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Myotubularin functions through actomyosin to
interact with the Hippo pathway
Liang Hu1 , Wyatt Brichalli2, Naren Li1, Shifan Chen3 , Yaqing Cheng1, Qinfang Liu3 ,

Yulan Xiong3,* & Jianzhong Yu1,**

Abstract

The Hippo pathway is an evolutionarily conserved developmental
pathway that controls organ size by integrating diverse regulatory
inputs, including actomyosin-mediated cytoskeletal tension.
Despite established connections between the actomyosin
cytoskeleton and the Hippo pathway, the upstream regulation of
actomyosin in the Hippo pathway is less defined. Here, we identify
the phosphoinositide-3-phosphatase Myotubularin (Mtm) as a
novel upstream regulator of actomyosin that functions synergisti-
cally with the Hippo pathway during growth control. Mechanisti-
cally, Mtm regulates membrane phospholipid PI(3)P dynamics,
which, in turn, modulates actomyosin activity through Rab11-
mediated vesicular trafficking. We reveal PI(3)P dynamics as a
novel mode of upstream regulation of actomyosin and establish
Rab11-mediated vesicular trafficking as a functional link between
membrane lipid dynamics and actomyosin activation in the con-
text of growth control. Our study also shows that MTMR2, the
human counterpart of Drosophila Mtm, has conserved functions in
regulating actomyosin activity and tissue growth, providing new
insights into the molecular basis of MTMR2-related peripheral
nerve myelination and human disorders.
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Introduction

The Hippo pathway is an evolutionarily conserved pathway that con-

trols organ size and tissue homeostasis during animal development

(Yu et al, 2015; Zheng & Pan, 2019). Dysregulated Hippo pathway

has been implicated in a wide range of human disorders, including

cancers (Calses et al, 2019; Han, 2019; Ma et al, 2019; Zheng & Pan,

2019). The core of the Hippo pathway is a kinase cascade comprised

of the Ste20 family kinase Hippo (Hpo) and the NDR family kinase

Warts (Wts), and their regulatory proteins Salvador (Sav) and Mats,

respectively. Downstream of the kinase cascade is the transcriptional

machinery, including the transcriptional co-activator Yorkie (Yki)

and the TEAD/TEF family transcription factor Scalloped (Sd) (Tapon

& Harvey, 2012; Meng et al, 2016). In Drosophila, inactivation of the

kinase cascade or hyperactivation of Yki/Sd leads to massive tissue

overgrowth, a combined result of excessive cell proliferation and

diminished apoptosis (Pan, 2007). Upstream of the kinase cascade

are several proteins identified as upstream regulators, including Mer-

lin (Mer), Expanded (Ex), Fat (ft), and Kibra (Yu & Guan, 2013; Meng

et al, 2016; Choi, 2018; Fulford et al, 2018). Loss-of-function of these

upstream regulators results in relatively mild tissue overgrowth com-

pared to those of the core components (Grusche et al, 2010). These

phenotypic differences indicate that the Hippo pathway coordinates

divergent signal inputs and stimuli via distinct and yet to be fully

understood mechanisms.

Recent studies have recognized the apical cytocortex of epithelial

cells as a critical site for Hippo pathway activation and regulation

(Yu & Guan, 2013; Rausch & Hansen, 2020). Indeed, cell polarity

proteins like Crumbs (Crb) and Lethal giant larvae (Lgl) are known

Hippo pathway regulators (Grzeschik et al, 2010; Ling et al, 2010).

Furthermore, the Hippo pathway upstream regulators Mer, Ex, and

Kibra are apical membrane-associated (Maitra et al, 2006; Yu et al,

2010; Su et al, 2017). The core kinase Wts is recruited to the plasma

membrane for activation via direct binding with Mer (Yin et al,

2013). In addition, disruption of the Hippo pathway leads to the

accumulation of apical proteins and expansion of the apical domain

(Genevet et al, 2009; Hamaratoglu et al, 2009). More recently, a

non-transcriptional function of Yki at the cell cortex has been

revealed (Xu et al, 2018), further suggesting the complexity of the

Hippo pathway regulation at the apical cytocortex.

The actomyosin network mediates cytoskeletal tension under-

neath the plasma membrane. Studies from both fly and mam-

malian cell cultures have implicated that actomyosin-mediated

cytoskeletal tension plays an important role in regulating the

Hippo pathway (Zhao et al, 2012; Sun & Irvine, 2016). In Droso-

phila, modulating F-actin organization leads to dysregulated

Hippo signaling activity and growth defects, possibly through
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sensing mechanical forces (Fernandez et al, 2011; Sansores-Garcia

et al, 2011; Matsui & Lai, 2013; Seo & Kim, 2018). A study on

Drosophila wing growth identified Ajuba and Warts protein com-

plex as a molecular link between cytoskeletal tension and Hippo

signaling activation (Rauskolb et al, 2014). Further studies charac-

terized spectrin-based membrane skeleton as an upstream regula-

tor of the Hippo pathway by modulating actomyosin activity

(Deng et al, 2015, 2020). In mammalian cells, mechanical signals

induced by cytoskeleton reorganization have been reported as

crucial regulatory inputs of the Hippo pathway transcriptional

coactivators YAP/TAZ (Dupont et al, 2011; Aragona et al, 2013;

Meng et al, 2016). Despite these advances, little is known about

the upstream regulators of actomyosin in the context of growth

control and their regulatory relationships with the Hippo path-

way. In addition, the molecular mechanism underlying the inter-

plays among apical cytocortex organization, actomyosin activity,

and Hippo signaling remains to be elucidated.

In this study, we report the identification of lipid phosphatase

Myotubularin (Mtm) as a novel upstream regulator of actomyosin

that functions synergistically with the Hippo pathway in growth

control. Mtm is a member of the myotubularin family of

phosphatidylinositol-3-phosphatases with known function in con-

trolling PI(3)P dynamics (Velichkova et al, 2010). Our study sug-

gests that Mtm regulates actomyosin activity through PI(3)P

dynamics and Rab11-mediated vesical trafficking. We further show

that Myotubularin Related Protein 2 (MTMR2), the human homolog

of Drosophila mtm, has conserved function in regulating actomyosin

activity and tissue growth. Our study, therefore, provides membrane

phospholipid PI(3)P dynamics as a novel upstream regulation of

actomyosin in the context of growth control.

Results

Identification of Mtm as a novel growth regulator

In an ethyl methanesulfonate (EMS)-induced mutagenesis screen for

novel growth regulators using eyeless FLP/FRT technique in Droso-

phila, we identified a lethal mutation (40-B89) on chromosome 2 L

that caused overgrowth of mosaic eyes (Fig 1A and B). Through

complementation tests, we found that 40-B89 failed to complement

two lethal deficiency lines: Df(2L)ED343 and Df(2L)BSC353. Further

analysis identified 11 overlapping genes deleted in these two defi-

ciency lines. DNA sequencing analysis revealed a missense mutation

of the gene, myotubularin (mtm), that changed Gly447 of Mtm to

Asp447 (Fig 1E; Appendix Fig S1A and B). We therefore renamed

40-B89 as mtmG447D. To confirm that the observed overgrowth phe-

notype was caused by mtm mutation, we used CRISPR/Cas9 system

to generate a novel null allele (mtmnull) containing a frameshift

mutation, leading to the introduction of a stop codon at the 77th

amino acid threonine (Thr77) (Fig 1E; Appendix Fig S1B and C).

Both mtmnull and mtmG447D alleles exhibited second instar larva

lethality, and they failed to complement each other, suggesting the

essential role of Mtm during Drosophila development. mtmnull pro-

duced a similar larger eye as mtmG447D, confirming that mtm is

responsible for the observed overgrowth phenotype (Fig 1C and D).

Taken together, these results suggest that Mtm is a novel negative

growth regulator.

Loss-of-mtm results in increased interommatidial cell numbers
and hippo pathway target gene expression

During fly pupal retina development, a group of excessive cells is

removed by apoptosis to ensure each ommatidium is surrounded by

a single layer of pigment cells called interommatidial cells (Cagan &

Ready, 1989; Wolff & Ready, 1991). An abnormal increase in

interommatidial cells has been shown to be closely related to eye

overgrowth (Hamaratoglu et al, 2006). We therefore asked whether

Mtm regulates interommatidial cell number during eye develop-

ment. Indeed, we found that mtm mutant clones contained an

average of 5.3 extra interommatidial cells per ommatidial cluster

(Fig 1F and G). Alteration of interommatidial cell number in pupal

retina is a characteristic of defective Hippo signaling (Hamaratoglu

et al, 2006). The increased eye size and the extra interommatidial

cell number observed in mtm mutant flies suggest a potential

relationship between Mtm and the Hippo pathway. To test this

possibility, we first examined whether Mtm regulates the expression

of diap1 and ex, two well-known Hippo pathway target genes.

Interestingly, mtm mutant clones in the eye imaginal disc showed

increased Diap1 and Ex levels (Fig 1H and I), indicating that Mtm

regulates Hippo pathway target gene expression. Next, we explored

whether Mtm regulates the localization and phosphorylation of Yki,

the transcriptional co-activator of the Hippo pathway. We found

that loss-of-mtm promoted nucleus accumulation of Yki in wing

discs (Fig 1J). Consistently, depletion of Mtm expression in Kc167

cells decreased the phosphorylation level of Yki (Fig 1K). Taken

together, these results indicate that Mtm functions as a novel regula-

tor of the Hippo pathway.

▸Figure 1. Identification of Mtm as a novel growth regulator.

A–D Images of a representative wild-type adult eye (A) or adult eyes containing mtm mutant clones (B and C). Quantification of relative eye sizes (n = 10) (D).
E Schematic diagram of Drosophila Mtm protein (top; Dm) and its human homolog MTMR2 (bottom; Hs). mtm mutant alleles from this study are indicated.
F, G A pupal eye disc containing mtm mutant clones (marked by the absence of GFP) was stained for Dlg. Note the increased interommatidial cells in the mtm mutant

clone. Quantification of numbers of interommatidial cells per ommatidium (n = 10) (G). Scale bar = 10 lm.
H, I Third instar larval eye discs containing mtm mutant clones (marked by the absence of GFP) were stained for the Hippo pathway target genes diap1 and ex. Note

the increased expressions of Diap1 and Ex in mtm mutant clones indicated (arrows). Scale bars = 10 lm.
J A third instar larval wing disc containing mtm mutant clones (marked by the absence of GFP) was stained for Yki and DAPI. Note increased Yki nuclear localization

in mtm mutant clone. Scale bar = 10 lm.
K RNAi of Mtm reduces Yki phosphorylation. Kc167 cells were incubated with dsRNA of gfp or mtm for 3 days before western blot analysis. Total cell lysates were

probed with anti-phospho-Yki (p-Yki) antibody. Note that RNAi of mtm decreased Yki phosphorylation.

Data information: Data are shown as mean � SEM, ***P < 0.001, ****P < 0.0001, Student’s t-test. “n” indicates the numbers of samples used for the statistical analysis.
D and G represent results from one of three biological replicates.
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Mtm functions synergistically with hippo pathway upstream
regulators in growth control

To further test the regulatory relationships between Mtm and the

Hippo pathway, we examined the genetic interactions between Mtm

and Hippo pathway upstream regulators. The overgrowth of

upstream regulators such as mer, ex, ft, or kibra single mutant is rel-

atively mild (Fig 2A–E). Loss-of-mtm exhibited a similar mild eye

overgrowth (Fig 2F). Strikingly, mer; mtm double mutant eye exhib-

ited a much stronger overgrowth phenotype than the respective sin-

gle mutants (Fig 2G). Moreover, while single mutants of mer and

mtm resulted in a mild increase in interommatidial cell number

(an average of 4.7 and 5.3 extra cells per cluster, respectively,

Fig 2B0 and F0), mer; mtm double mutant flies showed a massive

increase in interommatidial cells (an average of 25.1 extra cells per

cluster, Fig 2G0). In addition to mer; mtm, both ex; mtm and ft; mtm

double mutant eyes displayed a massive overgrowth phenotype

(Fig 2H and I; Appendix Fig S2) and a much greater number of

interommatidial cells (Fig 2H0 and I0). Similar overgrowth and extra

interommatidial cells were also observed in mtm; kibra double

mutant flies (Fig 2J and J0). Importantly, the massive overgrowth

was also found in the adult nota of ex; mtm and ft; mtm double

mutant flies (Fig 2K–P), suggesting Mtm functions as a general

growth regulator in multiple tissues. Strong increases in Diap1 and

Ex proteins were also found in mer; mtm double mutant clones

(Fig 2Q and R), correlating with the relative severity of overgrowth

phenotypes seen in these double mutant flies. Taken together, these

results suggest that Mtm functions synergistically with Hippo path-

way upstream regulators to control tissue growth.

Mtm growth suppression function requires both PH-GRAM
domain and phosphatase domain

Next, we investigated how Mtm regulates tissue growth and inter-

acts with the Hippo pathway at the molecular level. Mtm is a

member of the myotubularin family of phosphatidylinositol-

3-phosphatases containing two highly conserved functional

domains, an N-terminal PH-GRAM domain and a C-terminal

myotubularin-like phosphatase domain (Fig 3A). In humans, muta-

tions identified in both domains of MTMR2, the human homolog of

Drosophila Mtm, have been reported to be responsible for the devel-

opment of the Charcot–Marie-Tooth-type 4B1 (CMT4B1) disease, a

hereditary severe autosomal recessive motor and sensory neu-

ropathies characterized by focally folded myelin of the peripheral

nerves, indicating the importance of these two domains in CMT4B1

pathogenesis (Begley et al, 2003; Previtali et al, 2007). To further

elucidate the growth suppression function of Mtm, we generated

novel mutant flies carrying mutations within the functional domains

of Mtm using the CRISPR/Cas9 technique (Fig 3A;

Appendix Fig S1B). One mutant allele we obtained contains a dele-

tion of four consecutive amino acids (D69–72) in the N-terminal PH-

GRAM domain, which we named mtmDN. We also obtained a

mutant allele carrying a deletion of four consecutive amino acids

(D558–561) in the C-terminal myotubularin-like phosphatase

domain, which we named mtmDC (Fig 3A). Compared to the wild-

type protein, MtmDC exhibited significantly decreased PI3P phos-

phatase activity, suggesting the four consecutive amino-acid dele-

tion impairs its phosphatase activity (Appendix Fig S3I). Both

mtmDN and mtmDC alleles are lethal and failed to complement each

other and failed to complement mtmG447D and mtmnull alleles, fur-

ther suggesting the important physiological function of these two

domains. Notably, both mtmDN and mtmDC alleles caused similar

increased interommatidial cells comparable to the mtmnull mutant

fly (Fig 3B–D). A large increase in interommatidial cell number and

massive eye overgrowth were seen for both mer; mtmDN and mer;

mtmDC double mutant flies (Fig 3E–G and J–L), and for mtmDN, ex

and mtmDC, ex double mutant flies (Fig 3M and N;

Appendix Fig S3A and B). In addition, both mtmDN and mtmDC alle-

les led to mild increases in Hippo pathway target gene diap1 and ex

expressions (Appendix Fig S3C–F). The greatest increase in diap1

and ex expression was seen in mer; mtmDN and mer; mtmDC double

mutant flies (Fig 3H and I; Appendix Fig S3G and H). Taken

together, these results suggest that both PH-GRAM domain and

phosphatase domain are required for Mtm’s function in growth sup-

pression.

Mtm-mediated PI(3)P dynamics is critical for its function in
growth suppression

Mtm is a phosphatidylinositide-3-phosphatase highly specific and

efficient for the turnover of PI(3)P (Appendix Fig S4A), a lipid sec-

ond messenger greatly enriched in the early endosome and actively

involved in vesicular trafficking and cell signaling (Taylor et al,

2000; Marat & Haucke, 2016). The PH-GRAM domain of Mtm is a

substrate binding domain for phospholipids, and the phosphatase

domain is an enzymatically functional domain for dephosphoryla-

tion of its substrates at the D3 position (Begley et al, 2003). Since

both domains are necessary for Mtm in growth suppression, we

asked whether Mtm regulates tissue growth through controlling

membrane phospholipid dynamics. Mtm has been reported to con-

trol PI(3)P dynamics in cell culture (Velichkova et al, 2010).

Whether Mtm regulates membrane PI(3)P dynamics in vivo has not

been shown. We therefore first examined PI(3)P level in flies con-

taining mtm mutant tissue using a PI(3)P reporter 2xFYVE-GFP

▸Figure 2. Mtm functions synergistically with Hippo pathway in growth control.

A–J Images of representative adult eyes containing indicated mutant clones. Note the massive eye tissue overgrowth produced by mer;mtm, ex,mtm, ft,mtm or mtm;
kibra double mutants. (A’-J’) Mid-pupal eye discs of the indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatid-
ium in respective genotypes were shown in the upper right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification.
Scale bars = 10 lm.

K–P Images of representative nota of adult flies containing indicate mutant clones. Note the massive overgrowth (circled area) in ex,mtm (O) or ft,mtm (P) double
mutant flies.

Q, R Third instar eye discs containing mer;mtm double mutant clones (marked by the absence of GFP) were stained for Diap1 and Ex. Note the strong upregulations of
Diap1 and Ex in the mer;mtm double mutant clones. Scale bars = 20 lm.
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(Gillooly et al, 2000). The FYVE-GFP reporter has been widely used

to semi-quantitate PI(3)P level in cells (Lorenzo et al, 2006; Velich-

kova et al, 2010; Ketel et al, 2016) and its specificity for detecting PI

(3)P in vivo was further confirmed (Appendix Fig S4B–D). Indeed,

strong increases in the FYVE-GFP reporter were detected in mtm

mutant clones in imaginal discs (Fig 4A–C) and follicle cells

(Appendix Fig S4E), confirming the critical role of Mtm in maintain-

ing PI(3)P dynamics in vivo. The increased PI(3)P in mtm mutant

clones suggests that Mtm may regulate tissue growth through con-

trolling PI(3)P dynamics. To test this hypothesis, we investigated

mer
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Figure 3. Mtm’s growth suppression function requires both PH-GRAM domain and phosphatase domain.

A Schematic diagram of Drosophila Mtm protein domains. Domain-specific mutant alleles are indicated. Sequence alignment of the wild-type mtm (mtmWT) and the
two domain-specific mtm mutant alleles (mtmDN and mtmDC) are shown below. The red “-” indicates deleted amino acid in the mutants.

B–G Mid-pupal eye discs of the indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium in each genotype were
shown in the upper right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Both mtmDN and mtmDC caused
similarly increased numbers of interommatidial cells and synergistically interacted with mer. Scale bars = 10 lm.

H, I Third instar larval eye discs containing mer;mtmDN or mer;mtmDC double mutant clones (marked by the absence of GFP) were stained for Diap1. Note the strong
upregulations of Diap1 in the double mutant clones. Scale bars = 20 lm.

J–N Images of representative adult eyes containing indicated mutant clones. Note the massive eye overgrowth produced by mer;mtmDN, mer;mtmDC, mtmDN,ex or
mtmDC,ex double mutants.
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whether loss-of-mtm-induced overgrowth can be counteracted by

manipulating the PI(3)P level. If the overgrowth phenotype seen in

mtm mutant tissue results from increased PI(3)P production,

reducing the PI(3)P level should suppress the overgrowth induced

by loss-of-mtm. In Drosophila, there are three classes of phos-

phatidylinositol 3-kinases (PI3Ks) for PI(3)P synthesis, with class II
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and class III PI3Ks being necessary for the accumulation of PI(3)P

pools (Velichkova et al, 2010). Pi3K68D is the only class II PI3K,

while vps34 is the only class III PI3K. Strikingly, while knockdown

of Pi3K68D by RNAi had no visible effect on interommatidial cells in

pupal retina (Fig 4E), it completely suppressed mtm mutant-induced

interommatidial cell number increase (Fig 4D and F). The results

were further confirmed by two independent Pi3K68D RNAi lines

(Appendix Fig S4G and H). Interestingly, knockdown of vps34 had

no apparent effect on suppressing the interommatidial cell increase

caused by loss-of-mtm (Appendix Fig S4I and J). These results sug-

gest that the class II PI3K Pi3K68D, but not the class III PI3K Vps34,

antagonizes Mtm’s function in growth control. RNAi knockdown of

Pi3K68D also greatly rescued the large increase in interommatidial

cell numbers (Fig 4G–L) and the massive overgrowth (Fig 4M–P)

seen in ex; mtm and ft; mtm double mutant flies.

Since Mtm has been reported to regulate PI(3,5)P2 level in cells

(Appendix Fig S4A) (Velichkova et al, 2010), we asked whether PI

(3,5)P2 dynamics contribute to the observed overgrowth seen in

mtm mutants. While we were not able to detect levels of PI(3,5)P2

in vivo due to the lack of specific probes, we found that RNAi

knocking down Fab1, a Drosophila PI3P 5-kinase that phosphory-

lates PI3P to generate PI(3,5)P2, had no effect on the abnormal

increase in interommatidial cell number in mtm mutant eyes

(Appendix Fig S4K and L), suggesting that PI(3,5)P2 unlikely plays

a role in Mtm growth control function. In addition to PI(3,5)P2, we

further examined whether Mtm regulates the dynamics of PI(4)P

and PI(4,5)P2, two membrane lipids with reported function in

regulating Hippo signaling (Yan et al, 2011; Chinthalapudi et al,

2018; Hong et al, 2020). We did not see detectable changes for PI(4)

P (Appendix Fig S5A and B) and PI(4,5)P2 (Appendix Fig S5D and

E) levels in mtm mutant clones, monitored by Osh2PH-GFP and

PLCd-PH-GFP reporters (Appendix Fig S5C), respectively. In addi-

tion, we found no apparent rescue of loss-of-mtm-caused extra

interommatidial cells with RNAi knockdown of PI4KIIIa
(Appendix Fig S5F) or Sktl (Appendix Fig S5G), two kinases

required for PI(4)P and PI(4,5)P2 productions, respectively. Taken

together, the data suggest that Mtm-mediated PI(3)P dynamics is

critical for its function in growth suppression.

Mtm regulates F-actin dynamics and actomyosin activity

Mtm has been suggested to regulate cortical actin cytoskeleton

remodeling in Drosophila hemocytes (Velichkova et al, 2010). We

therefore asked whether Mtm regulates F-actin during fly develop-

ment. Indeed, we found that loss-of-mtm caused a strong F-actin

accumulation in eye discs (Fig 5A), supporting the important in vivo

function of Mtm in F-actin remodeling. Importantly, while RNAi

knockdown of Pi3K68D itself has no detectable effect on F-actin

(Appendix Fig S6A), it largely abolished loss-of-mtm-induced

F-actin accumulation, suggesting Mtm modulates F-actin through

regulating PI(3)P level (Fig 5B).

F-actin is a major component of the actomyosin cytoskeleton,

and actomyosin-mediated cytoskeletal tension plays an important

role in regulating the Hippo pathway (Zhao et al, 2012; Sun &

◀ Figure 4. Mtm-mediated PI(3)P dynamics is critical for its function in growth suppression.

A–C PI(3)P expression levels detected by a 2xFYVE-GFP reporter in a third instar larval wing disc (A) and eye disc (B) containing mtm mutant clones (marked by the
absence of RFP). Quantification of the mean FYVE-GFP fluorescence intensity of mtm mutant clones and surrounding wild-type (WT) cells are shown (C). In all, 10
different mtm clones and surrounding regions in three biological replicates were used for the analysis. Note the strong increases in PI(3)P levels in the mtm mutant
clones. Data are shown as mean � SEM, ****P < 0.0001, Student t-test. Scale bars = 10 lm.

D–F Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium
in each genotype were shown in the lower right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note
pi3k68d RNAi almost completely suppressed loss-of-mtm-induced extra interommatidial cells. Scale bars = 10 lm.

G–L Pupal eye discs of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium in each genotype were shown in
the upper right corners of each panel. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note pi3k68d RNAi
dramatically suppressed the interommatidial cell increases in the mtm,ex and mtm,ft double mutant flies. Scale bars = 10 lm.

M–P Images of representative adult fly nota containing indicated mutant clones. Note that the massive notum tissue overgrowth was largely suppressed by pi3k68d
RNAi knockdown in mtm,ex or mtm,ft double mutant flies.

▸Figure 5. Mtm controls tissue growth through regulating actomyosin activity.

A F-actin visualization in a third instar larval eye disc containing mtm mutant clone (GFP positive) by phalloidin. Note the strong increase in F-actin staining in the
mtm clone. Scale bar = 20 lm.

B A third instar larval eye disc containing pi3k68d RNAi-overexpressing mtm mutant clones (GFP positive) was stained for F-actin. Note the strong rescue of loss-of-
mtm-induced F-actin accumulation by pi3k68d RNAi knockdown. Scale bar = 20 lm.

C–G Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for phospho-MLC (p-MLC). Note the increased p-MLC in mtm mutant clones
(D) and coexpressing pi3k68d RNAi suppressed the observed p-MLC increase (E). Also, note that the RNAi knockdown of Rok decreased p-MLC staining (F) and res-
cued the upregulation of p-MLC (G) induced by loss-of-mtm (G). Scale bars = 10 lm.

H, I Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium
in each genotype were shown in the lower right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note rok
RNAi almost completely suppressed loss-of-mtm-induced extra interommatidial cells. Scale bars = 10 lm.

J–O Pupal eye discs of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium in each genotype were shown in
the lower right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note Rok RNAi knockdown largely
suppressed the extra interommatidial cells seen in the mtm,ex and mtm,ft double mutant flies. Scale bars = 10 lm.

P–S Images of representative adult fly nota containing indicated mutant clones. Note that the massive notum tissue overgrowth seen in the mtm,ex double mutant
flies was largely rescued by rok RNAi.
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Irvine, 2016). The strong accumulation of F-actin in mtm mutant

clones prompted us to investigate whether Mtm regulates acto-

myosin activity. The non-muscle myosin II is a major mediator of

cytoskeletal tension regulated Hippo signaling (Rauskolb et al, 2014;

Deng et al, 2015). Its activity is regulated by phosphorylation of the

light chain of myosin II (MLC) (Vicente-Manzanares et al, 2009).

We therefore examined the activity of non-muscle myosin II by

detecting the phosphorylation of the light chain of myosin II (MLC)

(Vicente-Manzanares et al, 2009). Interestingly, we found increased

p-MLC in mtm mutant cells in both pupal eye disc (Fig 5C) and third

instar larva wing disc (Appendix Fig S6B), suggesting Mtm regulates

actomyosin activity. To test whether loss-of-mtm affects the basal

level of MLC, we examined the expression of a mCherry reporter

driven by spaghetti squash (sqh), the gene encoding MLC in Droso-

phila, in mtm mutant cells. We noticed mild upregulation of

mCherry expression in the mtm mutant tissue (Appendix Fig S6C),

suggesting that Mtm regulates actomyosin activity by affecting both

MLC basal expression and phosphorylation levels. To investigate

whether Mtm-mediated PI(3)P is critical in this process, we knocked

down Pi3K68D in mtm mutant clones and examined p-MLC level.

While RNAi knockdown of Pi3K68D had no detectable effect on p-

MLC (Fig 5D), it completely suppressed elevated p-MLC in mtm

mutant cells (Fig 5E).

Taken together, these results suggest that Mtm regulates F-actin

dynamics and actomyosin activity through PI(3)P dynamics.

Myosin activity but not increased F-Actin accumulation is critical
for tissue overgrowth induced by loss-of-mtm

F-actin and myosin are well recognized as important regulators of

tissue growth in the Hippo pathway in both Drosophila and mam-

malian systems (Boggiano & Fehon, 2012; Matsui & Lai, 2013; Gas-

par & Tapon, 2014; Sun & Irvine, 2016; Seo & Kim, 2018).

We therefore asked whether Mtm mediates tissue growth through F-

actin, myosin, or both.

First, we eliminated F-actin accumulation in mtm mutant clones

by RNAi knocking down Arpc1, an important component of Arp2/3

complex required for F-actin polymerization (Fig EV1C). Interest-

ingly, while F-actin accumulation was entirely suppressed in mtm

mutant clones overexpressing arpc1 RNAi (Fig EV1A–C), no rescue

of extra interommatidial cells was found (Fig EV1D and E), suggest-

ing the observed F-actin accumulation is dispensable for mtm

mutant overgrowth. More interestingly, we found that p-MLC

remained elevated in mtm mutant clones overexpressing arpc1 RNAi

(Fig EV1F and G), suggesting decoupled regulation of F-actin

dynamics and myosin activity by Mtm. This finding is consistent

with a previous report that loss-of-spectrin activates myosin and

inhibits Hippo signaling without affecting the actin cytoskeleton

(Deng et al, 2015) and is supported by our observation that loss-of-

hpo led to strong F-actin accumulation but normal MLC activity

(Fig EV1H and I).

Next, we asked whether myosin activity is critical for Mtm in reg-

ulating tissue growth and the Hippo pathway. The phosphorylation

of MLC is mediated by multiple kinases in Drosophila, including

Rho-associated protein kinase (Rok) (Vicente-Manzanares et al,

2009; Deng et al, 2015; Xu et al, 2018). As expected, knockdown of

Rho kinase (Rok) by RNAi effectively inhibited actomyosin activity,

evidenced by decreased p-MLC level (Fig 5F). Strikingly, loss-of-

mtm-induced p-MLC and interommatidial cell number increases

were entirely suppressed by rok RNAi (Fig 5G–I). RNAi knockdown

of sqh also largely suppressed mtm mutant-induced interommatidial

cell number increase (Appendix Fig S6D and E). Taken together,

these results suggest that myosin activity but not the increased F-

actin accumulation is critical for loss-of-mtm-induced overgrowth.

Having established actomyosin as the major downstream effector

of Mtm in growth control, we next examined whether actomyosin

mediates the synergistic interactions between Mtm and Hippo path-

way upstream regulators. Indeed, RNAi knockdown of rok largely

suppressed the massive extra interommatidial cells seen in ex, mtm

and ft, mtm double mutant clones (Fig 5J–O). Consistent with the

suppression of extra interommatidial cells, rok RNAi also inhibited

the massive tissue overgrowth seen in the adult nota of mtm, ex

double mutant flies (Fig 5P–S). These results suggest that acto-

myosin mediates the synergistic interactions between Mtm and

Hippo pathway.

We have shown that RNAi knockdown of Mtm expression in

Kc167 cells led to decreased Yki phosphorylation. To answer the

question of whether Mtm regulates Yki phosphorylation through

actomyosin, we treated Kc167 cells with LatB and examined the

effect of Mtm RNAi knockdown on LatB-induced Yki phosphoryla-

tion. Surprisingly, we found that RNAi knockdown of Mtm largely

inhibited LatB-induced Yki phosphorylation in Kc167 cells

(Appendix Fig S6F). Since LatB treatment leads to depolymerization

of F-actin and subsequent disruption of actomyosin cytoskeleton,

the inhibition of LatB-induced Yki phosphorylation by Mtm RNAi in

Kc167 cells is unlikely actomyosin dependent. This result therefore

suggests that Mtm may have actomyosin independent function in

regulating Hippo signaling in Kc167 cells.

Rab11 mediates Mtm-regulated actomyosin activity and tissue
growth

Mtm is an inositol phosphatase highly efficient for dephosphoryla-

tion of PI(3)P, which is greatly enriched in the early endosome,

where it serves as a binding platform to recruit effector proteins

such as early endosome antigen 1 and Rabenosyn-5 to instruct

proper endosomal transport, fusion, and maturation (Simonsen

et al, 1998; Gillooly et al, 2000; Nielsen et al, 2000; Lindmo & Sten-

mark, 2006; Robinson & Dixon, 2006; Balla, 2013). During this pro-

cess, the Rab GTPases such as Rab5 and Rab7 play essential roles in

assisting the membrane localization of the effector proteins (Simon-

sen et al, 1998; Nielsen et al, 2000; Stenmark, 2009). Abnormal ele-

vation or deficiency of PI(3)P causes severe endosomal trafficking

defects (Zoncu et al, 2009; Morel et al, 2013; Singla et al, 2019; Ste-

infeld et al, 2021). Therefore, we asked whether loss-of-mtm leads

to endosomal trafficking defects and, if so, whether such defects

account for the elevated actomyosin activity seen in mtm mutants.

To answer these questions, we first examined the expression of two

key components of endocytic trafficking: Rab5, an early endosome

marker, and Rab7, a late endosome marker, in mtm mutant clones.

Interestingly, we found dramatic accumulations of both Rab5 and

Rab7 in mtm mutant cells (Fig EV2A and B), suggesting defects of

endocytic trafficking. The defective vesicular trafficking was further

confirmed by a transferrin endocytosis uptake assay showing a

strong accumulation of intracellular transferrin in mtm mutant folli-

cle cells (Fig EV2L).
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To determine the role of Rab5 and Rab7 in loss-of-mtm-induced

tissue growth, we manipulated the activities of Rab5 and Rab7 in

mtm mutant clones and examined the interommatidial cell number

changes. We found that overexpression of a dominant negative form

of Rab5, Rab5S43N, or a constitutively active form of Rab5, Rab5Q88L,

in mtm mutants still induced obvious extra interommatidial cells

(Fig EV2C and D). Similarly, overexpression of a dominant negative

form of Rab7, Rab7T22N (Fig EV2E), or a constitutively active form

of Rab7, Rab7Q67L (Fig EV2F), in mtm mutants induced a compara-

ble amount of extra interommatidial cells as mtm single mutant tis-

sue did. These results suggest Rab5 and Rab7 may not be directly

involved in Mtm deficiency-mediated tissue overgrowth.

In addition to early and late endocytosis represented by Rab5

and Rab7, respectively, the Rab11 GTPase is actively involved in

exocytosis and endocytic recycling. Rab11 activation plays a critical

role in maintaining proper plasma membrane dynamics and identi-

ties. Recent work in mammalian cells demonstrated that spatially

regulated PI(3)P turnover is associated with Rab11 activation and

subsequent release of recycling cargos from endosomes (Jean et al,

2012; Campa et al, 2018). Interestingly, MTM1, another mammalian

homolog of Mtm, has been shown to control PI(3)P hydrolysis and

associated Rab11 activity (Campa et al, 2018). We therefore rea-

soned that the long-lasting accumulation of PI(3)P in mtm mutant

tissue may fail to maintain proper Rab11 activity, leading to cellular

trafficking defects and tissue overgrowth seen in mtm mutant flies.

To test this hypothesis, we first examined the level of Rab11 in mtm

mutant clones. We found that Rab11 accumulated in mtm mutant

clones (Fig 6A), indicating Rab11 functional defects. To further

investigate the role of Rab11 in loss-of-mtm-induced growth defects,

we first overexpressed a dominant negative form of Rab11,

Rab11S25N, in mtm mutant tissues and investigated its effect on loss-

of- mtm-induced tissue overgrowth. Overexpression of Rab11S25N in

mtm mutant pupal retina produced many more extra interomma-

tidial cells than the mtm single mutant did (Fig 6B and C). Next, we

tested the effect of overexpression of a constitutively active form of

Rab11, Rab11Q70L, in mtm mutant tissues. Strikingly, overexpres-

sion of Rab11Q70L completely rescued the extra interommatidial cells

seen in mtm mutant pupal retina (Fig 6D). Importantly,

overexpression of Rab11Q70L itself had no visible effect on pupal

retina interommatidial cells (Fig EV2G). Furthermore, we found that

overexpression of Rab11Q70L almost completely blocked the increase

in p-MLC (Fig 6E and F) and the accumulations of F-actin (Fig EV2I

and J) in mtm mutant tissues. These results suggest that loss-of-

mtm-induced actomyosin activity and tissue overgrowth are caused

by impaired Rab11 activity. To further confirm the idea, we tested

whether overexpression of a dominant negative Rab11, Rab11S25N,

shows similar growth regulatory defects and actomyosin activity as

loss-of-mtm. If loss-of-mtm functions through inactivating Rab11 to

enhance actomyosin activity and induce tissue overgrowth, overex-

pression of Rab11S25N should phenocopy the effects of Mtm deple-

tion. Indeed, overexpression of Rab11S25N induced an increase in

interommatidial cells (Fig 6G) and p-MLC level in the pupal retinas

(Fig 6H), and F-actin accumulation in eye disc (Fig EV2K), similar

to that seen in mtm mutant tissues.

Taken together, these results suggest that Rab11 activity medi-

ates Mtm’s regulatory function of actomyosin activity and tissue

growth. Interestingly, overexpression of Rab11Q70L showed no obvi-

ous effect on accumulations of Rab5 and Rab7 in the mtm mutant

tissues (Fig EV3A–D), which, however, were completely blocked by

Pi3K68D RNAi (Fig EV3E and F), suggesting that Rab5 and Rab7

endosomal accumulations result from PI(3)P increase. In addition,

accumulation of Rab11 in mtm mutant tissues was also completely

blocked by Pi3K68D RNAi (Fig EV3G and H), indicating that Rab11

functional defects are results of abnormal PI(3)P elevation.

Having established Rab11 as a key functional link between PI(3)

P and actomyosin in Mtm-mediated tissue growth control, we next

examined whether Rab11 mediates the synergistic interactions

between Mtm and Hippo pathway regulators. Indeed, Rab11Q70L

overexpression largely suppressed the massive extra interomma-

tidial cells seen in ex,mtm and ft,mtm double mutant pupal retina

(Fig 6I–N). Consistently, while overexpression of Rab11Q70L alone

did not induce abnormal tissue growth, it completely inhibited the

massive tissue overgrowth of mtm, ex and mtm, ft double mutant

flies (Fig 6O–T). We also found dramatically increased interomma-

tidial cells in mer; UAS-Rab11S25N and ex; UAS-Rab11S25N double

mutant clones (Fig EV2M and N), further supporting that Rab11

▸Figure 6. Rab11 mediates Mtm-regulated actomyosin activity and tissue growth.

A A third instar larval eye disc containing mtm mutant clones (marked by the absence of GFP) was stained for Rab11. Note the increase in Rab11 staining in mtm
mutant clones. Scale bar = 20 lm.

B–D Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium
in different genotypes were shown in the lower right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note
coexpression of the dominant negative Rab11, Rab11S25N, increased the extra interommatidial cells in mtm mutant tissue (C) while coexpression of the
constitutively active Rab11, Rab11Q70L, almost completely rescued the extra interommatidial cells in mtm mutant tissue (D). Scale bars = 10 lm.

E, F Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for p-MLC. Note that Rab11Q70L coexpression largely suppressed the p-MLC
upregulation induced by loss-of-mtm. Scale bars = 10 lm.

G Pupal eye disc containing clones (GFP positive) overexpressing the dominant negative Rab11 was stained for Dlg. The average number of extra interommatidial
cells per ommatidium in the clones was shown in the lower right corner. 10 ommatidia from different clone regions were used for the quantification. Note the
overexpression of the dominant negative Rab11, Rab11S25N, increased a similar amount of extra interommatidial cells as that seen in mtm mutant tissue. Scale
bar = 10 lm.

H Pupal eye disc containing clones (GFP positive) overexpressing the dominant negative Rab11 was stained for p-MLC. Note that Rab11S25N overexpression mildly
promoted the p-MLC upregulation. Scale bar = 10 lm.

I–N Pupal eye discs of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium in each genotype were shown in
the lower right corners. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note overexpression of Rab11Q70L largely
suppressed the extra interommatidial cells seen in the mtm,ex or mtm,ft double mutant flies (K and N). Scale bars = 10 lm.

O–T Images of representative adult fly nota containing indicated mutant clones. Note that the massive notum tissue overgrowth seen in mtm,ex (P) or mtm,ft (Q)
double mutant flies was largely suppressed by Rab11Q70L co-expression.
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mediates the synergistic interactions between Mtm and Hippo path-

way regulators.

Mtm regulates multiple membrane-associated proteins

Rab11-mediated vesicular trafficking is important in maintaining

plasma membrane integrity, including the proper distribution of var-

ious membrane-associated proteins. Interestingly, we found a strong

accumulation of Rho1, a key regulator that activates non-muscle

myosin-II through Rok kinase, in mtm mutant follicle cells

(Fig EV4A). In particular, the Rho1 accumulation is most obvious at

apical lateral junctions and apical cortex in mtm mutant follicle cells

(Fig EV4A). The Rho1 accumulation was also observed in Rab11S25N

overexpression follicle cells (Fig EV4B), further suggesting Rab11

activity is critical for proper Rho1 expression and localization. The

observed Rho1 accumulation in mtm mutant cells was completely

suppressed by Rab11Q70L overexpression (Fig EV4C), suggesting

Rab11 dysfunction underlies mtm mutant-induced Rho1 abnormal-

ity. Importantly, RNAi knockdown of Pi3K68D completely sup-

pressed abnormal Rho1 accumulation (Fig EV4D), suggesting a

critical role of Mtm-mediated PI3P dynamics in Rho1 membrane dis-

tribution. To ask whether the observed accumulation of Rho1 is crit-

ical for Mtm in regulating tissue growth, we overexpressed Rho1

RNAi in mtm mutant cells. Strikingly, while overexpressing Rho1

RNAi completely suppressed Rho1 protein accumulation, it did not

suppress the elevated p-MLC and the increased interommatidial

cells of mtm mutants (Fig EV4E–G). Therefore, it is unlikely that

Mtm regulates tissue growth through Rho1. Interestingly, we found

that while Rho1 RNAi had no effect on p-MLC increase, it com-

pletely suppressed the F-actin accumulation in mtm mutant cells

(Fig EV4H), suggesting Mtm may regulate F-actin remodeling

through Rho1. This observation further supports our finding that F-

actin accumulation induced by loss-of-mtm and actomyosin activa-

tion are decoupled.

Loss-of-mtm also promoted similar membrane accumulations

of DE-cadherin (Fig EV5A), Armadillo (Fig EV5B), and aPKC

(Fig EV5C). However, like Rho1 RNAi, knockdown of these

membrane-associated proteins had no rescues on loss-of-mtm-

induced tissue overgrowth (Fig EV5D–I), suggesting that the

detected membrane protein accumulations are not critical for mtm

mutant overgrowth.

Next, we examined the localization of several membrane-

associated Hippo pathway components, including Ex, Merlin, Kibra,

Crumbs, and a-Spectrin. We found that localizations of these pro-

teins are not affected, although a mild accumulation of Ex at the api-

cal membrane was found (Appendix Fig S7A–H). To test the

possibility that the observed rescue with constitutively active

Rab11Q70L may have resulted from increased apical Crumbs traffick-

ing, we overexpressed Rab11Q70L in mtm mutant cells. We found no

detectable changes in the level and the localization of Crumbs

(Appendix Fig S7I). Co-deletion of Crumbs further enhanced mtm

mutant overgrowth (Appendix Fig S7J and K), suggesting that

Crumbs, like other upstream regulators, functions in parallel with

Mtm in the Hippo pathway.

Together, these results suggest that Mtm-regulated various

Rab11-dependent membrane proteins may not be directly involved

in Mtm-mediated growth control.

Conserved function of human MTMR2

It has been reported that co-expression of myotubularin related

protein-2 (MTMR2), the human orthologue of Drosophila Mtm, is

able to rescue the lethality of mtm mutant flies, suggesting Mtm is

functionally conserved in mammals (Velichkova et al, 2010). To fur-

ther investigate whether MTMR2 has conserved function in growth

control, we generated transgenic flies carrying full-length human

MTMR2 cDNA. As reported, ectopic expression of MTMR2 fully res-

cued the lethality of the mtm mutant flies (Fig 7M). Importantly, we

found that ectopic expression of MTMR2 fully inhibited the extra

interommatidial cells caused by loss-of-mtm (Fig 7A and B). More-

over, co-expression of MTMR2 also largely suppressed the extra

interommatidial cells (Fig 7C–F) and massive overgrowth seen in

ex, mtm and ft, mtm double mutant flies (Fig 7G–L). These results,

therefore, suggest that MTMR2 has conserved function in the Hippo

pathway.

Mutations of the MTMR2 gene are major causes of CMT4B1 dis-

ease, a hereditary demyelinating neurodegenerative disorder charac-

terized by focally folded myelin of the peripheral nerves in both

▸Figure 7. Conserved function of MTMR2 in tissue growth regulation.

A, B Pupal eye discs containing mtm mutant clones (GFP positive) with or without wild-type MTMR2 or disease-linked MTMR2G103 co-expression were stained for Dlg.
The average numbers of extra interommatidial cells per ommatidium in each genotype were shown in the lower right corners. 10 ommatidia from different clone
regions in each genotype were used for the quantification. Note co-expression of the wild-type human MTMR2 almost completely suppressed loss-of-mtm-
induced extra interommatidial cells. Scale bars = 10 lm.

C–F Pupal eye discs of indicated genotypes were stained for Dlg. The average numbers of extra interommatidial cells per ommatidium in each genotype were shown in
the upper right corners of each panel. 10 ommatidia from different clone regions in each genotype were used for the quantification. Note co-expression of human
MTMR2 greatly suppressed the massive extra interommatidial cells seen in the mtm,ex and mtm,ft double mutant flies. Scale bars = 10 lm.

G–L Images of representative adult fly nota containing indicated mutant clones. Note the massive notum tissue overgrowth seen in mtm,ex (H) or mtm,ft (K) double
mutant flies was largely suppressed by MTMR2 co-expression.

M Rescue of mtm null mutant lethality by wild-type and disease-linked MTMR2. Expressions of the wild-type and disease-linked MTMR2 were driven by Tub-GAL4.
Numbers (n) of progeny flies with the indicated genotypes were shown. The theoretical ratio between mtm�/� and mtm�/+ progeny flies overexpressing MTMR2
should be 1:2. Note overexpression of the wild type MTMR2 completely rescued fly lethality caused by loss-of-mtm while overexpression of disease-linked MTMR2,
MTMR2G103, completely failed to rescue fly lethality.

N A pupal eye disc containing mtm mutant clone (GFP positive) with MTMR2G103 co-expression were stained for Dlg. The average number of extra interommatidial
cells per ommatidium in the clones was shown in the lower right corner of the panel. 10 ommatidia from different clone regions were used for the quantification.
Note co-expression of MTMR2G103 partially suppressed loss-of-mtm-induced extra interommatidial cells. Scale bar = 10 lm.

O–Q Pupal eye discs containing clones (GFP positive) of indicated genotypes were stained for p-MLC. Note the increased p-MLC was completely rescued by MTMR2 but
not MTMR2G103E co-expression in mtm mutant clone. Scale bar = 10 lm.
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human and mouse models (Bolino et al, 1996, 2000; Bonneick et al,

2005). To explore the underlying pathogenesis of CMT4B1, we gen-

erated a transgenic fly carrying a disease-linked MTMR2 mutation,

MTMR2G103E, a mutation identified in a family of English origin that

caused typical CMT4B1 symptoms (Houlden et al, 2001). Consistent

with its reported low catalytic activity (Berger et al, 2002),

MTMR2G103E co-expression failed to rescue the lethality of mtm

mutant flies (Fig 7M). We then examined whether overexpression of
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MTMR2G103E can rescue the growth defects seen in mtm mutant

pupal retina. Interestingly, unlike a complete rescue by wild-type

MTMR2 overexpression, MTMR2G103E overexpression only partially

rescued the increased interommatidial cells caused by mtm loss-of-

function (Fig 7N). Next, we compared the effects of overexpressing

wild-type MTMR2 vs. MTMR2G103E mutant on loss-of-mtm induced

cellular defects, including endocytic trafficking impairments, F-actin

accumulation, and p-MLC increase. Strikingly, co-expression of

wild-type MTMR2 fully rescued the Rab5 (Appendix Fig S8A and B),

Rab7 (Appendix Fig S8D and E), and Rab11 (Appendix Fig S8G and H)

accumulations, F-actin enrichment (Appendix Fig S8J and K), and

p-MLC elevation (Fig 7O and P) in mtm mutant clones, demon-

strating the cellular function of MTMR2 in the regulation of endo-

cytic trafficking and actomyosin activity is conserved. However,

co-expression of MTMR2G103E only partially rescued loss-of-mtm-

induced Rab5 (Appendix Fig S8C), Rab7 (Appendix Fig S8F), and

Rab11 (Appendix Fig S8I) accumulations, F-actin enrichment

(Appendix Fig S8L), and p-MLC elevation (Fig 7Q). The incomplete

rescue of mtm mutant cellular function by MTMR2G103E familiar

mutation suggests that defects in endocytic trafficking and subse-

quent F-actin remolding and actomyosin activation contribute to

the underlying pathogenesis of CMT4B1 disease.

Discussion

The Hippo pathway has emerged as a key signaling pathway that

controls organ size in both flies and mammals (Pan, 2010; Halder &

Johnson, 2011; Harvey & Hariharan, 2012; Yu et al, 2015; Kim &

Jho, 2018; Misra & Irvine, 2018). Despite the well-studied core

kinase cascade and the downstream transcriptional machinery, the

upstream regulation of the Hippo pathway remains less understood.

Accumulating evidence suggests the involvement of membrane

phospholipids in Hippo pathway upstream regulation. The confor-

mational change of the Hippo pathway upstream regulator Merlin

(NF2 in human) is associated with membrane phosphatidylinositol

4,5-bisphosphate (PI(4,5)P2) binding (Chinthalapudi et al, 2018).

The osmotic stress-induced PI(4,5)P2 enrichment at the plasma

membrane is critical in NF2-mediated Hippo pathway activation

(Hong et al, 2020). Through direct lipid–protein binding, the

phosphatidic-acid-related lipid signaling functions as a key regulator

of the Hippo pathway (Han et al, 2018). In Drosophila, the phos-

phatidylinositol 4-kinase (PI4KIIIalpha), a PI4-kinase that catalyzes

the production of PI(4)P, is required in follicle cells for Merlin apical

localization and Hippo signaling activation (Yan et al, 2011). In this

study, we identified the phosphatidylinositol-3-phosphatase, Mtm,

as a novel upstream regulator of the Hippo pathway. Mtm has

known function in controlling phosphatidylinositol 3-phosphate (PI

(3)P) dynamics (Velichkova et al, 2010). Importantly, the RNAi

knockdown of Pi3K68D, the class II PI3-kinase known for the pro-

duction of PI(3)P, suppressed loss-of-mtm-induced growth defects

and largely inhibited the synergistic interactions seen between Mtm

and multiple Hippo pathway upstream regulators. Therefore, our

study suggests a critical role of the membrane lipid PI(3)P in Hippo

pathway regulation and provides a novel functional link between

membrane lipid dynamics and growth control.

Our study also shows that PI(3)P dynamics is a novel mode of

upstream regulation of the actomyosin cytoskeleton in the Hippo

signaling pathway. The actomyosin skeleton is known to serve as a

hub to relay multiple input signals to the Hippo pathway. However,

little is known about its upstream regulation. Recent studies uncov-

ered the spectrin-based membrane skeleton as an upstream regula-

tor of actomyosin cytoskeleton to regulate Hippo pathway signaling

and tissue growth (Deng et al, 2015, 2020; Fletcher et al, 2015).

Here our work suggests that membrane PI(3)P dynamics regulate

actomyosin activity and function as a novel upstream input of acto-

myosin in the Hippo pathway. The PI(3)P-mediated actomyosin

activity is physiologically important in regulating Hippo signaling

and tissue growth based on our finding that inhibition of acto-

myosin activity by knocking down either Pi3K68D (the kinase

required for PI(3)P synthesize) or Rok (the kinase required for acto-

myosin activation) completely suppressed the growth defects in

mtm single mutant flies and further, the synergistic massive tissue

overgrowth of representative double mutant flies between mtm and

Hippo pathway regulators ex and ft. Our work therefore uncovered

membrane lipid dynamics, specifically PI(3)P dynamics, as a critical

regulator of the actomyosin cytoskeleton in Hippo signaling and

growth control.

The apical cytocortex of epithelial cells functions as a critical site

for the Hippo signaling activation regulated by tension-sensing

mechanisms and other upstream regulators (Rauskolb et al, 2014;

Su et al, 2017). Our study suggests a model that Mtm regulates PI(3)

P-associated Rab11 activity and subsequent actomyosin activity

through Rab11-mediated vesicular trafficking. This model is sup-

ported by the finding that overexpression of a constitutively active

form of Rab11 completely suppressed loss-of-mtm-caused cellular

defects, including enhanced actomyosin activity and increased

interommatidial cells. More convincing is that overexpression of a

dominant negative form of Rab11 phenocopies the observed cellular

defects of mtm mutant cells and the synergistic interactions between

Mtm and upstream regulators of the Hippo pathway. It is worth not-

ing that endocytosis defects have been reported in Drosophila for

mer;ex and hpo mutant cells in multiple tissues (Maitra et al, 2006;

Yu et al, 2008). It will be interesting to explore the regulatory rela-

tionship between Mtm-mediated vesicle trafficking and those medi-

ated by known Hippo pathway regulators and further their

respective cellular mechanisms in controlling Hippo signaling activ-

ity and tissue growth.

Two unknowns require further investigation to fully understand

the function of Mtm in the Hippo pathway. First, the molecular

mechanism of how Mtm regulates Rab11 activity remains unclear.

The endocytic recycling pathway controls the plasma membrane

content by regulating the recycling of cargo molecules from early

endosomes to the cell surface, which requires the proper function of

Rab11 for exocytosis and endocytic recycling (Ullrich et al, 1996;

Campa & Hirsch, 2017). Our data suggest that Mtm-mediated PI(3)P

dynamics are critical for Rab11 function. Consistently, it has been

reported that the transport of cargo molecules from peripheral early

endosomes to perinuclear endocytic recycling compartments

requires the proper level of PI(3)P and activation of Rab11 (Franco

et al, 2014; Campa et al, 2018). Deficiency of PI(3)P level resulting

from depletion of PI3K-C2a was reported to cause mislocalization

and functional inactivation of Rab11, leading to primary cilium elon-

gation defects in the mouse embryonic fibroblasts (Franco et al,

2014). Our study shows that excess PI(3)P resulting from mtm loss-

of-function leads to accumulation and likely functional impairment
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of Rab11, leading to enhanced actomyosin activity and tissue over-

growth. Thus, it seems that Rab11 functional activity requires

proper amount of PI(3)P. Whereas excessive or deficient amounts of

PI(3)P may lead to improper regulation of Rab11 activities. It will be

interesting to investigate exactly how PI(3)P dynamics mediate

Rab11 activity and subsequent cellular function in the Hippo path-

way.

Additionally, it is unclear how Rab11 mediates the function of

Mtm in the Hippo pathway and growth control. Our study suggests

three major cellular functions of Mtm mediated by Rab11: F-actin

dynamics, membrane protein distribution, and actomyosin activity.

While our results suggest that actomyosin functions as the most

downstream effector of Mtm in growth control, we were surprised

to see that increased F-actin accumulation is not critical for tissue

overgrowth induced by the loss-of-mtm. Given that both F-actin and

actomyosin are known to regulate the Hippo pathway and tissue

growth, it will be important to further investigate their regulatory

relationships and respective contributions to the Hippo pathway at

the cellular level. In addition to F-actin accumulation, accumula-

tions of multiple membrane proteins were found in mtm mutants,

including Rho1, DE-Cad, Arm, and aPKC. However, our further

investigation suggests that the growth control function of Mtm is

unlikely mediated by the distribution of any single membrane pro-

tein we investigated, although we cannot exclude the possibility that

integrated effects of multiple membrane proteins underly the molec-

ular mechanism of Mtm function in growth control and its synergis-

tic interactions with the Hippo pathway.

It is worth mentioning that previous studies have suggested criti-

cal roles of intracellular vesicular trafficking in activating Hippo sig-

naling at the plasma membrane (Verghese & Moberg, 2019). Studies

in mice also indicated a critical role of Rab11 in suppressing Yap

activity by maintaining LATS kinase activity and YAP localization at

adherens junctions (D’Agostino et al, 2019; Goswami et al, 2021).

Whether Rab11 functions similarly to regulate the activity of Wts,

Yki, or both downstream of Mtm would be a question to be

addressed.

An unexpected finding in this study concerns the actomyosin-

independent function of Mtm on Yki phosphorylation in Kc167 cells.

While actomyosin has been linked to the Hippo signaling, the role

of actomyosin on Yki/YAP phosphorylation remains unclear. In cer-

tain mammalian cell culture conditions, suppressing actomyosin

activity has a minor effect on YAP phosphorylation, a quite distinct

observation from LatB or Cyto D treatment where YAP phosphoryla-

tion is elevated significantly (Zhao et al, 2012). Therefore, the

observed inhibition of LatB-induced Yki phosphorylation by Mtm

RNAi in Kc167 cells could be a cell-type-specific effect that is acto-

myosin independent. Alternatively, Mtm/Actomyosin-mediated tis-

sue growth, specifically interommatidial cell number, may not

necessarily correlate with Yki phosphorylation. The actomyosin-

independent function of Mtm in Yki phosphorylation/activity and

the in vivo role of Yki/Sd transcriptional machinery in Mtm/

Actomyosin-mediated growth need further investigation.

Mutations in MTMR2, the human homolog of Drosophila Mtm,

cause autosomal recessive CMT4B1 disease, a disorder resulting

from defects of myelination in the peripheral nervous system

(Bolino et al, 2000, 2004). The underlying molecular mechanisms

remain unclear. Our work suggests that defects of endocytic traffick-

ing and actomyosin activation contribute to the pathogenesis of the

CMT4B1 disease. This finding is supported by a previous report

showing that in mammals, the actin cytoskeletal regulator neural

Wiskott–Aldrich syndrome protein (N-WASp) is critical for Schwann

cell maturation and peripheral nerve myelination(Jin et al, 2011).

More recent work in mice connected aberrant myelin synthesis to

actomyosin function dysregulation in CMT4B1 neuropathy

(Guerrero-Valero et al, 2021), further supporting our conclusion.

Both NF2 and YAP/TAZ are involved in peripheral nerve myelina-

tion (Giovannini et al, 2000; Guo et al, 2012; Grove et al, 2017).

However, a connection between Hippo signaling dysregulation and

peripheral demyelinating disorders has not been established. By

identifying Mtm/MTMR2-mediated membrane lipid PI(3)P dynamics

as a novel upstream regulation of actomyosin and linking Mtm/

MTMR2 to Hippo signaling, our work sheds novel insights into the

mechanistic basis of peripheral nerve myelination and related

human disorders.

Materials and Methods

Drosophila genetics

Wild-type male flies were treated with EMS overnight to induce ran-

dom genomic mutation. 40A-B89 was identified as a lethal growth-

regulatory candidate. UAS-GFP-myc-2xFYVE (mobilized to the third

chromosome by D2-3 mobilization), UAS-2xOsh2PH-GFP, and UAS-

PLCd-PH-EGFP were recombined with Tub-Gal4 for further analysis

with mtmnull mutant. Fly stocks obtained from the Bloomington

Drosophila Stock Center include the following: UAS-pi3k68dRNAi

(stock IDs 35265, 34621, 31252), UAS-vps34RNAi (stock IDs 33384

and 36056), UAS-sqh-mCherry (stock ID 59024), UAS-rokRNAi

(stock ID 34324), UAS-sqhRNAi (stock ID 33891), UAS-rab5S43N

(stock ID 9772), UAS-rab5Q88L (stock ID 9773), UAS-rab7T22N (stock

ID 9778), UAS-rab7Q67L (stock ID 9779), UAS-rab11S25N (stock ID

23261), UAS-rab11Q70L (stock ID 9791), UAS-GFP-myc-2xFYVE

(stock ID 42712), UAS-2xOsh2PH-GFP (stock ID 57353), UAS-PLCd-
PH-GFP (stock ID 39693), Tub-Gal4 (stock ID 5138), UAS-fab1RNAi

(stock ID 35793), vps34Dm22 (a gift from Gabor Juhasz), UAS-

sktlRNAi (stock ID 27715), UAS-PI4KIIIaRNAi (stock ID 35256),

UAS-arpc1RNAi (stock ID 31246), exe1, ft8, mer4, kibraD, crb82-04,

hpo42-48, pten129 (gifts from Duojia Pan), UAS-rho1RNAi (stock ID

9910), UAS-shgRNAi (stock ID 32904), UAS-armRNAi (stock ID

35004), UAS-aPKCRNAi (stock ID 34332). All crosses were

performed at 25°C.

Generation of mtm mutant alleles
The method was adapted from a previous report (Ren et al, 2013).

Briefly, two mtm targeting sgRNAs were designed at DRSC/Trip

Functional Genomics Resources (https://www.flyrnai.org/crispr/

index.html). The sgRNA 1 targeting sequence was 50-CCGTAC
CGCGGCCCCGTCTT-30, and the sgRNA 2 targeting sequence was 50-
AGTATAGGCCCTTCCACAAG-30. The two sgRNAs were cloned into

the U6b-sgRNA-short vector, verified by sequencing and then

injected into the transgenic Cas9 fly (stock ID 54591). The parent F0

adult files were used for propagation of progeny, and the primary

screening was performed at the F1 progeny using the screening

primers below: F1, 50-TTGCGTGAGTTGGCAGC-30; F2, 50-GCGAC
CAAGCTAAACGAG-30; R, 50-CTGAGCTGCGAAAACGC-30.
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Genotypes used for generating mutant clones or MARCM clones
are shown below
mtm,mer, ex, ft, kibra, and Crb clones generated with eyFlp or hsFlp

eyFlp/+; FRT40A GFP/FRT40A mtmB89

eyFlp/+; FRT40A GFP/FRT40A mtmnull

eyFlp/+; FRT40A GFP/FRT40A mtmDN

eyFlp/+; FRT40A GFP/FRT40A mtmDC

hsFlp/+; FRT40A GFP/FRT40A mtmnull

eyFlp FRT19A GFP/ FRT19A mer4

eyFlp/+; FRT40A GFP/FRT40A exe1

eyFlp/+; FRT40A GFP/FRT40A ft8

eyFlp/+; FRT82B GFP/ FRT82B kibradel

eyFlp/+; FRT82B GFP/ FRT82B Crbdel

mer;mtm, ex,mtm, ft,mtm, mtm;kibra double mutant clones

FRT19A mer4/Y; FRT40A GFP [mer+]/FRT40A mtmnull; eyFlp/+

FRT19A mer4/Y; FRT40A GFP [mer+]/FRT40A mtmDN; eyFlp/+

FRT19A mer4/Y; FRT40A GFP [mer+]/FRT40A mtmDC; eyFlp/+

eyFlp/+; FRT40A GFP/FRT40A exe1,mtmDN

eyFlp/+; FRT40A GFP/FRT40A exe1,mtmDC

eyFlp/+; FRT40A GFP/FRT40A exe1,mtmnull

eyFlp/+; FRT40A GFP/FRT40A ft8,mtmnull

eyFlp/+; FRT40A GFP/FRT40A mtmnull; FRT82B RFP/ FRT82B

kibradel

eyFlp/+; FRT40A GFP/FRT40A mtmnull; FRT82B RFP/ FRT82B

Crbdel

mtm clones with PI(3)P, PI(4)P, PI(4,5)P2 reporters

hsFlp/+; FRT40A RFP/FRT40A mtmnull; Tub-Gal4, UAS-GFP-

myc-2xFYVE/+

hsFlp/+; FRT40A RFP/FRT40A mtmnull; Tub-Gal4, UAS-

2xOsh2PH-GFP/+

hsFlp/+; FRT40A RFP/FRT40A mtmnull; Tub-Gal4, UAS-PLCd-
PH-EGFP/+

MARCM clones overexpressing pi3k68dRNAi, rokRNAi, sqhRNAi,

arpc1RNAi, rab11, and MTMR2

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

pi3k68dRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

sqhRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

arpc1RNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

rab11Q70L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A; Tub-Gal4/UAS-

MTMR2

Flip-out clones overexpressing rab11S25N

hsFlp/+; Act>CD2>Gal4, UAS-GFP/+; UAS-rab11S25N/+

mtm, mer, ex, ft, hpo, ex,mtm, ft,mtm MARCM clones with or

without overexpressing pi3k68dRNAi, sqh-mCherry, rho1RNAi,

rokRNAi, sqhRNAi, vps34RNAi, fab1RNAi, sktlRNAi, PI4KIIIaRNAi,
arpc1RNAi, shgRNAi, armRNAi, aPKCRNAi, rab5, rab7, rab11 and

MTMR2

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/+

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-pi3k68dRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-vps34RNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-fab1RNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-sktlRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-PI4KIIIaRNAi
UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-sqh-mCherry

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1,mtmnull; Tub-

Gal4/+

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8,mtmnull; Tub-

Gal4/+

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1,mtmnull; Tub-

Gal4/UAS-pi3k68dRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8,mtmnull; Tub-

Gal4/UAS-pi3k68dRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-arpc1RNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rho1RNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-sqhRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1,mtmnull; Tub-

Gal4/UAS-rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8,mtmnull; Tub-

Gal4/UAS-rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab5S43N

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab5Q88L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab7T22N

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab7Q67L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab11S25N

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-rab11Q70L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1,mtmnull; Tub-

Gal4/UAS-rab11Q70L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8,mtmnull; Tub-

Gal4/UAS-rab11Q70L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-shgRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-armRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-aPKCRNAi
UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-MTMR2

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A mtmnull; Tub-Gal4/

UAS-MTMR2G103E

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1,mtmnull; Tub-

Gal4/UAS-MTMR2

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1; Tub-Gal4/UAS-

UAS-pi3k68dRNAi
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UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8; Tub-Gal4/UAS-

UAS-pi3k68dRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1; Tub-Gal4/UAS-

rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8; Tub-Gal4/UAS-

rokRNAi

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1; Tub-Gal4/UAS-

rab11Q70L

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A ft8; Tub-Gal4/UAS-

rab11Q70L

Tub-Gal80, hsflp, FRT19/FRT19 mer4; UAS-GFP/+; Tub-Gal4/

UAS-rab11S25N

UAS-GFP, hsflp; FRT40, Tub-Gal80/FRT40A exe1; Tub-Gal4/UAS-

rab11S25N

UAS-GFP, hsflp; FRT42, Tub-Gal80/FRT42D hpo42-48; Tub-Gal4/+

Construction of transgenic flies
The human MTMR2 CDS sequence (GenBank: BC040432.1) was

used for construction of the MTMR2 transgenic constructs. The

G103E mutation was introduced into the MTMR2 CDS sequence by

primer-mediated site-directed mutagenesis. Then, the MTMR2 and

MTMR2G103E CDS sequences were cloned into the pUAST-attB vec-

tor for P-element-mediated transformation (BestGene Inc.).

Immunofluorescence

Wandering third instar larvae were dissected for eye discs and wing

discs. All pupal eye discs were dissected at ~ 40 h post puparium

formation. Larval eye discs, wing discs, pupal eye disc, and ovaries

were fixed with 4% paraformaldehyde/PBS solution for 15 min,

permeabilized, and washed in PBS containing 0.3% Triton X-100

and stained with the following primary antibodies: mouse anti-Dlg

(1:50; Developmental Studies Hybridoma Bank [DHSB]), mouse

anti-Diap1 (1:500; DHSB), mouse anti-rab7 (1:100; DHSB), rat anti-

DE-Cadherin (1:25; DHSB), rat anti-Armadillo (1:50; DHSB), guinea

pig anti-Ex (1:2,000, a gift from Richard Fehon), guinea pig anti-Mer

(1:2,000, a gift from Richard Fehon), rabbit anti-Yki (1:1,000, a gift

from Duojia Pan), rabbit anti-p-MLC (1:10; Cell Signaling Technolo-

gies), rabbit anti-rab5 (1:1,000; Abcam), mouse anti-Rab11 (1:20;

BD Biosciences), rabbit anti-rab11 (1:750; a gift from Donald F.

Ready; Satoh et al, 2005), mouse anti-crumbs (1:5; DHSB), and rab-

bit anti-Kibra (1:1,000, a gift from Duojia Pan). All secondary anti-

bodies (Jackson ImmunoResearch Laboratory) were diluted at

1:300. For visualization of F-actin, the fixed samples were incubated

with Alexa Fluor 555 phalloidin (1:500, Invitrogen) in PBS for 2 h at

room temperature. For treatment with wortmannin, the dissected

tissues were incubated with 100 nM wortmannin (Cayman Chemi-

cal) for 45 min at RT. For analysis of the transferrin endocytosis

and trafficking, the dissected ovaries were incubated with 25 lg/ml

of transferrin (Invitrogen) diluted in Schneider’s Drosophila Medium

(Gibco) for 30 min at RT. All samples were imaged using either a

Carl Zeiss LSM880 or a Leica SP8 confocal microscope and analyzed

using ImageJ.

Drosophila cell culture
Drosophila kc167 cells were purchased from DGRC and cultured in

CCM3 medium (HyCloneTM) at 25°C. For RNAi knockdown, 5 lg of

dsRNAs targeting mtm or gfp was used. To test the effects of

latrunculin B on phosphorylation of Yki, the cells were treated with

50 lΜ latrunculin B for half an hour in complete medium before

lysis of the cells.

Lipid phosphatase activity assay
The Drosophila mtm CDS sequence (NCBI reference sequence:

NM_078765.4) was used to amplify the mtmDC mutant CDS using

the fusion primer (50-AGCGTGAGATCGGTCCGCCTATACTGTCGCT
GGAATC-30). Both the wild-type mtm and mtmDC CDSs were then

cloned into the pAc5.1/V5-His B vector (Invitrogen) for transient

expression of the V5-tagged Mtm proteins. Kc167 cells were seeded

in 6-well plates and transfected with V5-mtm or V5-mtmDC. The

empty vector transfection was used as a control. 72 h after the

transfection, the cells were lysed with lysis buffer (25 mM Tris–HCl

(pH 7.5), 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 150 mM NaCl,

10% glycerol, 1% NP-40, 1 mM DTT, and 1× protease inhibitor

(Sigma)). Lysates were spun at 15,000 rpm for 15 min at 4°C and

the supernatants were collected for co-immunoprecipitation using

anti-V5 antibody (Invitrogen) and protein G agarose beads (Bio-

Rad) for overnight at 4°C. The beads were collected and washed

three times with the reaction buffer (25 mM Tris–HCl (pH 7.4),

140 mM NaCl, 2.7 mM KCl). A small portion of the beads was used

for Western blotting and the remaining bulk was used for the PI(3)P

phosphatase activity assay following the manufacturer’s instructions

(Echelon Biosciences, Inc.). The synthetic PI(3)P (Echelon Bio-

sciences, Inc., #P-3008) was used as the substrate. The free phos-

phate in solution was measured by plate reader at 620 nm.

Fluorescence intensity quantification
Immunofluorescence images were quantified by analyzing the mean

fluorescence intensity of 10 different mtm mutant clones and sur-

rounding wild-type tissues in the third instar larval wing discs and

eye discs from several randomly chosen confocal images using

ImageJ (v1.53r, NIH).

Statistical analysis

All statistics were analyzed using Student’s t-test with GraphPad

Prism 7.0 software. Data are presented as mean � SEM, and statisti-

cal significance is indicated as ***P < 0.001, ****P < 0.0001.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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