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Drosophila Mitm and class Il PI3K

coregulate a PI(3)P pool with cortical
and endolysosomal functions
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eversible phosphoinositide phosphorylation pro-

vides a dynamic membrane code that balances op-

posing cell functions. However, in vivo regulatory
relationships between specific kinases, phosphatases, and
phosphoinositide subpools are not clear. We identified
myotubularin (mtm), a Drosophila melanogaster MTM1/
MTMR?2 phosphoinositide phosphatase, as necessary and
sufficient for immune cell protrusion formation and recruit-
ment to wounds. Mim-mediated turnover of endosomal
phosphatidylinositol 3-phosphate (PI(3)P) pools generated by
both class Il and Ill phosphatidylinositol 3-kinases (Pi3K68D
and Vps34, respectively) is needed to down-regulate

Introduction

Different phosphoinositide phosphates (PIPs) under the con-
trol of kinase/phosphatase regulation are enriched in distinct
membranes and direct localized cell functions (Di Paolo and
De Camilli, 2006). A confounding issue in deciphering the rela-
tionship between PIP regulation and function is that different
members of kinase/phosphatase families exhibit the same PIP
selectivity in vitro, yet when mutated in vivo, are associated
with specific diseases (Vicinanza et al., 2008). Myotubularins
(MTMs) encode conserved phosphoinositide 3-phosphate phos-
phatases selective for phosphatidylinositol 3-phosphate (PI(3)P)
and PI(3,5)P, (Taylor et al., 2000; Berger et al., 2002; Kim et al.,
2002) found as large gene families in metazoans (15 human, 7 fly,
and 1 yeast; Laporte et al., 1998; Robinson and Dixon, 2006; Tosch
et al., 2006). MTM1 is associated with human myotubular myop-
athy (Laporte et al., 1996), whereas the closely related MTMR2 is
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membrane influx, promote efflux, and maintain endo-
lysosomal homeostasis. Endocytosis, but not endolyso-
somal size, contributes to cortical remodeling by mtm
function. We propose that Mtm-dependent regulation of
an endosomal PI(3)P pool has separable consequences
for endolysosomal homeostasis and cortical remodel-
ing. Pi3K68D depletion (but not Vps34) rescues protrusion
and distribution defects in mfm-deficient immune cells and
restores functions in other tissues essential for viability. The
broad interactions between mtm and class Il Pi3K68D sug-
gest a novel strategy for rebalancing PI(3)P-mediated cell
functions in MTM-related human disease.

associated with Charcot-Marie-Tooth neuropathy (Bolino et al.,
2000), both characterized by distinct morphological defects.
In cell cultures, MTM1 and MTMR?2 were detected on endosomes
and isolated in complexes with the class III phosphatidylinositol
3-kinase (PI3-kinase) Vps34 (Tsujita et al., 2004; Cao et al.,
2007, 2008), which is consistent with MTM in vitro substrates
and suggesting coordinated regulation of localized PIP pools.
However, the identity of the PIPs that require MTM1/MTMR2
in cells and the relationship to requirements in animals remain
largely unexplored.

Membrane influx from distinct PI(3)P pools converges at
late endosomes (Simonsen et al., 2001; Lindmo and Stenmark,
2006). PI(3)P is highly enriched on early endosomes (Gillooly
et al., 2000) with well-described roles defined by conserved
Vps34 functions (Schu et al., 1993). The recruitment of proteins
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with PI(3)P-binding domains mediate protein sorting, mem-
brane transport, homotypic and heterotypic fusion with lyso-
somes, and endolysosomal maturation (Wurmser and Emr,
1998; Lindmo and Stenmark, 2006; Mima and Wickner, 2009;
Saftig and Klumperman, 2009). PI(3)P is also considered cen-
tral to autophagy, as demonstrated by an essential role for Vps34
in autophagosome formation and delivery of cytoplasmic con-
tent to endolysosomes for degradation (Kihara et al., 2001;
Juhész et al., 2008; Simonsen and Tooze, 2009). Additionally,
PI(3)P pools generated by class II PI3-kinase isoforms restricted
to metazoans (MacDougall et al., 1995) are implicated in func-
tions at the plasma membrane (MacDougall et al., 2004; Maffucci
et al., 2005; Falasca and Maffucci, 2007; Falasca et al., 2007;
Wen et al., 2008; Srivastava et al., 2009), although with unknown
endosomal roles. Homeostasis of late endosomes depends on
a balance between membrane influx and efflux that leads to di-
verging retrograde and recycling routes (Johannes and Popoff,
2008; Grant and Donaldson, 2009). Specificity in endocytic traf-
ficking is emerging as a key site of regulation for many cellular
and disease states (Gonzalez-Gaitan, 2008; Mosesson et al., 2008).
Thus, specific kinases and phosphatases may be dedicated to
the synthesis and turnover of PI(3)P subpools that intersect
at endosomes.

Drosophila melanogaster presents an ideal system to elu-
cidate metazoan PIP regulation and the functional nexus be-
tween specific PIP regulators, substrate identities, and their cell
developmental roles (Hafen, 2004). We demonstrate an impor-
tant functional relationship between the single Drosophila
MTM1/MTMR?2 orthologue Mtm and the class II PI3-kinase
Pi3K68D. We show that Mtm and Pi3K68D coregulate PI(3)P
to mediate endolysosomal flux and cortical dynamics in hemo-
cytes, insect immune cells, and essential roles in animals.

Results

Identification of mtm function that
promotes cell remodeling

Remodeling of the cell cortex, an integrated result of cytoskele-
tal and membrane reorganization, is important for diverse cell
functions. To identify genes required for cellular remodeling,
we performed RNAIi of Drosophila kinases and phosphatases for
functions that affect a hormone-induced cell shape change in
20-hydroxyecdysone (ecdysone)-responsive hemocyte-derived
Kcy6; cells (Fig. 1, A and B; and Fig. S1; Echalier, 1997). Depletion
of mtm inhibited remodeling from a round to an elongated cell
shape, and instead, cells remained round without microtubule
bipolar protrusions (Fig. 1, B and C). In the absence of ecdysone,
the mtm-depleted cells exhibited normal morphology, growth,
and survival (Fig. 1, D and E; and Fig. S2), as well as normal
cell survival and hallmarks of hormone reception upon ecdy-
sone addition, including increased cell size and up-regulated
levels of ecdysone receptor (Fig. S2). The ecdysone-induced
mtm RNAI cells inappropriately retained a uniform band of cor-
tical filamentous actin (F-actin), which when destabilized, un-
covered the ability for microtubule polymerization (Fig. 1 F).
Overexpression of wild-type (WT) mtm cDNA drove the elon-
gation of bipolar Kc,¢; cells in the absence of ecdysone addition
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(70.3% GFP:Mtm bipolar cells; Fig. 1 G). These results suggest
an mtm function separable from ecdysone reception that promotes
F-actin reorganization and cortical remodeling.

Essential tissue-specific

roles for conserved mtm

phosphoinositide phosphatase

To investigate the significance of an m#m function for cell remod-
eling in animal development, we generated Drosophila mutant
alleles (Fig. 2 A). A point mutation within the catalytic CXsR
motif (mtm®*#’) and null excision alleles (mm*”” and mm*>'%)
exhibited larval lethality, indicating an essential requirement for
mtm phosphatase activity (Fig. 2, A and B). Targeted expression
of mtm RNAI hairpins uncovered requirements in specific tis-
sues, including independent roles likely to act in muscle and
hemocytes (Table S1). Coexpression of either fly mtm or human
MTMR?2 cDNAs rescued RNAi-induced animal lethality, demon-
strating m#m knockdown specificity and functional conservation
with the human gene (Fig. 2 B and Table S1).

Mtm is necessary and sufficient for

immune cell protrusion formation

An mtm-dependent hemocyte function suggested unexplored
roles for MTMs in immune cells (Fig. 2 B). As predicted from
Kc¢7 cells, mtm function impaired cortical remodeling in hemo-
cytes. In postembryonic stages, hemocytes exist as round cells
distributed in the body cavity and as spread cells in sessile popula-
tions adherent to the body wall (Lanot et al., 2001). Upon dis-
section from larvae, primary hemocytes undergo remodeling
from a round to spread cell shape, exhibiting F-actin—rich radial
protrusions that dynamically extend and retract perpendicular
to the periphery (Fig. 2, C and G; and Video 1). In contrast, both
mtm mutants and hemocyte-autonomous depletion resulted in
spread cells that completely lacked radial protrusions (control,
3.8%; mtm mutant cells, 76.8-99.5%; Fig. 2, D, E, and G), even
with knockdown induced in larvae (Fig. 2 H). Mutant cells ex-
hibited smooth or ruffled edges, often a larger cell footprint, and
a broad band of circumferential F-actin and SCAR protein
(Fig. 2 I; Zallen et al., 2002). The mtm-depleted cells exhibited
a dynamic cell cortex, and although short protrusions appeared,
they abnormally moved radially along the periphery (Video 1).
Strikingly, mtm overexpression in WT hemocytes led to an op-
posite phenotype of excessive radial protrusions (control, 4.1%;
mCherry:mtm cells, 62.2%; Fig. 2, F and G).

Mtm function in vivo is important for
immune cell distribution and recruitment

to wounds

Consistent with a specific role for mtm affecting cell shape,
larval hemocyte number, cell viability, and differentiation
were unaffected in m#m mutants (Fig. 3, A-D). Although similar
numbers of sessile hemocytes were observed for both, either
mtm knockdown or WT mtm cDNA expression led to aberrantly
clumped or dispersed hemocyte distribution, respectively (Fig. 3,
C and D). Defects in cell morphogenesis and dispersion could
disrupt hemocyte recruitment abilities needed in immune and
wounding responses (Williams, 2007; Babcock et al., 2008).
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Figure 1.

mtm promotes remodeling of cell shape. (A and B) Microtubules in Drosophila Kcy; cells reveal normal round (A) and bipolar (B)-shaped cells

1 d affer ecdysone. (B’) mtm RNAi inhibited ecdysone-induced cell elongation. (C) RNAi depletion of mtm transcript and Mtm-GFP (anti-GFP). WB, Western
blot. (D) Cell numbers 1-4 d after RNAi. (E) Normal morphology of mtm-depleted cells in absence of ecdysone. (E and F) Latrunculin B (+LatB) destabilized
F-actin (red) and permitted microtubule protrusions (green) in untreated (E) and ecdysone-reated (F) mtm RNAi cells. (G, right) GFP:Mtm induced cell elon-
gation in absence of ecdysone. (left) GFP cells remained round. Percentage of transfected round or bipolar-shaped cells. Error bars indicate mean + SD.

Puncture wounds in WT larvae led to the recruitment of 32.3 +
4.9 hemocytes at the clot 6 h after wounding (Fig. 3, E and F).
In contrast, either mtm knockdown or overexpression in hemo-
cytes, corresponding to lack of or ectopic cell protrusions, re-
spectively (Fig. 2, E and F), disrupted hemocyte numbers at
wounds (10.2 £ 3.2; 9.7 £ 2.7 cells; Fig. 3, E and F). Altogether,
mtm function is both necessary and sufficient for the formation
of hemocyte protrusions, with in vivo consequences on hemo-
cyte dispersion and efficient recruitment to wounds.

To pinpoint mtm cellular mechanisms, we investigated the iden-
tity of the Mtm functional PIP substrate by addressing effects
on specific PIP-containing membranes, regulation of PIP lev-
els, and distributions and genetic requirement for specific PIP
pools. We first tested whether mtm function affected specific

endosomal or autophagic membrane identities. Rab5-containing
early endosomes, known sites of abundant PI(3)P synthesis
(Wucherpfennig et al., 2003), were unaltered in morphology
and number, although with a slight decrease in size detected in
mtm RNAI cells (Fig. 4, A, A’, and H). In contrast, enlarged
GFP:Rab7 and GFP:LAMP compartments suggested an mitm-
dependent function for late endosome-lysosomes (endolyso-
somes; Saftig and Klumperman, 2009), which are known sites
of transition from PI(3)P to PI(3,5)P, synthesis (Fig. 4, B-D’
and H; Di Paolo and De Camilli, 2006). Giant compartments
detected with acidic pH-sensitive LysoTracker were associated
with late endolysosomal proteins (Fig. 4, D'-~G") and more than
threefold enlarged (Fig. 4 H), indicating normal traffic and
function of lysosomal H*-ATPases despite increased organelle
size. The LysoTracker compartment in mtm-depleted cells fur-
ther increased to nearly fourfold in size upon ecdysone addition,
indicating an mtm function separable from ecdysone reception

Mtm and PI3K-C2 coregulate PI(3)P pool and functions
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mim disrupts hemocyte distribution and recruitment to larval wounds. (A-C) mtm function did not affect the number of bled hemocytes (A),

percentage of dead or dying hemocytes (B; see Materials and methods; genotypes as shown), or number of sessile hemocytes per segment of third
instar larva (C). (D) GFP+ hemocytes imaged in dorsal segment: control (top), mtm RNAi (middle), and mtm expression (bottom). Boxes represent the
higher magnified views at right. (E) GFP+ hemocytes (arrows) recruited é h affer wounding to puncture sites in dorsal segments. (F) Either mtm depletion
or expression reduced the number of hemocytes within one-wound diameter. (A and C-F) IR-mtm/+ or mCherry:mtm/+ with Pxn-GAL4, UAS-GFP/+.

Error bars indicate SEM.

that may impact membrane flux (Fig. S2 G). The size of
LysoTracker-positive organelles was restored with mtm cDNA
expression in mtm-depleted hemocytes (Fig. 4 G), whereas
the size further decreased with expression in WT hemocytes
(Fig. 4, 1-J'). Ultrastructural analysis in mtm-depleted Kcg;
cells confirmed an increased cell area of secondary lysosomes
(lamellar bodies and autophagolysosomes; Sunio et al., 1999).
Secondary lysosomes were evident both in small clusters and as

single, giant membrane—delimited structures (Fig. 4, K-M),
which is consistent with transport, tethering, and fusion of late
endosomes with lysosomes. The ultrastructure also revealed
an increase in size and frequency of both single and double
membrane-delimited electron-lucent compartments (Fig. 4, K’
and N-P). Double-membrane structures were characteristic
of autophagosomes (Fig. 4, O and O"), organelles involved in
the PI(3)P-dependent process of autophagy (Juhdsz et al., 2008;

Mtm and PI3K-C2 coregulate PI(3)P pool and functions
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Simonsen and Tooze, 2009). The ultrastructure confirmed for-
mation of intraluminal vesicles of multivesicular bodies (unpub-
lished data). These combined results indicate that m#m function
affects endolysosomal homeostasis and is both necessary and
sufficient to restrict endolysosomal size.

Endocytosis contributes to separable

mtm effects on endolysosomes and

cell remodeling

Endolysosome homeostasis reflects a balance between mem-
brane influx and efflux. We performed kinetic assays to test an
mtm impact on trafficking to endolysosomes. The mtm-depleted
cells exhibited normal early steps in phagocytosis, fluid phase,
and cargo-mediated endocytosis. Escherichia coli, F-dextran,
or BSA colocalization with the enlarged LysoTracker-positive
compartments indicated successful traffic to endolysosomes
(Fig. 5 A’; and Fig. S3, A and B), although the late steps of
F-dextran delivery were delayed (Fig. 5 A"). To address the bal-
ance of specific membrane influx at late endosomes, we tested
whether codepletion of mtm and effectors of endocytic or auto-
phagic trafficking could suppress the enlarged endolysosomes
(Fig. 5 B; and Fig. S3, C and D). Codepletion of m#m with either
Atgl, a kinase involved in initiation of autophagy (Scott et al.,
2004; Xie and Klionsky, 2007), or the endosomal GTPases Rab5
or Rab7 each restored or further decreased the size of Lyso-
Tracker organelles (Fig. 5, B and C). These results indicate that
autophagic and endocytic routes contribute to the mtm endo-
lysosomal defect and suggest that Mtm may negatively regulate
influx of both routes either independently or at a single site of
membrane convergence.

The two distinct defects in cortical remodeling and endo-
lysosomal homeostasis raised the question of whether both mtm
roles are related either as primary and secondary consequences
or through a shared msm function. If related, suppressors of the
mtm-dependent enlarged endolysosomes could also revert the
lack of cell protrusions. The codepletion of mtm with Atgl mod-
ified the phenotype but did not rescue lack of protrusion forma-
tion in either Kc4; cells or hemocytes (Fig. 5 E’). Instead,
Atgl single- and double-mutant cells exhibited novel mutant
phenotypes with failure of cell elongation or spreading (Fig. 5,
E and E"), respectively. This suggests an mtm role antagonis-
tic to autophagy that mediates endolysosomal homeostasis sep-
arable or downstream from protrusion formation and signifies
an additional role for autophagy in cellular remodeling (Kadandale
et al., 2010). We found that although neither Rab5 nor Rab7
was required for the induced cell shape change, codepletion of
either endosomal effector with mtm partially restored ecdysone-
induced Kcyq; cellular elongation (Fig. 5 F). Together, these
results suggest that endocytosis, but not endolysosomal size,
impacts cortical remodeling and point to an m#m endocytic
function with divergent effects on endolysosomal flux and cell
protrusion formation.

Conversely, mtm may positively regulate the competing
process of membrane efflux. Rabl1 RNAI on its own had little
effect on endolysosomal size or Kc,¢; cell elongation (Fig. 5, B,
C, and F). This suggests that disrupted efflux of Rabl1-recycling
endosomes does not account for m#m mutant phenotypes without

excluding a possible role for other membrane retrieval routes.
Cell protrusions still formed upon knockdown of Fabl phospho-
inositide kinase (Fig. 5 F and Fig. S3 E), which is shown to
result in enlarged lysosomes (Fig. 5 C and Fig. S3 C) and dis-
ruption of PI(3,5)P, (Rusten et al., 2006), further dissociating
endolysosomal size from cortical remodeling. In addition, Fab!
coRNAI failed to rescue m#m RNAI phenotypes (Fig. 5, C and F),
indicating that Mtm turnover of PI(3,5)P, alone also is unlikely
to account for an mtm function in endolysosome homeostasis or
cellular remodeling.

Mtm down-regulates PI(3)P for
endolysosomal membrane identity

and dynamics

Common defects observed with null and catalytic mutant alleles
suggest that mtm roles are phosphoinositide dependent (Figs. 2
and 3). As predicted, WT Mtm protein exhibited in vitro PI(3)P
and PI(3,5)P, phosphatase activity, whereas the MtmR€ form,
mutated within the catalytic motif, was inactive (Fig. 6 A). If mtm
function is mediated through its role in PI(3)P turnover, then mtm
depletion or expression may alter PI(3)P accumulation. In WT
Kcy47 cells and hemocytes, the GFP:2xFYVE PI(3)P biosensor
(Gillooly et al., 2000; Wucherpfennig et al., 2003) localized pri-
marily to puncta (Fig. 6 B) and rings (Fig. 6 C). Upon mtm deple-
tion, we detected an expanded distribution of GFP:2xFYVE
both on more numerous puncta and on enlarged rings (Fig. 6,
B’ and C"). In contrast, overexpression of WT mtm cDNA disrupted
GFP:2xFYVE localization to a diffuse cytoplasmic pattern
(Fig. S4 D). Although GFP:2xFYVE showed extensive Rab5
colocalization and minimal overlap with LysoTracker-positive
compartments in WT cells (Fig. 6 C, and not shown), GFP:2xFYVE
surrounded large LysoTracker-positive organelles in mtm-
depleted hemocytes (Fig. 6 C'), indicating a shift in the site of
highest PI(3)P detected by the biosensor from early endosomes
to endolysosomes.

Endosomal PI(3)P recruits effectors that promote mem-
brane transport, tethering, and fusion (Lindmo and Stenmark,
2006). We observed extensive dispersion of GFP:2xFYVE
upon Rab5 but not Rab7 RNAI (Fig. S4, A and A’), suggesting
that genetic interactions between mtm and Rab5 may be at the
level of PI(3)P modulation, whereas interactions with Rab7
may be at the level of PI(3)P effectors. Consistent with contri-
bution of inappropriate or excessive membrane-tethering fu-
sion, endolysosomal size was reverted with codepletion of mitm
and genes encoding machinery of the HOPS complex or SNAREs
(Fig. S3, C and D; Banta et al., 1988; Seals et al., 2000; Jahn
et al., 2003).

PI(3)P-containing compartments in WT cells exhibited
highly dynamic behavior with directional movement (Fig. 6 D)
and tubulation indicative of exiting membrane (Fig. 6 E and
Video 2). In contrast, mtm-depleted cells lacked motile PI(3)P-
containing particles. Instead, 2xFY VE was detected on rings
with restricted, conjoined motion and little obvious tubulation
(Fig. 6, D'-E’; and Video 2), which is consistent with inappro-
priate PI(3)P accumulation disrupting membrane efflux and
promoting excessive tethering and fusion between compart-
ments (Fig. 6 E"). Reflecting the PI(3)P membrane dynamics in
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promoting efflux, to down-regulate PI(3)P-mediated tethering
and fusion of Rab7-containing late endosomes.

WT hemocytes, we similarly observed motile GFP:Rab7- or
LysoTracker-positive particles (Fig. 6 F) and dynamic GFP:
Rab7 tubules suggestive of efflux from endolysosomes (Fig. 6 F’
and Video 3). In contrast, mtm-depleted cells contained adjacent
LysoTracker-positive GFP:Rab7 rings that exhibited localized

movements and infrequent tubulation (Fig. 6, G and G'; and
Video 3). In both WT and mtm-depleted conditions, we observed
GFP:Rab7 fusion events (Fig. 6 G). These results suggest that
Mtm is important, perhaps through or in addition to a role in

Given its multiple cellular functions, we asked where Mtm pro-
tein localized. When expressed as different tagged forms, Mtm
was diffuse throughout the cell and localized to puncta and
rings (Fig. 6, H-H"), including faint, small rings of uniform size

Mtm and PISK-C2 coregulate PI(3)P pool and functions
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(Fig. 6 H", arrowheads), which are indicative of membrane struc-
tures. Mtm did not colocalize with Rab5 or GFP:Rab7 endosomes.
However, small rings of mCherry:Mtm could be found inside a
subset of GFP:Rab7 compartments (Fig. 6, I and I'), which is sug-
gestive of intraluminal vesicles or autophagosomes (Xie and
Klionsky, 2007). A small fraction of Mtm was detected at acidified
compartments as puncta or completely surrounding LysoTracker-
positive organelles (Fig. 6, J and J), which is consistent with roles
in endolysosomal homeostasis.

If Mtm dephosphorylates a distinct PI(3)P pool, mtm function
could antagonize the PI(3)P production by a specific PI3-
kinase. As in mammals, Drosophila encodes three classes of
PI3-kinases, with one member per class capable of PI(3)P syn-
thesis in vitro (class I, Pi3K92E; class II, Pi3K68D; and class III,
Vps34). Vps34 was a likely candidate for production of an Mtm-
functional substrate given known roles for PI(3)P synthesis on
early endosomes and for autophagy (Lindmo and Stenmark, 2006).

In testing all three PI3-kinases, we found that knockdown or
expression of kinase-dead form of Vps34 and, surprisingly to
an even greater extent, knockdown of Pi3K68D each individu-
ally resulted in dispersion of localized 2xFYVE biosensors
(Fig. 7, A-C; and Fig. S4, B and C), demonstrating that both
class II and III PI3-kinases are required for significant PI(3)P
pools in immune cells. A recovery of the 2xFY VE-localized distri-
bution was obtained from codisruption of mtm with Pi3K68D
or Vps34 (Fig. 7, A and C; and Fig. S4 C), indicating that inter-
ference with either PI3-kinase was sufficient to restore the mtm-
dependent PI(3)P imbalance. Given that Pi3K68D contribution
to PI(3)P synthesis has not been characterized in vivo, we fur-
ther investigated its role directly. We confirmed the effects on
PI(3)P total cellular levels from myo-inositol radiolabeled Kcg;
cell lysates (Fig. 7 D). Altered levels of PI(3)P were observed
upon knockdown of m#m phosphatase (1.7-fold increase) and
Pi3K68D kinase (2.8-fold decrease), respectively, that returned
nearer to normal levels upon their codepletion (1.6-fold de-
crease; Fig. 7 D), mirroring the genetic interaction seen with
2xFYVE distribution. Overexpression of Pi3K68D cDNA
phenocopied mtm depletion effects of expanded 2xFYVE
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distribution (Fig. 7 E and Fig. S4 E), which is consistent with
Pi3K68D synthesis of PI(3)P.

If Mtm roles are mediated through down-regulation of a distinct
PI(3)P pool, then mtm could antagonize the function of a specific
PI3-kinase. As observed for PI(3)P, codepletion of Pi3K68D with
mtm suppressed the giant endolysosome size (Fig. 8, A-D). Con-
versely, we found that overexpression of Pi3K68D cDNA in
WT hemocytes resulted in greatly enlarged LysoTracker-positive
organelles (Fig. 8 E). This condition phenocopyied m#m depletion
and is consistent with Pi3K68D coregulation of a PI(3)P pool im-
portant for endolysosomal size. Although both Vps34 and Pi3K68D
disruption reduced 2xFY VE-detected PI(3)P distribution to a sim-
ilar degree (Fig. 7, A and C), knockdown of Vps34 alone or in com-
bination with m#m exhibited minor effects on LysoTracker-positive

organelles in Kcq; cells (Fig. 8, A and C). Disruption of Vps34
with either a null mutant allele or targeted expression of a kinase-
dead form in hemocytes, however, resulted in diffuse LysoTracker
staining throughout the cells (Fig. 8 B), suggesting disruption of
lysosomal H*-ATPase trafficking or of the integrity or size of acid-
ified organelles. Codepletion or double mutants of Vps34 and mtm
suppressed both individual endolysosomal defects in hemocytes.
Unlike Pi3K68D, overexpression of Vps34 WT cDNA in hemo-
cytes had little to no effect on LysoTracker-positive organelles
(Fig. 8 E). These results suggest that mm is antagonistic to both
Pi3K68D and Vps34 functions but that each kinase exhibits dis-
tinct roles for normal acidified endolysosomes and differential re-
quirements in Kc¢; cells and hemocytes.

Similar to Mtm, multiple tagged forms of Pi3K68D protein
localized to internal puncta and rings (Fig. 9, A and A’) and

Mtm and PI3K-C2 coregulate PI(3)P pool and functions



418

failed to colocalize with Rab5 or GFP:Rab7 but partially asso-
ciated with acidified organelles (Fig. 9, B and B'). Mtm and
Pi3K68D did not colocalize nor obviously deviate in their pat-
terns when coexpressed (Fig. 9 C), suggesting either non- or only
transiently overlapping domains. Strikingly, Pi3K68D also aligned
along the hemocyte periphery (Fig. 9 A). The cortical Pi3K68D
often appeared filamentous (Fig. 9 A”, arrows) and colocalized
with microtubules (Fig. 9, D and D’) independent of F-actin (Fig. 9,
E-F). The distinct localization patterns raised the questions of
how Mtm and Pi3K68D might coregulate a common PI(3)P pool
and whether Pi3K68D localization was dynamic. Time-lapse
microscopy revealed Pi3K68D:GFP oscillations (Fig. 9 G)
and directed motility as small particles, including movement
to and away from LysoTracker-positive organelles (Fig. 9 J and
Video 4). Pi3K68D motility was coincident (Fig. 9 H) and depen-
dent on microtubules (Fig. 9 I), which is consistent with known
mechanisms of vesicular transport and endosomal dynamics
(Soldati and Schliwa, 2006). Thus, conserved class II Pi3K
microtubule-dependent dynamics (PI3KC2«; Zhao et al., 2007)
may mediate Pi3K68D roles at cortical and internal sites.

Class Il PiBKE68D loss of function
suppresses mtm requirement for

cortical remodeling

The mtm roles for endolysosomes and in cortical remodeling could
be related to regulation of a single PI(3)P pool or independent reg-
ulation of different spatial pools or PIP forms. Neither disruption
nor overexpression of either Pi3K68D or Vps34 alone had a notice-
able effect on hemocyte spreading or F-actin protrusions (Fig. S4,
F and G). We found that Pi3K68D strongly suppressed the mtm
RNAI block in Kcyg; cell elongation (Fig. 10 A) and completely
rescued hemocyte protrusion formation (Fig. 10 B). In contrast,
Vps34 knockdown partially modified msm RNAI inhibition of
Kc 67 cell elongation (Fig. 10 A) and showed infrequent and
only mild modification of hemocyte protrusions in m#m double-
mutant combinations (Fig. 10 B). Importantly, the effect of mtm
RNAI on abnormally clumped hemocyte distribution in larvae was
also reverted by Pi3K68D codepletion (Fig. 10 C). These results
point to a functional interaction between Pi3K68D and mtm that
modulates cortical dynamics and suggests that their direct coregu-
lation of a distinct PI(3)P pool plays an important role in the bal-
ance of hemocyte protrusion formation and distribution in vivo.

Mtm and class Il PiBK68D collaborate
broadly for animal viability

Unlike mtm, class II or III PI3-kinase functions in hemocytes
were not required for animal viability. However, animal le-
thality resulted from Pi3K68D cDNA expression in tissues
that also exhibited essential mtm functions (Cg-GAL4 and
DMef2-GAL4; Table S1), consistent with overproduction of
an Mtm PI(3)P substrate pool. Furthermore, Pi3K68D and
mtm codisruption in other tissues, including in muscle, fully
rescued (GAL4 drivers 24B, DMef2, 69B, and Ptc) or sup-
pressed (GAL4 drivers Act5c, Cg, and Pxn) viability or visible
phenotypes (Table S1). This indicates disruption of class II
PI3-kinase as a potent and broad suppressor of mtm-dependent
functions in vivo.
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Discussion

We identified a class II Pi3K68D-dependent PI(3)P pool as a
functional and likely direct Mtm substrate. We demonstrated that
Pi3K68D and mtm played major roles in the coregulation of a
hemocyte PI(3)P pool and that both were necessary and sufficient
for PI(3)P-mediated endolysosomal homeostasis. Alternatively,
mtm and Pi3K68D could interact through interconverted PIP pools,
e.g., if class II PI3K synthesis of PI(3,4)P, (MacDougall et al.,
1995) led to inositol polyphosphate 4-phosphatase generation of
endosomal PI(3)P (Norris and Majerus, 1994).

Importantly, Pi3K68D loss of function suppressed multiple
mtm-dependent hemocyte functions and essential roles in multi-
ple tissues. Our results suggest that a conserved pathway linking
MTMI1/MTMR?2 and class II PI3-kinases could also be impor-
tant for similar roles in mammals. Expression of human MTMR2
in flies rescued the lethality associated with m#m depletion in
different tissues, highlighting potential significance from use of
the fly to better understand MTMR2-related human disease.
Recent studies in T cells identified roles for PI3KC2a and MTMR6
in PI(3)P-mediated regulation of a calcium-activated K* channel
(Srivastava et al., 2005, 2009), indicating that class II PI3-
kinases may play broad and dedicated roles in conjunction with
different MTM family members.

We found that a subset of m#m functions also shared inter-
actions with class III PI3-kinase, Vps34. The genetic interactions
observed between mtm and Vps34 in PI(3)P and endolysosomal
homeostasis, but not cell remodeling or essential functions in
different tissues, suggest several possibilities. Vps34 function
may regulate a Pi3K68D function or be partially redundant with
Pi3K68D for certain mtm functions; Vps34 may indirectly inter-
act with m#m through converging PI(3)P membrane pools, and/or
there may be additional essential consequences of Vps34 func-
tions, e.g., that antagonize different MTM family member functions.
Similar partial and redundant interactions have been observed in
Caenorhabditis elegans, where reduction of mtm- I rescued endo-
cytosis defects but not lethality of vps-34 mutants (Xue et al.,
2003), and increased apoptotic cell corpse engulfment upon mitm-1
depletion was found dependent on both vps-34 and the class II
PIKI-1 functions (Zou et al., 2009).

We found that m#m was not only required for but could
also promote cortical remodeling, specifically modulating cell
protrusion formation. MTMs have not previously been ascribed
specific roles in cellular remodeling, although MTM1/MTMR?2
and PI3KC2 isoforms have been associated with the cortex, and
MTMI overexpression led to cell protrusions (Kim et al., 2002).
Cortical F-actin organization and dynamics are under control of
competing Rho GTPase activities, namely roles for Rac, Rho,
and Cdc42 in lamellipodia versus protrusion formation (Ridley,
2006). A mutant form of MTMI1 was detected at the plasma
membrane upon constitutive Racl GTPase activation (Laporte
et al., 2002), mtm-1 was identified as a negative regulator of
Rac-mediated engulfment (Zou et al., 2009), and Rhol pathway
hyperactivation resulted from combined essential function of
ymrl (MTM), sjI2, and sjI3 lipid phosphatases in yeast PI(3)P
regulation (Parrish et al., 2005). However, PI3KC23-expressing
cell lysates exhibited increased levels of activated Cdc42 (Domin
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Figure 9.  Pi3K68D localizes at endolysosomes and cell periphery with microtubule-dependent mofility. (A-A") mCherry:Pi3Ké8D localized to dots (A and A),
rings (A and A”), and cell periphery (arrows) in hemocytes. (B and B’) Pi3K68D:GFP surrounding acidified endolysosomes. Red, LysoTracker. (C) Mtm
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Pi3Ké8D (red) along microtubules (green). (E and E’) Localization persisted with latrunculin B (+LatB). (F) Pi3K68D:GFP colocalized with microtubules
(red) in latrunculin B—treated Kcy47 cells. (G-l) Pi3K68D:GFP time-lapse imaging in live Kcj¢7 cells. (G) Pi3K68D on oscillating puncta. (H) Disruption of
F-actin (+LatB) revealed extensive Pi3K68D:GFP particle motility (arrowheads). (I) Disruption of microtubules (+nocod) arrested all Pi3K68D:GFP motility.
Arrowheads, examples of stationary Pi3Ké8D:GFP particles. () Pi3K68D:GFP dynamic colocalization relating to LysoTracker (red) compartments in single
z sections from time-lapse microscopy of hemocytes (the following show frames from Video 4: PI3K68D:GFP movement toward [i] and away [ii and iii]
from endolysosomes). Examples of persistent (arrowheads) and transient colocalization between motile Pi3K68D:GFP (arrows) and Lysotracker. Blue, DAPI.

Boxed areas are shown in higher magnification on the right.

etal., 2005), and PI3KC2a depletion interfered with Rho-mediated
smooth muscle contraction (Yoshioka et al., 2007). Interest-
ingly, endocytic trafficking of Rac was shown important for its
spatially regulated activity (Palamidessi et al., 2008). Thus,
one consequence of opposing Pi3K68D/mtm functions in
hemocytes may be in the cortical balance of specific Rho
GTPases, either through PI(3)P-mediated membrane trafficking

or recruitment of PI(3)P-binding regulatory proteins to dis-
crete membrane domains.

Our experiments show that Mtm has a role in policing
traffic at the late endosome, which is consistent with a normal
function to down-regulate membrane influx and promote ef-
flux. mtm was important to maintain the balance, but not abil-
ity, for membrane influx from endocytic and autophagic routes.

Mtm and PI3K-C2 coregulate PI(3)P pool and functions
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We found through genetic interactions, marker analysis, and time-
lapse microscopy that mtm function antagonizes PI(3)P-mediated
membrane flux consistent with known roles in transport, teth-
ering, and fusion of endosomes with lysosomes and of auto-
phagosomes with late endosomes (Simonsen and Tooze, 2009).
Importantly, mtm-dependent functions for endolysosomal size
and cortical remodeling were separable, as indicated by mtm
interactions with Azgl or Vps34 that rescued endolysosome size
but not hemocyte protrusions. Live cell imaging also revealed
lack of dynamic tubulation, indicative of exiting membrane,
in mtm-depleted hemocytes, suggesting that msm function pro-
motes undetermined routes of membrane efflux from PI(3)P-
containing compartments. In addition, several results point to a

role for mtm in autophagy: the increased number of double-
membrane—bound structures and autophagolysosomes in mtm-
depleted cells, reversion of enlarged endolysosomal size with
mtm and Argl codepletion, and Mtm localization to small rings
associated with LysoTracker-positive organelles and within
Rab7 compartments, suggestive of autophagosomes. Given the
PI(3)P dependence and intersection with endolysosomes, there
are likely roles for MTM phosphatase regulation in autophagy
(Vergne et al., 2009).

Collectively, we favor a model that a PI(3)P pool directly
coregulated by Pi3K68D-mediated synthesis and Mtm-mediated
turnover is involved in membrane delivery and exit, respectively,
at an endosomal compartment that maintains homeostasis of both



cortical dynamics and endolysosome size. Pi3K68D localiza-
tion and motility suggest interaction at the level of dynamic
PI(3)P pools synthesized at the cortex or on internal membranes.
The lack of cell protrusions upon mtm disruption could result
from elevated Pi3K68D-dependent PI(3)P that inhibits mem-
brane efflux to undefined recycling endosomes and, thus, blocks
redelivery of a cortical regulator that promotes cell protrusions.
Pi3K68D overexpression did not phenocopy the lack of protru-
sions, which may indicate that Pi3K68D requires a limiting co-
factor or scaffold protein or that levels of Mtm are sufficient to
override ectopic activity. Conversely, ectopic cell protrusions
that form upon Mtm overexpression could result from inappro-
priate depletion of a Pi3K68D-synthesized PI(3)P pool that
leads to excessive efflux, and, thus, persistent recycling of the
same cortical regulator. Consistent with this, an endosomal-
tethered form of MTMI1 was able to induce membrane tubula-
tion (Fili et al., 2006). In turn, mfm function down-regulates
PI(3)P-mediated endosome transport, tethering, and fusion, re-
stricting endolysosome size.

Our genetic analysis uncovered critical requirements for
mtm- and phosphoinositide-dependent muscle and immune cell
functions in Drosophila. Defects in remodeling cell shape upon
either knockdown or overexpression of mtm both corresponded
with defects in hemocyte dispersion and recruitment to wound
sites. These results indicate the significance of m#m-dependent
cellular regulation to immune cell behaviors in the animal, analo-
gous to those performed by mammalian macrophages in response
to wounding and infection. The identification of Pi3K68D-
generated PI(3)P pools as a likely in vivo substrate of Mtm, and
the specific cellular roles modulated by the balance of this pool in
animals, has significance in better understanding roles for con-
served MTM1/MTMR?2 and PI3KC2 in mammals. Our results
highlight the potential that class II PI3K-activating mutations
could underlie unassigned MTM-related human diseases. Fur-
thermore, class II PI3K could serve as a therapeutic target to
oppose deleterious effects of MTM mutations associated with
human disease.

Materials and methods

Drosophila mtm mutations and genetics

Excision alleles mtm*”” and mtm*?’® were isolated after A2-3 mobilization
of viable P(EPgy2)CG9117 for lethality over Df(2L)ED338 and molecu-
larly determined by sequencing of genomic DNA amplicons spanning the
excisions from homozygous mutant larvae. Point mutation allele mtm?24747
was identified with help from the Fly-TILL service (Cooper et al., 2008). The
mtm genomic alleles were balanced over CyO, P{w[+mC]=ActGFPMR]1,
and presence or absence of GFP was used for determination of lethal
phase and selection of homozygous and trans-heterozygous larvae raised
at 25°C.

RNAi hairpin constructs made from 395- (201-202) or 565-bp
(203-204) mtm genomic amplicons with primers (201F) 5’-GTACTCTAG-
ATATTGACAACACACTGTGGCTAAA-3’, (202R) 5'-GTACTCTAGAAGTA-
CAGATGATCCACGATGGTTA-3', (203F) 5'-GTACTCTAGACTTACCA-
TAACCAACTACCGTCTG-3', and (204R) 5'-GTACTCTAGAACCTTGTAAT-
GGTCGCTTGAGT-3" were cloned with Xbal restriction sites info upstream
activating sequence (UAS)—containing pWIZ vector sequentially at Nhel
and Avrll sites (Lee and Carthew, 2003), and orientation was confirmed by
sequencing. Fly injections (Best Gene) generated viable transformant lines,
including UAS-IR:mtm®" (Il) and UAS-IR:mtm??2 (Ill) with 201-202 fragment
in “heads-in” orientation used in this study. When 2xIRmtm is noted, UAS-
IR:mtm*1; UASIR:mtm®3 stock was used. Crosses using RNAi hairpins were
raised at 29°C to maximize GAL4-driven expression.

Genotypes used in this study included (1) w; UAS-GFP:Rab7/CyO
(Entchev et al., 2000) and w; UAS-GFP:Rab7, UAS-IRmtm*'/CyO, (2) w;
UAS-GFP:myc:2xFYVE/CyO (Wucherpfennig et al., 2003) and w; UAS-
GFP:myc:2xFYVE, UASIRmtm®'/CyO, (3) w; UAS-mCherry:2XFYVE?,
(4) w; UAS-mtm:eGFP” and w; UAS-IRmtm*'; UAS-mtm:eGFFP’, (5) w; UAS-
eGFP:MTMR2® and w; UASIRmtm>!, UAS-eGFP-MTMR23, (6) w; UAS-
mCherry:mtm” and w; UAS-eGFP:mtm?, (7) w[1118]; UASIRPi3K68D
transformant lines 16239 and 16240, and w([1118]; UAS-IRFab1?7%?!
(Dietzl et al., 2007) and w; UAS-IRPi3K68D'6?4°, UAS-IRmtm®2, (8) w;
UAS-mCherry:Pi3K68D?' /CyO, w; UAS-mCherry:Pi3K68D?2/TMé Hu Tb
and w; UASPi3K68D:eGFP, (9) yw, hsFLP; UAS-Vps34-KD™ (Juhdsz
et al., 2008) and w; UAS-Vps34-KD™, UASIRmtm*!, (10) yw, hs-FLP;
UAS-Vps34-WT™ (Juhdsz et al., 2008), (11) w; Vps34'™?2/CyO-GFP-B
(Juhész et al., 2008), w; mtm*”7, Vps34*™?2/CyO,ActGFP, and w; mtm*
4747 Vps34*m22 /CyO,ActGFP, (12) w[1118]; P{w[+mC]=Cg-GAL4.A}?
(Asha et al., 2003), (13) w, Cg-GAL4, P{w[+mC]=UAS-2xEGFP}*"?,
(14) w; Cg-GAL4, UAS-mCherry:myc:2xFYVE?, (15) w; Cg-GAL4, UAS-
mCherry:mtm’, (16) w; Pxn-GAL4%'!, (17) w; Pxn-GAL4%"!, UAS-GFP
(Stramer et al., 2005), (18) w[1118]; P{w[+mC]=UAS-lacZ.B}Bg4-1-2,
(19) Cg-GAL4; Atg143°/TM6C Sb Tb (derived from Atg14P; Scott et al.,
2004), and w; UAS-IRmtm®'; Atg 14%°/TM&C Sb Tb.

Determination of animal viability and lethal phase

For trans-heterozygous mtm mutants, first instar larvae were collected on
grape juice agar plates 1 d after egg laying. Larvae were transferred fo fresh
plates supplemented with yeast paste and allowed to develop at 25°C. Via-
ble larvae were counted each day up to 12 d after embryo laying. For RNAi
hairpin-expressing flies, crosses were incubated at 25°C for 12 h to allow
for sufficient egg laying, parents were removed, and progeny were allowed
to develop in the vials at 29°C. The number of animals reaching pupal, phar-
ate, and adult stages were counted for each WT and mutant genotype.

Characterization of hemocytes

To test developmental timing for mtm requirement in hemocytes, experiments
using the temperature sensitivity of GAL4 were performed on Pxn-GAL4/
UAS-lacZ and UASIRmtm®!/+; Pxn-GAL4/+ staged larvae reared either
continuously at 18 or 29°C or raised at 18°C for 3 d after embryo collec-
tion then shifted to 29°C for 1 d. For hemocyte imaging (detailed in the fol-
lowing paragraph), hemocytes were bled from three to four wandering third
instar larvae 4 d affer egg laying info 100 pl complete medium (for live cell
imaging) or PBS and were allowed to attach to a glass coverslip for 1 h at
25°C. Using bled hemocytes, a hemocytometer was used to determine cell
numbers, and cell viability was determined using the Live/Dead Assay for
Cell Viability kit (Invitrogen). To assess efficiency of RNAi knockdown in hemo-
cytes, RTPCR was performed on a population of primary hemocytes iso-
lated to near purity from third instar larvae. For hemocyte purification, third
instar larvae were washed with 70% ethanol then PBS. Approximately 150 mg
wet WT larvae was used per preparation. The larvae were added to a cell
strainer with @ 70-pm nylon mesh placed in a shallow collecting dish and
crushed with the back of an Eppendorf tube. The released hemocytes within
the crude preparation were filtered through the 70-pm filter on the cell
strainer into a 50-ml tube, and the crushed larvae were washed three times
with PBS, pH 7.4. The hemocytes were centrifuged at 200 rpm for 5 min,
and the supernatant containing the hemocytes collected centrifuged at
2,000 rpm for 10 min. The supernatant was discarded, and the collected
hemocytes were used for mRNA extraction and RT-PCR as described for mo-
lecular analyses.

Hemocyte wound recruitment assay and imaging of hemocytes in larvae
Wandering third instar larvae raised at 29°C were washed in PBS, briefly
cleaned in 100% ethanol, and rinsed with PBS. The larvae were placed on
a piece of paper to dry and mounted dorsal side up on a strip of double-
sided tape fastened on a glass slide. Larvae were wounded in abdominal
segment 5 or 6 using a Straight Stab pin (0.03-mm tip diameter; Fine Sci-
ence Tools). Inmediately after wounding, a drop of PBS was placed on the
larvae to release them from the tape. The larvae recovered on standard
grape agar plates for 6 h at 25°C, were briefly immobilized on ice, then re-
mounted dorsal side up on double-sided tape. A glass coverslip (#1.5;
22-mm square) was placed on the larvae and attached with tape on two
edges to minimize larval body wall contractions during imaging. Care was
taken not to squash the larvae. The larvae were imaged with a 20x 0.5 NA
objective (HC PL FLUOTAR; Leica) on a fluorescence microscope (DM1600;
Leica). To estimate sessile hemocyte populations, wandering third instar lar-
vae were mounted on doublesided tape and imaged. For each larva,
images of GFP-positive hemocytes throughout abdominal segments 5 or 6
were collected and quantified.
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Cell staining and microscopy
For visualization of lysosomes, live cells were stained for 5 min with Lyso-
Tracker red DND-99 (1:7,500; Invitrogen) and Hoechst 33342 (1:1,000;
Invitrogen) in complete medium, then washed and kept in complete me-
dium for fluorescence microscopy at room temperature. Digital images of
Kci47 cells were taken on a microscope (Axiovert 200M; Carl Zeiss, Inc.)
using a 63x 1.4 NA Plan Apo objective, fransmission grid (ApoTome; Carl
Zeiss, Inc.), and a camera (ORCA-ER; Hamamatsu Photonics). AxioVision
software (Carl Zeiss, Inc.) was used for image acquisition and 3D recon-
struction. Digital imaging of hemocytes was performed on a point-scanning
microscope (FV1000; Olympus) controlled by the FluoView program
(Olympus) using a 60x 1.2 NA Plan Apo N objective with 2x zoom. Image)
(National Institutes of Health) was used for exporting tagged image file
formats (TIFFs) and 3D reconstruction. For fluid phase uptake and traf-
ficking, cells were given a 5-min pulse with dextran Alexa Fluor 488
(molecular mass, 10,000; 1 mg/ml; Invitrogen) together with LysoTracker
red (1:10,000) and Hoechst (1:1,000) in complete Schneider’s medium at
room temperature. Cells were washed five times in PBS and chased in com-
plete Schneider’s medium for 20 min. Cells were imaged live with a micro-
scope (Axiovert 200M). Similar experiments were performed using Alexa
Fluor 488-conjugated BSA (Invitrogen). For assessment of bacterial engulf-
ment and trafficking, hemocytes of genotypes Pxn-GAL4/UAS-lacZ and
UAS-IRmtm®' /+; UAS-IRmtm®~® /Pxn-GAL4 dissected in Schneider’s com-
plete medium and allowed to spread for 30 min were given a pulse of
fluorescein-labeled E. coli (Vybrant phagocytosis assay; Invitrogen) in PBS
for 5 min, washed with PBS, and incubated for 1.5 h. Fluorescence of
extracellular bacteria was quenched with Trypan blue for 5 min, washed in
PBS for 5 min, and LysoTracker red and Hoechst were added before imaging
with a microscope (Axiovert 200M) using a é3x objective and transmis-
sion grid (ApoTome). Photoshop (Adobe) was used to adjust the levels and
curves and to crop and resize images.

For F-actin visualization and immunohistochemistry, hemocytes or
Kc7 cells were fixed for 10 min in 3.7% formaldehyde 1x PBS and washed
twice for 5 min. PBST (PBS with 0.1% Triton X-100) was blocked for 10 min.
PBSTB (PBST with 3% BSA) was stained overnight at 4°C with Alexa Fluor
546 phalloidin (1:100; Invitrogen), mouse anti—a-tubulin (1:500; Sigma-
Aldrich), rabbit anti-Rab5 (1:50; Wucherpfennig et al., 2003), mouse anti-
Golgi (1:200; EMD), or guinea pig anti-SCAR (1:100; Zallen et al., 2002)
in PBSTB and for 1 h with Alexa Fluor secondary antibodies as needed
(1:1,000; Invitrogen) in PBSTB, washed in PBS for 10 min, stained with
DAPI for 10 min, and washed twice with PBS for 10 min. Cells were kept in
PBS and visualized using fluorescence microscopy. Digital images were
taken at room temperature either on an epifluorescence microscope
(Axiovert 200M) or a pointscanning confocal microscope (FV1000) or
using a 60x obijective with a spinning-disk fluorescence microscope (DSU;
Olympus) using a 60x 1.2 NA Plan Apo N objective and SlideBook soft-
ware (Infelligent Imaging Innovations). Images were exported as 16-bit
TIFFs using Image). Photoshop was used to adjust the levels and curves and
to crop and resize images.

Time-lapse microscopy

For time-lapse imaging of cell morphology and dynamics, GFP-expressing
hemocytes were imaged every 10 s for 5 min using a 60x 1.2 NA Plan Apo
N objective on a spinning-disk fluorescence microscope (DSU). Time-lapse
imaging of mCherry:2xFYVE or Pi3K68D:GFP and LlysoTracker in hemo-
cytes were obtained every 15 s for 5 min with three z sections spaced
0.3-ym apart at each time point on a point-scanning confocal microscope
(FV1000) using a 60x 1.4 NA objective and 488- or 543-nm laser. Acquisi-
tion was performed with FluoView software, and image analysis was per-
formed with Image) software. Time-lapse imaging of Pxn>GFP:Rab7 and
LysoTracker red in hemocytes was captured every 10 s for 60 frames on a
spinning-disk fluorescence microscope (DSU). TIFF files were exported as a
video interleave file at three frames per second. Time-lapse imaging of
Pi3K68D:GFP in Kcyg7 cells was collected every 6 s (or 4 s with drug treat-
ments) for 60 frames with an epifluorescence microscope (Axiovert 200M).
TIFF files were exported as QuickTime files (Apple) at three frames per sec-
ond. Photoshop and Image) were used for digital editing and production of
time-lapse videos. Time-lapse microscopy imaging was performed at room
temperature with cells in complete Schneider’s media.

Fixation, embedding, and transmission electron microscopy imaging

RNAi was performed in 100-mm Petri dishes. After 5 d, cells were har-
vested by centrifugation for fixation. Samples were immersed in modified
Karnovsky's fixative (1.5% glutaraldehyde, 3% paraformaldehyde, and
2% sucrose in 0.1 M cacodylate buffer, pH 7.4) for 8 h, posffixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer for 1 h, and stained en bloc
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in 1% uranyl acetate for 1 h. Samples were dehydrated in ethanol, embed-
ded in epoxy resin, sectioned at 60-70 nm, and picked up on Formvar-
and carbon-coated copper grids. Grids were stained with uranyl acetate
and lead nitrate, viewed using a transmission electron microscope (Philips
CM-10; FEI), and photographed using a digital camera (Gatan).

Generation of DNA constructs

Monomeric mCherry cDNA (Shaner et al., 2004) was inserted into pTW 1129
tagless destination vector (provided by T. Murphy, Carnegie Institution, Balti-
more, MD; Drosophila Gateway Vector Collection) upstream of the Gateway
cassette fo create pUAST-mCherry-ccdB. Fulllength mtm cDNA was PCR am-
plified (5"-CACCATGGATCCCTCCGCG-3' and 5-GTGCATAGGCGAG-
GCCAGA-3'), cloned into the pENTR/D-TOPO entry vector (Invitrogen),
subcloned by an LR recombination reaction into Gateway destination vectors
pTGW-1075 (UAS-eGFP:mtm) and pUAST-mCherryccdB (UAS-mCherry:
mtm), and confirmed by sequencing and protein expression. EcoRl restriction
digest of PCR-amplified fullength mtm cDNA (clone LD28822; Drosophila
Genomics Resource Center [DGRC]) was subcloned to make UAST-mtm:
eGFP. UAS-GFP:mtm and UAS-FLAG:mim were generated from insertion of
PCR-amplified fulHength mtm cDNA into Gateway pENTR/D-TOPO and re-
combination into tag-containing destination vectors. The mfm cDNA muta-
tion of codon 403 (CGC to TGC) was made using site-directed mutagenesis
(QuickChange; Agilent Technologies). Notl restriction digest of human GFP:
MTMR2 (provided by J. Dixon, University of California, San Diego, La Jolla,
CA) was subcloned into pUAST for UAS-GFP-MTMR2. Fulllength Pi3K68D
splice form A (clone LD28067; DGRC) was subcloned into pENTR1A vector
(Invitrogen), excluding the STOP codon, to generate pENTR1A-Pi3K68D RA.
[R recombination was performed with destination vectors pUAST-ccdB-GFP
(Drosophila Gateway Vector Collection) and pUAST-mCherry-ccdB to obtain
C- and N+erminally tagged Pi3K68D:GFP and mCherry:Pi3K68D, respec-
tively. myc:2XFYVE was amplified from pUAST-GFP:myc:2XFYVE (provided
by M. Gonzdlez-Gaitdn, University of Geneva, Geneva, Switzerland) and in-
serted into pUAST-mCherry to generate pUAST-mCherry:myc:2XFYVE.

Kc cell culture, DNA transfection, RNAi, and molecular analyses
Drosophila Kcye7 cells (Echalier and Ohanessian, 1969) were cultured in
Schneider’s Drosophila medium (Invitrogen) containing 10% FBS and 1%
penicillin/streptomyocin (Sigma-Aldrich) at 24°C. Effectene transfection re-
agent (QIAGEN) was used for DNA delivery of metallothionein-GAL4 along
with the UAS constructs of interest, UAS-GFP:Rab7, UAS-GFP:myc:2xFYVE
(provided by M. Gonzdlez-Gaitdn), UAS-GFP:LAMP (provided by H. Krémer,
University of Texas Southwestern, Dallas, TX), UAS-mtm:GFP, UAS-GFP:mtm,
or UAS-Pi3K68D:GFP. To induce the metallothionein-GAL4, transfected cells
were incubated with 0.75 mM CuSQOy in complete media for 6-8 h before
imaging. To test effects of cytoskeletal disruption on mfm RNAi phenotype or
Pi3K68D localization and motility, cells were treated with 50 pM latrunculin B
(EMD) for 2 h in complete medium or 15 pM nocodazole (Sigma-Aldrich) in
PBS for 2 h and imaged live.

Double-stranded RNAs were generated from genomic DNA se-
quences, and RNAi for 3-5 d was performed as described previously
(Kiger et al., 2003). To induce cellular elongation, cells were incubated 3 d
after RNAi with a final concentration of 1 pM ecdysone (Sigma-Aldrich) in
complete medium for 36 h before fixation. RNAI efficiency was determined
from mRNA isolated from Trizol cell extracts and RT-PCR of cDNA (Invitrogen).
Cell extracts in RIPA lysis buffer with protease inhibitor cocktail (Sigma-
Aldrich) were used for Western blots with rabbit anti-GFP (1:2,000; Santa
Cruz Biotechnology, Inc.), mouse anti—a-tubulin (1:5,000; Sigma-Aldrich),
or mouse Ag10.2 anti-EcR (Developmental Studies Hybridoma Bank) fol-
lowed by anti-rabbit HRP or anti-mouse HRP (1:10,000; Invitrogen).

To determine Kcy cell numbers after RNAI, control or mtm RNAI
cells in poly-D-lysine—coated glass-bottom 96-well plates were incubated
at 24°C for 4 d. After 3 d, some wells were treated with 1 pM ecdysone
(Sigma-Aldrich) in complete medium for 24 h. Cells from each condition
were imaged then scraped, resuspended in media, and counted by hemo-
cytometer on d 1-4 after plating. To assess cell viability and relative cell
size by flow cytometry, control and mtm RNAi-+treated Kci47 cells 4 d after
plating with or without addition of 1 pM ecdysone for 18 h were scraped,
filtered, and resuspended in PBS. Flow cytometric analysis of 20,000 un-
gated cells for forward and side scatter properties were collected from rep-
licate samples from three experiments. A uniform gate drawn for forward
and side scatter plots was applied to all samples collected in the same ex-
periment and used to quantify the percentage of live and dead cells.

Phosphatase activity assay
Kcie7 cells (107 cells/two 100-mm plates) transfected with UAS-FLAG:mtm
or UAS-FLAGmm®4%3¢ and metallothionein-GAL4 were induced 48 h later



with 1 mM CuSQOy overnight. Plates were washed twice with ice-cold PBS
and lysed in 500 pl lysis buffer (25 mM TrisHCI, 1 mM EDTA, 0.1 mM
EGTA, 5 mM MgCly, 150 mM NaCl, 10% glycerol, 1% NP-40, 1 mM DTT,
and 1x protease inhibitor [Sigma-Aldrich]). Lysates were spun at 13,000
rpm for 10 min, the supernatant was collected, and equal volumes of cell
lysates were immunoprecipitated using anti-Flag M2 agarose beads
(Sigma-Aldrich) for 2 h at 4°C. Beads were washed three times with lysis
buffer, once with lysis buffer without NP-40, twice in reaction buffer (20 mM
Tris-HCl, pH 7.4, 5 mM MgCl,, and 0.5 mM EDTA), and then split into four
tubes (two used for PI(3)P and two used for PI(3,5)P,). Phosphatase activity
was measured using the malachite green assay (Echelon Biosciences, Inc.)
following the manufacturer’s instructions. Reaction mix (reaction buffer plus
50 pM PIPs) was added to each tube, incubated for 20 min at 25°C, then
stopped by addition of 7 pl 0.05 mM Na3VO, and heated at 95°C for
2 min. Free phosphate in solution was measured by plate reader. Beads
were loaded onto a 4-12% SDS polyacrylamide gel (Invitrogen) to esti-
mate the amount of immunoprecipitated protein. The gel was stained with
Sypro Ruby red stain (Invitrogen), and it was found that the Mtm-WT and
Mtm-R403C amounts were equal.

Radiolabeling, extraction, and quantification of PI(3)P concentrations

After 3 d of RNAI, Kcy47 cells were labeled for 40 h with 90 pCi/ml myo-
[2-H]inositol (PerkinElmer) in inositol-free Schneider’s Drosophila medium
(Invitrogen). Cells were scraped in PBS and collected by centrifugation.
Phosphoinositides were extracted as described previously (Rudge et al.,
2004), and the dried extracts were analyzed by HPLC as described previ-
ously (Baird et al., 2008). Radiolabeled phospholipids from yeast extracts
were used as standards.

Statistical analysis

The area of subcellular objects (Rab5, GFP:Rab7, and LlysoTracker) were
scored and quantified using either AxioVision or CellProfiler software.
Images were thresholded, segmented, and measured in marker channel to de-
termine object areas and in nuclei channel to determine total cell count. Per
object measurements for >745 compartments from >60 cells pooled from at
least two experiments were analyzed with Prism software (GraphPad Soft-
ware, Inc.) to defermine object area mean, standard error, and Student's
ttest, and results were converted from pixels to squared micrometers for Figs. 4
(Hand 1), 5 C, 8 (C-D’), S2 G, and S3 D. Colocalization of dextran and
LysoTracker was scored and quantified with the MetaMorph software (MDS
Analytical Technologies) colocalization module per entire field and reported
as percentage of dexiran versus LysoTracker overlap in Fig. 5 (A and A').
The area of localized PI(3)P per cell was determined using AxioVision soft-
ware. Images were thresholded, segmented, and measured for field area of
GFP:2xFYVE channel and DAPI channel to count nuclei, then used to calcu-
late normalized GFP:2xFYVE area per cell per field. Prism software was
used to calculate the mean-normalized GFP:2xFYVE area from 8-13 fields
(31-88 cells) across two experiments, standard error, and Student's ttest for
Fig. 7 C. Cell morphology of F-actin-labeled spread hemocytes or GFP-
positive transfected Kci47 cells was assessed manually and categorized for
all detectable cells within entire image fields (>12) from three experiments,
and results were plotted as the mean percentage of total scored cells for
Figs. 1 G and 2 G. Prism was used to calculate SD and Student's t fest.

Transmission electron microscopy data in Fig. 4 (M and P) were
quantified from 26 cells selected randomly for each condition, with the
only criteria that the entire cell with nucleus cross section was represented.
The cell perimeter and secondary lysosomes, as visually identified by mem-
brane whorls, were manually outlined in Photoshop. The total area of sec-
ondary lysosomes as a percentage of the entire cell area was calculated in
Excel (Microsoft), analyzed in Prism with Student's t test, and graphed as a
scatter plot with mean percent cell area. Electron-lucent membrane struc-
tures were visually identified, and the number of single-membrane-bound
and double-membrane-bound structures were counted for each cell. Prism
software was used to determine Student's t test and graph results as a scat-
ter plot with the mean number of structures per cell.

Hemocytometer counts of bled hemocytes were made independently
from 10 larvae. CellProfiler software was used to estimate sessile hemocyte
populations per segment from images of GFP-positive hemocytes in ab-
dominal segments 5 or 6 from10 larvae. Images of wound sites from >11
larvae per genotype were analyzed in Photoshop by manually counting
hemocytes within one-wound diameter. Prism software was used to calcu-
late mean, standard error, and Student's t test for hemocyte numbers
graphed in Fig. 3 (A, C, and F). Hemocytometer counts of RNAi+treated
Kcie7 cells from three experiments were used to calculate mean, SD, and
Student's t test for Fig. 1 D. Percentage of live and dead cells, for 20,000

cells for each of two experiments, and forward scatter from four experi-
ments, each of 16,000 gated cells, were used to calculate mean, standard
error, and Student's ttest for Fig. S2 (C and D). Phosphatase activities were
analyzed for mean, standard error, and Student's t test from four experi-
ments for Fig. 6 A. Mean percent radiolabeled PI(3)P and Student’s t test
were calculated from two experiments.

Online supplemental material

Fig. S1 shows results from Kc cell RNAJ screen. Fig. S2 demonstrates nor-
mal cell number, viability, and ecdysone reception in mtm RNAi Kc cells.
Fig. S3 shows normal phagocytosis in mim-depleted hemocytes, depen-
dence of mtm RNAI lysosomal defects on HOPS complex, and that Fab1
RNA.i shares similar lysosomal but not morphology defects. Fig. S4 shows
GFP:2xFYVE-altered distribution in Kc cells and hemocytes and the affect of
Pi3K functions on hemocyte protrusions. Table S1 displays adult viability
and visible phenotypes detected with tissue-targeted mtm depletion and
genetic inferactions. Video 1 shows time-lapse microscopy of altered corti-
cal dynamics in mtm-depleted hemocytes. Video 2 shows time-lapse micros-
copy of fusion between mCherry:2xFYVE compartments with lack of
tubulation in mtm-depleted hemocytes. Video 3 shows time-lapse micros-
copy of GFP:Rab7 and LlysoTracker in hemocytes. Video 4 shows time-
lapse microscopy of Pi3K68D:GFP motility and association with LysoTracker
compartments. Online supplemental material is available at http://www

.jcb.org/cgi/content/full/jcb.200911020/DC1.
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