and then incubated with protein A
sepharose beads for 2 h. The beads from immunoprecipitations
were subjected to an in vitro kinase assay as previously de-
scribed (Plutoni et al., 2019).

RNA extraction for quantitative real-time PCR
Total RNA was extracted from Drosophila S2 cells using the
DNAaway RNA Miniprep Kit (BS88133; Bio Basic). Total RNA
was reverse transcribed with a cDNA reverse transcription kit
(Applied Biosystems). PCRs were performed on an ABI Real
Time 7900HT cycler and analyzed with SDS 2.2 software using

the following probes for our genes of interest and two endoge-
nous control genes (Act5c and Rpl32) with high efficiency (>95%):
Strip forward, 59-aggccaattacgcggtct-39, and reverse, 59-cgcgca
tgtggatattagag-39; Cka forward, 59-aaggatatgctcaccgagga-39, and
reverse, 59-gccatcagattcgttattcacc-39; Act5c forward, 59-accgag
cgcggttactct-39, and reverse, 59-cttgatgtcacggacgatttc-39; Rpl32
forward, 59-cggatcgatatgctaagctgt-39, and reverse, 59-gcgcttgtt
cgatccgta-39. Quantitative real-time PCR was performed with
TaqMan Gene Expression Master Mix (Applied Biosystems).
mRNA levels of target genes were normalized to the averaged
levels of both control genes.

Drosophila stocks and culture
ptc-GAL4 (ptc559.1), UAS-GFP, and UAS-P35 strains were obtained
from the Bloomington Drosophila Stock Center. EP-Slik (slik20348)
is an EPg element insertion upstream of the slik gene that drives
its GAL4-dependent expression. Transgenic dsRNA strains tar-
geting cka (ID no. 106971), strip (ID no. 106184), and slik (ID no.
43783) were obtained from the Vienna Drosophila Resource
Center. Crosses were performed at 18°C, 21°C, 25°C, or 27°C, as
indicated. The genotypes were as follows: w;ptcGAL4,UAS-GFP/+
at 25°C (Figs. 8 A, 9 A, and 9 G); w;ptcGAL4,UAS-GFP/UAS-
strip.dsRNA at 25°C (Figs. 8 B, 9 B, and 9 H); w;ptcGAL4,UAS-GFP/
UAS-cka.dsRNA at 25°C (Figs. 8 C, 9 C, and 9 I); w,UAS-P35;
ptcGAL4,UAS-GFP/+ at 25°C (Fig. 8 D); w,UAS-P35;ptcGAL4,UAS-
GFP/UAS-strip.dsRNA at 25°C (Fig. 8 E); w,UAS-P35;ptcGAL4,
UAS-GFP/UAS-cka.dsRNA at 18°C (Fig. 8 F); w,UAS-P35;ptcGAL4,
UAS-GFP/UAS-slik.dsRNA at 27°C (Fig. 8 G); w,UAS-P35;ptcGA-
L4,EP-Slik/+ at 21°C (Fig. 10 A); w,UAS-P35;ptcGAL4,EP-Slik/UAS-
strip.dsRNA at 21°C (Fig. 10 B); and w,UAS-P35;ptcGAL4,EP-Slik/
UAS-cka.dsRNA at 18°C (Fig. 10 C).

Immunostaining, imaging, and image analysis of imaginal discs
Wandering third instar larvae were dissected, and anterior
halves with attached wing discs were collected in PBS on ice.
Discs were fixed in PBS containing 0.2% Tween-20 (PBT) and 4%
formaldehyde for 20 min. After several washes with PBT,
samples were blocked in PBT with 0.1% BSA, followed by in-
cubation overnight at 4°C with primary antibodies against Slik
(1:1,000), p-moesin (1:100), GFP (1:100, TP401; OriGene Tech-
nologies), cleaved caspase 3 (1:150, no. 9661; Cell Signaling
Technology), MMP1 (1:100; 1:1 mix of Developmental Studies
Hybridoma Bank [DSHB] nos. 3A6B4 and 5H7B11), Ptc (1:1,000,
Apa-1; DSHB), Shg (1:200, DCAD2; DSHB), and moesin (1:4,000;
a gift from Daniel Kiehart, Duke University, Durham, NC).
Samples were incubated with Fluor-conjugated secondary an-
tibodies (Invitrogen and Jackson ImmunoResearch Laborato-
ries). Discs were mounted on slides in mounting medium (10%
PBS, 90% glycerol, 0.2% n-propyl gallate), coverslipped, and
imaged at RT using a Zeiss LSM700 confocal microscope with a
Plan Apochromat 20×/0.75 NA lens (Fig. 8, A–C; and Fig. 9, A–C)
or a Plan Neofluar 40×/1.30 NA oil lens and controlled using ZEN
2 software. Representative images were prepared for publica-
tion using ImageJ and Photoshop software.

We quantified Slik or p-moesin levels using ImageJ software.
Mean fluorescence intensities were measured within the GFP-
positive cells and a comparable area of adjacent GFP-negative
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cells within single layers of the epithelium. The measurement at a
nearby third GFP-negative region was used as a normalization
control. For Slik measurements, fluorescence intensity was mea-
sured separately in the apical and basal halves of the epithelium,
using the midpoint of the nuclear layer as the dividing line. The
normalized data were plotted using Prism (GraphPad Software).

Statistical analysis
Results are expressed as average ± SD or ± SEM as indicated in
the figure legends. Statistical significance between various
conditions was assessed by determining P values (with 95%
confidence interval) using Prism software. Different tests were
performed as indicated in the figure legends: (un)paired Stu-
dent’s t test (two experimental groups) and unpaired one-way
ANOVA (multiple comparisons test). Parametric tests were used
because the distributions across samples were assumed to be
normal, but this was not formally tested.

Online supplemental material
Fig. S1 shows that some dSTRIPAK adapter proteins slightly af-
fect moesin phosphorylation and validated dsRNA efficiency for
Mts, PP2A-29B, Strip, and Cka. Fig. S2 shows that different Slik
isoforms are overphosphorylated in the absence of PP2ASTRIPAK

without affecting its kinase activity. Fig. S3 presents the inde-
pendent experiments of the pooled data in Figs. 4 D, 4 F, and 5 B.
Fig. S4 shows that Strip or Cka depletion has little effect on total
moesin and E-cadherin (shotgun) levels and distribution in wing
discs. Table S1 lists the 51 validated genes from the genome-wide
RNAi screen and their activation scores. Data S1 shows lists
primer sequences. Data S2 shows shows cDNA sequences syn-
thetized for Slik mutants.
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De Jamblinne prepared the figures for the manuscript. S.
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Figure S1. Depletion of Mob4, Slmap and FGOP2, three dSTRIPAK adaptor proteins, slightly decrease p-moesin levels. (A) Automated quantification of
the immunofluorescence intensity of p-moesin in S2 cells treated as indicated and normalized to nontreated condition. Data are represented as normalized
mean ± SEM of two to four independent experiments (circles). Two-tailed unpaired t tests were calculated against the nontreated condition with the following
P values: NS, P > 0.05; *, P < 0.05. (B and D) Western blot of S2 cells, treated as indicated, with antibodies against Strip, Cka, Mts, and β-actin or α-tubulin.
Knockdown of PP2A-29B destabilizes Mts as previously described in mammalian cells (Strack et al., 2004). Knockdown of Cka destabilizes Strip. (C and
E) Relative Strip, Cka, or Mts levels (normalized as indicated) were quantified in two to four independent experiments (circles). Data are represented as mean ±
SD normalized on nontarget (NT) dsRNA, one-way ANOVA with the following P values: NS, P > 0.05; **, P < 0.01; ****, P < 0.0001. (F) Relative Strip or Cka
mRNA levels (normalized to Act5c and Rpl32) were quantified by quantitative real-time PCR in total RNA extracts of S2 cells treated with indicated dsRNA.
(G) Western blot of S2 cells treated as indicated with antibodies against T559-phosphorylated p-moesin, moesin, and β-actin. (H) Relative p-moesin levels
(normalized to moesin) were quantified in four independent experiments (circles). Data are represented as mean ± SD normalized on NT dsRNA, one-way
ANOVA with the following P values: NS, P > 0.05; **, P < 0.01.
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Figure S2. Slik isoforms are overphosphorylated in absence of PP2ASTRIPAK without affecting its kinase activity. (A) Schematic representation of Slik
mRNA splicing variants (adapted from http://flybase.org/reports/FBgn0035001) and their expected molecular weight (kD). The longer isoforms (Slik-L) code
for an additional C-terminal NCD compared with the shorter isoforms (Slik-S). dsRNA designed against all Slik isoforms or specific to Slik-L are indicated.
(B and F) S2 cells treated as indicated were analyzed by Western blotting with antibodies against Slik, p-moesin, moesin, or β-actin. The upper bands
correspond to Slik-L and lower bands to Slik-S isoforms. (C and G) Relative Slik or relative p-moesin levels (normalized as indicated) were quantified in three or
four independent experiments (circles). Data are represented as mean ± SD normalized on nontarget (NT) dsRNA, one-way ANOVAwith the following P values:
NS, P > 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (D) S2 cells treated as indicated were lysed either in the absence (−) or presence (+) of λ-PPtase.
Protein extracts were then analyzed by Western blotting using antibodies against Slik or β-actin. (E) Representation of the line scans of Western blots on Slik
signals (bottom to top). The shifted Slik-L or Slik-S signals are indicated with arrows. (H)Western blot of S2 cells, treated as indicated, with antibodies against
p-moesin, moesin, Slik, or β-actin (upper rows). Immunoprecipitated Slik from the treated cell lysates was incubated with purified moesin C-ERMAD-GST in a
kinase reaction with [γ-32P]ATP. The resulting samples were subjected to SDS–PAGE, and the dried Coomassie-stained gel was autoradiographed (middle and
bottom rows). (I) Autoradiographed signals of moesin C-ERMAD(P32)-GST were quantified in three independent experiments (circles). Data are represented as
mean ± SD normalized on nontreated dsRNA, one-way ANOVA with the following P values: NS, P > 0.05; **, P < 0.01; ****, P < 0.0001. NT, non-target; F-ABD,
F-Actin Binding Domain.
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Figure S3. Slik localization is affected by PP2ASTRIPAK inhibition or kinase inhibition. (A) Slik intensity at the cortex was quantified in a minimum of 60
cells/condition (see Fig. 4 D) in three independent experiments. Data are represented as the mean value ± SD of the pooled replicates (open circles) normalized
to the nontarget (NT) dsRNA, one-way ANOVA with the following P values: **, P < 0.01; ****, P < 0.0001. (B) The ratio of Slik intensity (cortex/cytoplasm) was
quantified in a minimum of 60 cells/condition (see Fig. 4 F) in three independent experiments. Data are represented as the mean value ± SD of the pooled
replicates (open circles) normalized to DMSO treatment, one-way ANOVA with the following P values: **, P < 0.01; ****, P < 0.0001. (C) Time lapse of Slik
distribution in live S2 cell stably expressing SlikWT-GFP (white) upon indicated treatments after the first time frame. (D) The ratio of SlikWT-GFP intensity
(cortex/cytoplasm) was quantified in a minimum of 12 cells/condition in three independent experiments. Fold changes of the ratio of Slik-GFP before and after
the treatments (30 min for OA; 60 min for Stau) were quantified (each dot represents the value for a single cell). Data are represented as mean ± SD of the
pooled experiment, paired t test with the following P values: NS, P > 0.05; ****, P < 0.0001. (E) The ratio of SlikWT-GFP (cortex/cytoplasm) was quantified in 40
cells/condition (see Fig. 5 B) in three independent experiments. Data are represented as mean ± SD of the pooled replicates (circles), unpaired t test with the
following P values: *, P < 0.05; **, P < 0.01. (F) The ratio of the indicated Slik-GFP constructs (cortex/cytoplasm) was quantified in 30 cells/condition (see Fig. 5
E) in three independent experiments. Data are represented as mean ± SD of the pooled replicates (circles), one-way ANOVA with the following P values: *, P <
0.05; **, P < 0.01.
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Table S1 lists the 51 validated genes from the genome-wide RNAi screen and their activation scores. Data S1 shows lists dsRNA
primer sequences. Data S2 shows shows cDNA sequences synthetized for Slik mutants.

Figure S4. Strip or Cka depletion has little effect on total moesin and E-cadherin (shotgun) levels and distribution. (A) X–z section along the anterior–
posterior axis of a wing disc expressing P35 together with dsRNA targeting Cka in a central stripe of cells under the control of ptc-GAL4. The disc was stained
with DAPI (blue) to visualize nuclei and with anti–p-moesin (green) and anti-Ptc (blue) antibodies. The image was generated by orthogonal projection. Apical
p-moesin levels are decreased specifically in RNAi-expressing cells in the ptc domain. (B–G) Confocal projections through medial portions of the hinge region of
wing discs expressing GFP (green) in a stripe of cells under control of ptc-GAL4, either alone (B and E) or together with dsRNA targeting Strip (C and F) or Cka (D
and G). Discs were stained with DAPI (blue) to visualize nuclei and with antibodies against moesin (red) and Shg (shown separately in E–G). Yellow dotted lines
indicate limits of the GFP-transgene expression domains. (H–M)Quantification of normalized total moesin (H–J) and Shg (K–M) fluorescence intensity in hinge
cells expressing GFP alone (H and K) or together with dsRNA targeting Strip (I and L) or Cka (J and M) compared with their respective adjacent wild-type (GFP−)
cells. Fluorescence was measured at multiple folds in five wing discs for each genotype. Two-tailed paired sample t test with the following P values: NS, P >
0.05; *, P < 0.05. RNAi expression had little effect on moesin and Shg levels and distribution, with only a small increase (4%) in moesin levels in Cka-depleted
cells and a small decrease (4%) in Shg levels in Strip-depleted cells. Genotypes: w,UAS-P35;ptcGAL4/UAS-cka.dsRNA at 18°C (A);w;ptcGAL4,UAS-GFP/+ at 25°C (B
and E); w;ptcGAL4,UAS-GFP/UAS-strip.dsRNA at 25°C (C and F); w;ptcGAL4,UAS-GFP/UAS-cka.dsRNA at 25°C (D and G).

De Jamblinne et al. Journal of Cell Biology S5

STRIPAK regulates moesin functions https://doi.org/10.1083/jcb.201911035

https://doi.org/10.1083/jcb.201911035

	STRIPAK regulates Slik localization to control mitotic morphogenesis and epithelial integrity
	Introduction
	Results
	A genome
	dSTRIPAK phosphatase activity regulates moesin phosphorylation
	PP2ASTRIPAK interacts with Slik and regulates its phosphorylation state
	PP2ASTRIPAK regulates Slik localization at the cell cortex
	PP2ASTRIPAK regulates Slik localization by phosphorylation to control moesin activation
	Strip and Cka control Slik cortical association in mitosis and mitotic morphogenesis
	Strip and Cka control epithelial tissue integrity in Drosophila epithelia
	Strip and Cka control Slik localization and function in the wing disc epithelium

	Discussion
	Materials and methods
	Primary and secondary screens
	dsRNA production and primers
	Confirmation miniscreens
	cDNA constructs
	S2 cell culture, dsRNA treatment, transfection, or drug treatments
	S2 stable cell lines and time
	Immunostaining, imaging, and image analysis of S2 cells
	Cell lysis, SDS
	Coimmunoprecipitation assays
	In vitro kinase assay
	RNA extraction for quantitative real
	Drosophila stocks and culture
	Immunostaining, imaging, and image analysis of imaginal discs
	Statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Outline placeholder
	Table S1 lists the 51 validated genes from the genome-wide RNAi screen and their activation scores. Data S1 shows lists dsR ...




