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Phosphatidylinositol 4,5-bisphosphate controls
Rab7 and PLEKMH1 membrane cycling during
autophagosome–lysosome fusion
Takashi Baba , Daniel J Toth, Nivedita Sengupta, Yeun Ju Kim & Tamas Balla*

Abstract

The small GTPase Rab7 is a key organizer of receptor sorting and
lysosomal degradation by recruiting of a variety of effectors
depending on its GDP/GTP-bound state. However, molecular mech-
anisms that trigger Rab7 inactivation remain elusive. Here we find
that, among the endosomal pools, Rab7-positive compartments
possess the highest level of PI4P, which is primarily produced by
PI4K2A kinase. Acute conversion of this endosomal PI4P to PI(4,5)P2
causes Rab7 dissociation from late endosomes and releases a regu-
lator of autophagosome–lysosome fusion, PLEKHM1, from the
membrane. Rab7 effectors Vps35 and RILP are not affected by
acute PI(4,5)P2 production. Deletion of PI4K2A greatly reduces
PIP5Kc-mediated PI(4,5)P2 production in Rab7-positive endosomes
leading to impaired Rab7 inactivation and increased number of
LC3-positive structures with defective autophagosome–lysosome
fusion. These results reveal a late endosomal PI4P-PI(4,5)P2-depen-
dent regulatory loop that impacts autophagosome flux by affecting
Rab7 cycling and PLEKHM1 association.
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Introduction

Maintenance of cellular integrity demands the proper sorting of

newly synthesized membrane components and the simultaneous

degradation of cellular proteins or organelles through endocytic

sorting pathways and autophagy. These events are controlled by the

concerted actions of many protein signaling complexes often orga-

nized in specific membrane compartments by the Rab family of

GTPases (Lamb et al, 2016; Novick, 2016) together with the regula-

tory lipids, phosphoinositides (Di Paolo & De Camilli, 2006; Balla,

2013). The importance of phosphatidylinositol 3-phosphate (PI3P)

generated by Vps34 in yeast and its homologues in metazoan cells

working primarily in Rab5-positive early endosomal compartments

are well recognized in endosomal sorting (Christoforidis et al,

1999). In addition, the critical role of Vps34 in autophagosome

formation and processing has been firmly established. Another

small GTPase, Rab7, is distributed to the late endosome/lysosome

compartment working as a key regulator of protein sorting, lyso-

some positioning, and autophagosome–lysosome fusion via recruit-

ment of a variety of effectors, including RILP (Jordens et al, 2001),

the retromer complex (Seaman et al, 2009), and autophagosome–

lysosome fusion protein PLEKHM1 (McEwan & Dikic, 2015). Little

is known about the importance of phosphoinositides in the Rab7-

mediated events.

PI4P is made by four different phosphatidylinositol 4-kinase

enzymes in mammalian cells (Minogue & Waugh, 2012; Boura &

Nencka, 2015), but their contribution to the endosomal PI4P pool is

not all that clear. PI4KA is mainly responsible for the plasma

membrane (PM) pool of PI4P (Nakatsu et al, 2012; Bojjireddy et al,

2014), and PI4KB is primarily a Golgi-localized enzyme (D’Angelo

et al, 2012). Based on the endosomal localization of PI4K2A and

PI4K2B, these two enzymes are considered the major sources of

PI4P on endosomes and the TGN (Balla et al, 2002; Wang et al,

2003; Minogue et al, 2006; Jovic et al, 2014; Minogue, 2017). Stud-

ies on the role of endosomal PI4P primarily focused on its role in

recruitment of adapter proteins, such as the clathrin adaptors AP-1

(Wang et al, 2003), AP-3 (Craige et al, 2008), and GGAs (Wang

et al, 2007), or on the trafficking and regulation of SNAREs (Burgess

et al, 2012; Jovic et al, 2014). PI4P and PI4K2A were also found to

organize important multi-component signaling complexes on endo-

somes such as the lysosome-related organelles complex 1 (BLOC-1)

and the Wiskott-Aldrich Syndrome Protein and SCAR Homolog

(WASH) complexes (Newell-Litwa et al, 2009; Ryder et al, 2013;

Dong et al, 2016). Lastly, PI4P levels on endosomes are also regu-

lated by lipid-transfer proteins of the OSBP family, suggesting that

endosomal PI4P is utilized to drive the transport of lipids between

the ER and endosomes (Dong et al, 2016; Mesmin et al, 2017).

Functionally speaking, PI4K2A was found to be critical for EGF-

receptor degradation (Minogue et al, 2006), transferrin receptor
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recycling (Ketel et al, 2016), and mannose 6-phosphate retrieval

from endosomes to the Golgi by the retromer complex (Wang

et al, 2003; Niu et al, 2013; Marquer et al, 2016). Also, PI4K2A

was shown to interact with the family of GABARAP proteins

(Jovic et al, 2014; Wang et al, 2015) and play a role in autophago-

some–lysosome fusion (Wang et al, 2015). Not clear is the ques-

tion as to what extent PI4P acts on its own right or can be

converted to PI(4,5)P2 in endocytic compartments to regulate

these events. Recent studies showed specific forms of PIP5Kc in

the control of ATG14 and autophagy flux (Tan et al, 2016) and

also in regulating lysosomal degradation of e-cadherin (Schill

et al, 2014) or the EGF receptor (Sun et al, 2013). Yet, some other

studies suggested that PI4P regulates autophagy unrelated to PI

(4,5)P2 production (Wang et al, 2015).

In the present study, we find that conversion of PI4P synthe-

sized by the PI4K2A enzyme to PI(4,5)P2 on Rab7-positive endo-

somes facilitates Rab7 conversion to its GDP-bound form and leads

to the release of the Rab7 effector PLEKHM1, an important regula-

tor of autophagosome–lysosome fusion. Some Rab7 effectors show

less sensitivity to PI(4,5)P2 generation suggesting selective phos-

phoinositide regulation of different Rab7-controlled pathways. Our

studies unravel the mechanistic details of the phosphoinositide

cascade that controls late endosomal events and autophagosome

flux via the regulation of Rab7 cycling and PLEKHM1 recruitment

and release.

Results

PI4P shows highest enrichment in Rab7-positive compartments

PI4P has been shown to be present in various endosomal compart-

ments showing highest co-localization with Rab7-positive endo-

somes (Hammond et al, 2014). To obtain an accurate quantitative

comparison between PI4P levels of specific endosomal pools, a

bioluminescence resonance energy transfer (BRET) method was

introduced, which utilizes energy transfer from luciferase (donor) to

Venus (acceptor). The energy transfer increases when the luci-

ferase-tagged lipid-binding domain is in close proximity to the

Venus protein targeted to the membrane of interest (Toth et al,

2016; Varnai et al, 2017). The intensities of luciferase and Venus

can be measured by microplate readers from thousands of cells

giving an unbiased measure in a population of cells. To specifically

monitor PI4P in various endosomal pools, the tandem version of

P4M (Hammond et al, 2014) was fused to Renilla luciferase (termed

Super luciferase, or Sluc) and the Venus partner was fused to vari-

ous Rab proteins (Rab7, Rab5, Rab4, and Rab11; Fig 1A). The two

fusion proteins were expressed in HEK293 cells stably expressing

the AT1a rat AngII receptor (HEK293-AT1; Balla et al, 2007) from a

single plasmid separated by the T2A viral sequence (Toth et al,

2016). Since the majority of the P4M-2x reporter is bound to the PM

in resting cells and only a relatively small fraction binds to endo-

somes (Hammond et al, 2014), we used GSK-A1, a selective inhi-

bitor of PI4KA, which inhibits the PI4KA enzyme responsible for the

generation of the PI4P pool of the PM without affecting PI4K2A

(Balla et al, 2005; Nakatsu et al, 2012; Bojjireddy et al, 2014). This

treatment releases P4M2x from the PM and profoundly increases the

association of the probe with the endosomal PI4P pools including

the various endosomes and the Golgi as well (Fig 1B). As shown in

Figs 1C and EV1C, the BRET signal showed a large increase in the

Rab7 compartments and only small or no change was observed in

the other Rab compartments (Rab4, Rab5, Rab11), indicating that

the majority of the PI4P was found associated with the Rab7

compartment.

Since type-II PI4Ks have been found to localize to various

endosomes, we assessed the contribution of PI4K2A to the

production of PI4P in the various endosomal compartments. For

this, we generated PI4K2A knockout (K/O) cell lines from the

HEK293-AT1 cells using the CRISPR/Cas9 system (Ran et al,

2013). Two of the clonal lines, called #20 and #26, were selected

for further analysis. Sequence analysis showed a 7 bp and a 1 bp

deletion in exon 1 of PI4K2A in clone #20 and a large insertion

originating from the Cas9 cDNA inserted into PIK2A exon1 in

clone #26 (Fig EV1A). The PI4K2A protein was undetectable in

either of the two PI4K2A K/O clones, and no changes were

observed in the amounts of the other PI4Ks, PI4K2B, and PI4KB

(Fig EV1B). Importantly, in both PI4K2A K/O cells, the BRET

signal was greatly reduced in the Rab7 compartment (Fig 1D). To

evaluate the contribution of the other PI4K enzymes, PI4KB and

PI4K2B, these enzymes were inactivated either pharmacologically

(for PI4KB) or by RNAi-mediated knockdown in either naı̈ve or

PI4K2A K/O cells. Inhibition of PI4KB had no detectable effect on

the PI4P content of the Rab7 compartment in either the control or

PI4K2A K/O cells (Fig EV1D). PI4K2B knockdown caused no

detectable reduction in the PI4P signal in the Rab7 compartment

in wild-type cells but further reduced the signal in the PI4K2A K/

O cells (Fig EV1E and F). These data together suggested that type-

II PI4Ks primarily control the PI4P content of Rab7 endosomes.

Importantly, the reduced PI4P pool in the Rab7 compartment was

rescued by expression of HA-tagged PI4K2A (expressed at low,

close to endogenous levels, Fig 2B) but not by its kinase inactive

version (Fig 2A).

PI4K2A K/O cells show signs of Rab7 activation

Given the presence of PI4P in the Rab7 compartment, we wanted to

evaluate if this compartment showed any changes in cells lacking

PI4K2A. To this end, we turned to confocal microscopy to investi-

gate the morphology of the Rab7 compartment in cells expressing

GFP-Rab7 both in normal cells and in the two PI4K2A K/O cell lines.

This analysis revealed that PI4K2A K/O cells showed prominent

Rab7-positive tubulation (Fig 2C, right panels), which was reminis-

cent of those observed in parental HEK293-AT1 cells expressing low

level of GFP-Rab7 Q67L (Fig 2C, lower left panels). Importantly,

there was no notable difference between the parental and PI4K2A

K/O cells expressing the GFP-Rab7Q67L mutant (not shown). These

results raised the possibility that Rab7 was activated in PI4K2A K/O

cells causing the tubulation. It is important to note that PI4K2A K/O

cells showed no sign of lysosome redistribution, which is often asso-

ciated with Rab7 cycling defects (Cantalupo et al, 2001; Jordens

et al, 2001; Fig 2C).

These results have implied that PI4K2A K/O cells would show

reduced Rab7 inactivation. To determine the effect of PI4K2A K/O

on the Rab7 status of the cells, we quantitated the amount of Rab7

in the GTP-bound form using a pull-down assay with GST-tagged

Rab7-binding domain of RILP, which is used as a trap for Rab7-GTP
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Figure 1. Assessment of endosome-associated PI4P pools.

A Cartoon depicting the principle of the endosomal PI4P BRET measurement. The Venus fluorescent protein is targeted to the respective endosomes using Rab proteins,
while Renilla luciferase [termed Super luciferase (Sluc)] is fused to the P4M2x PI4P reporter. This reporter binds to PI4P the majority of which is in the PM. The PI4KA
inhibitor, GSK-A1 (A1), reduces PI4P in the PM allowing more of the reporter to find the endosomal PI4P that is produced by PI4Ks that are insensitive to GSK-A1.
Relocation of the P4M2x reporter tagged with Sluc to the PI4P-rich endosomes will increase the energy transfer between the enzyme and Venus in the presence of
the coelenterazine H substrate.

B Representative confocal images show the distribution of the P4M2x reporter in HEK293-AT1 cells before and after the addition of GSK-A1 (30 nM). Note the signal
disappearing from the PM and strongly highlighting the endosomes and Golgi. Scale bars are 20 lm.

C Representative result from a BRET experiment detecting PI4P in various endosomes (Rab7, Rab5, and Rab11) following addition of GSK-A1. The graph shows
normalized BRET values where the averages of triplicate measurements of A1-treated cells were divided by the averages of triplicates obtained in DMSO-treated
controls. Note that these signals originate from thousands of cells.

D Similar BRET experiment showing the Rab7-pool of PI4P both in control HEK293-AT1 cells and in two clones of cells with PI4K2A deletion (#20 and #26).
Means � SEM are shown from three experiments performed in triplicates.
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(Romero Rosales et al, 2009). However, this assay was not sensitive

enough to detect the difference in the amount of active Rab7

between wild-type and PI4K2A K/O cells even after PI4K2B knock-

down in PI4K2A K/O cells (Fig EV2A). When this assay was used in

cells expressing GFP-Rab7 or GFP-Rab7-Q67L, a small difference

was found between the two Rab7 constructs, whereas no signal was

detected in the pull-down from cells expressing GFP-Rab7-N125I

(Fig EV2B).

Endosomal PI(4,5)P2 production leads to the inactivation of Rab7
and requires type-II PI4Ks

To assess whether PI4P affects Rab7 cycling directly or as a source of

PI(4,5)P2, we used the rapamycin-inducible heterodimerization

approach to recruit a PIP5Kc enzyme to Rab7-positive membranes

using FKBP-fused PIP5Kc (Suh et al, 2006) and FRB fused to Rab7

(Hammond et al, 2014; Fig 3A). Confocal images showed that
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Figure 2. Restoration of endosomal PI4P by re-expression of PI4K2A and distribution of Rab7 in PI4K2A K/O cells.

A BRET measurement of PI4P in Rab7 compartment in parental and PI4K2A K/O cells after expression of HA-tagged PI4K2A or its kinase-dead mutant. Means � SEM
are shown from three experiments performed in triplicates.

B Western blot analysis shows that the level of PI4K2A expression was closely matched with that of wild-type cells.
C Distribution of GFP-Rab7 in parental (left panels) and two clones of PI4K2A K/O cells. Representative pictures show tubulation in the K/O cells reminiscent of those

seen in wild-type cells expressing the GTP-locked Rab7Q67L mutant. Scale bars are 10 lm.

Source data are available online for this figure.
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PIP5Kc acutely recruited to Rab7 membranes caused the cytosolic

PLCd1PH domain to localize to Rab7 compartment as described

previously (Hammond et al, 2014; Fig 3B, middle). Importantly, the

Rab7 recruiter slowly dissociated from the membranes during this

manipulation (Fig 3B, top). In order to obtain a quantitative measure

of these changes, we monitored PI(4,5)P2 levels in the Rab7 compart-

ment using the BRET system. For this, we used PLCd1PH as a PI(4,5)

P2 reporter fused to Sluc and targeted Venus by fusing it to Rab7. To

avoid possible interference with the BRET signal, we used iRFP in

the Rab7-targeted FRB and a mutated CFP (W66A) in the FKBP-fused

PIP5Kc to eliminate its fluorescence. To increase the amount of

PLCd1-PH available in the cytosol for binding to the endosome-

generated PI(4,5)P2, we also expressed a constitutively active Gq

(Gq*) at low level to decrease PI(4,5)P2 in the PM. (Expression of

Gq* has proven to be unnecessary and was omitted in subsequent

experiments.) As shown in Fig 3C, BRET analysis detected the

increased PI(4,5)P2 formation at the Rab7 compartment (Fig 3C, blue

trace). Recruitment of the kinase-dead version of the PIP5Kc showed

little if any effect (Fig 3C, black trace). These traces also showed that

the BRET signal slowly returned to baseline (defined as the trace

obtained with the inactive Rab7-N125I) consistent with the Rab7

recruiter dissociating from the membrane caused by PI(4,5)P2 gener-

ation (Fig 3D blue trace). When the Rab7 component of the BRET

probe (fused to Venus) was mutated either to its GTP or GDP-locked

form (Q67L and N125I, respectively), the PI(4,5)P2 increase was

larger and more sustained with the GTP-locked form, whereas no

signal increase was detected with the GDP-locked Rab7 (Fig 3D red

and green traces, respectively).

Next, we performed similar analysis in the PI4K2A K/O cells, to

determine whether the reduced PI4P level in the Rab7 endosomes

limits the PI(4,5)P2 that can be produced. These experiments

showed that recruitment of the PIP5Kc resulted in a ~ 50% reduc-

tion in PI(4,5)P2 production in the Rab7 compartment compared to

changes observed with the parental cells (Fig 3E and F). Analysis of

the areas below the curves showed significantly smaller PI(4,5)P2
generation in the knockout cells (Fig 3F). Similar changes were

observed when the Rab7 wild-type construct was used as a

recruiter. In that case, the reduction in PI(4,5)P2 level was also

observed in the PI4K2A K/O cells but reached significance only with

clone #20 (Fig EV2C and D). To evaluate whether the remaining PI

(4,5)P2 was produced from PI4P made by the PI4K2B enzyme, we

used one of the PI4K2A K/O cells and knocked down PI4K2B. In

such cells little if any PI(4,5)P2 was produced by the recruited PIP5K

(Fig EV2E and F). These results together suggested that Rab7 could

be inactivated by the generation of PI(4,5)P2 at the Rab7 compart-

ment and that PI4K2A was an important contributor to provide PI4P

as the precursor for PI(4,5)P2.

Endosomal PI4P is converted to PI(4,5)P2 by endogenous PIP5Kc

These experiments showed that overexpressed and acutely recruited

PIP5K can impact the GDP/GTP status of Rab7, but did not tell

whether PI(4,5)P2 is made endogenously on Rab7 endosomes. It has

been well documented that the PI(4,5)P2 reporter, PLCd1PH-GFP
does not detect intracellular pools of this lipid presumably because

of the limited size of these PI(4,5)P2 pools, yet it is able to detect

them once they are expanded (Wills et al, 2018). To address this

question, we turned to OSW1, one of the recently introduced inhibi-

tors of OSBP function (also called ORPphilins; Burgett et al, 2011).

It has been reported that inactivation of the ER-localized adaptor

proteins VAP-A and VAP-B leads to the accumulation of PI4P in

endosomes due to the inability of the OSBP protein to transport

PI4P from endosomes to the ER (Dong et al, 2016). Indeed, inhibi-

tion of OSBP by OSW1 was reported to induce accumulation of

Golgi and endosomal PI4P (Mesmin et al, 2017). Therefore, we set

out experiments to investigate the effect of OSW1 on endosomal

PI4P. Confocal microscopy showed that OSW1 treatment increased

PI4P both in the Golgi and in the endosomal compartments and that

the endosomal PI4P increase was barely detectable in PI4K2A K/O

cells (Fig 4A). This was confirmed by BRET analysis, which showed

a steady accumulation of PI4P in the Rab7 compartment following

OSW1 treatment (20 nM). This increase was substantially smaller in

PI4K2A K/O cells (Fig 4B). This finding was in good agreement with

the recent Dong study, which showed that this endosomal PI4P was

largely produced by the PI4K2A enzyme (Dong et al, 2016). To

investigate whether this PI4P increase was associated with an

increased PI(4,5)P2 in the same Rab7 compartment, we used confo-

cal analysis using the PLCd1-PH domain as the lipid sensor. As

shown in Fig 4C, 60-min OSW1 (20 nM) treatment did not reveal

any PI(4,5)P2 in the endosomal compartments. Since most of the

PLCd1-PH domain is associated with the abundant PI(4,5)P2 in the

PM, we reasoned that there might not have been enough PLCd1-PH

▸Figure 3. Increased production of PI(4,5)P2 in Rab7-positive endosomes causes Rab7 dissociation.

A Cartoon depicting the experimental design. A PIP5Kc construct fused to FKBP12 is expressed together with an FRB module fused to Rab7 and the GFP-tagged
PLCd1PH reporter for PI(4,5)P2. Addition of rapamycin causes recruitment of PIP5Kc to the endosomes where it makes more PI(4,5)P2 and attracts the PI(4,5)P2
reporter.

B Representative confocal pictures showing these changes in live cells. Cells were transfected with the indicated constructs and imaged before and after addition of
rapamycin (100 nM) for 10 min. Note that the Rab7 recruiter itself is dissociating from the membranes after PI(4,5)P2 generation. Left panels show some cells
enlarged. Scale bars: 20 lm.

C Quantification of the changes in BRET experiments. Here the BRET sensor contained the PLCd1PH-fused to Sluc and the Venus targeted with Rab7 expressed from a
single vector and it was co-transfected with the Rab7-targeted FRB (tagged with iRFP) and the FKBP12-fused PIP5Kc in which the CFP was mutated to eliminate its
fluorescence (CFP*). Recruitment of the PIP5Kc but not its kinase-dead version caused an increase in the BRET signal indicating the increased PI(4,5)P2 in this
compartment (means � SEM, from three separate experiments performed in triplicates).

D PI(4,5)P2 increases were larger when the Venus part of the BRET sensor was targeted with the GTP-locked form of Rab7 (Q67L) and was negligible with the GDP-
locked form of Rab7 (N125I) in the BRET construct. Also note that the Rab7 wild-type-based BRET signal slowly returned toward the green trace consistent with Rab7
falling off from the membrane both in the BRET and the recruiting constructs (means � SEM, from three separate experiments performed in triplicates).

E The response of PI4K2A K/O cells was significantly reduced in these latter experiments. Means � SEM are shown from three experiments performed in triplicates.
F Areas below the curves calculated from the time of rapamycin addition for each of the three separate experiments shown in panel E (means � SEM, n = 3). One-way

ANOVA with Dunnett’s multiple comparisons was used for statistical analysis (*P = 0.0478 and 0.0287 for #20 and #26 clones, respectively).
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reporter in the cytoplasm to detect the small PI(4,5)P2 pool even after

OSW1 treatment. Therefore, we used stimulation with angiotensin II

(AngII) to induce hydrolysis of the PM PI(4,5)P2 and, hence, to

increase the amount of lipid probe in the cytosol. This manipulation

revealed the association of the lipid probe with the intracellular

compartments, and this was greatly reduced in PI4K2A K/O cells

(Fig 4C, right). This experiment was then performed in the BRET

format where the PLCd1-PH domain was used as a lipid sensor fused

to Sluc and the Rab7-Q67L-targeted Venus as an acceptor. Consistent

with the confocal data, the PI(4,5)P2 BRET signal in the Rab7-positive

endosomes was below detection limits even after OSW1 treatment

even in naı̈ve HEK293-AT1 cells without Ang II stimulation (Fig 4D,

green trace). However, the BRET signal showed an easily detectable

increase after AngII stimulation (which releases the PI(4,5)P2 probe

from the PM), but only in cells pretreated with OSW1 (Fig 4D, red

trace vs. blue trace). Again, this PI(4,5)P2 accumulation after OSW1

treatment was hardly detectable in the PI4K2A K/O cells (Fig 4E,

orange trace). These experiments showed that endosomal PI4P is

converted to PI(4,5)P2 in the Rab7-positive compartment which

becomes detectable after PI4P accumulation is caused by OSW1.

To investigate which PIP5K was responsible for this effect, we

repeated the above-described experiments in cells where PIPc or

PIP5Kb was knocked down. These two enzymes were chosen as they

have been shown to operate in the late-endosome lysosome compart-

ments (Rong et al, 2012; Tan et al, 2016). Knockdown of PIP5Kc (all

isoforms, Fig 5B) significantly decreased the PI(4,5)P2 signal detected

in OSW1-treated parental HEK293-AT1 cells, while PIP5Kb knock-

down showed a smaller effect (Fig 5A and B). It has to be noted,

though, that Western blot analysis showed no detectable PIP5Kb in

these cells using two different antibodies both of which detected the

expressed protein (Fig EV3A and C). The effectiveness of the PIP5Kb
siRNA was tested using a GFP-fused human PIP5Kb (Fig EV3B). The

small effect of PIP5Kb knockdown could be attributed to the small

decrease it caused in PIP5Kc levels (Fig 5C). Knockdown of either

PIP5Kb or PIP5Kc did not change the expression of PIP5Ka
(Fig EV3D). Since our BRET analysis of the PI(4,5)P2 signal relied

upon the release of the PLCd1PH from the PM, we ran parallel experi-

ments to monitor PM PI(4,5)P2 changes in the cells in which the

PIP5Ks were knocked down (Fig EV3E). These experiments showed

that neither PIP5Kc nor PIP5Kb knockdown had detectable effects on

PI(4,5)P2 changes in the PM during AngII stimulation. This also

suggested that these HEK293 cells can maintain their PI(4,5)P2 levels

by using the remaining (non-targeted) PIP5K enzymes, consistent

with conclusions drawn by studies on knockout animals (Volpicelli-

Daley et al, 2010). Together, these experiments suggested that PIP5Kc
but not PIP5Kb was responsible for the majority of the PI(4,5)P2 that

was generated in the Rab7-positive compartment.

Impaired production of PI(4,5)P2 in Rab7 compartment causes
autophagosome–lysosome fusion defects

We have found previously that PI4K2A interacts with GABARAP

(Jovic et al, 2014). Moreover, Wang et al (2015) has recently

reported that PI4K2A not only binds to the LC3 homologue,

GABARAPs, but also regulates autophagosome–lysosome fusion.

We also observed increased number of GFP-LC3-positive puncta

PI4K2A K/O cells which were eliminated after inhibiting hVps34

(Fig 5D and E). Also, we found that a significantly higher number of

mCherry-GFP-LC3-positive vesicles showed acidification problems

and in some cells prominent tubulation (Fig 5D and F). This

reporter decreases its GFP signal once in the acidic compartment,

i.e., following fusion of autophagosomes with lysosomes, while still

retaining its red fluorescence due to the resistance of mCherry fluo-

rescence to acidification. These findings together suggested that

PI4K2A K/O cells did show a defect in acidification of autophago-

somes as described by Wang et al (2015) in PI4K2A knockdown

cells. However, this block was not absolute since cells still cleared

their LC3-positive vesicles after Vps34 inhibition.

Next, we investigated whether PIP5Kc knockdown in wild-type

cells caused any defect in autophagosome processing. As shown in

Fig 6A–C, PIP5Kc knockdown caused similar acidification defects in

LC3 vesicles as did PI4K2A K/O. Moreover, such cells also displayed

prominent tubulation of Rab7 endosomes, which was similar to those

observed in PI4K2A K/O cells (Fig 6D). Several cells also showed

tubulation of the LC3-positive structures (Fig 6B lower) similar to

those found in PI4K2A K/O cells. These experiments suggested that

PIP5Kc deficiency caused defects in Rab7 cycling and autophagosome

processing similar to those found in PI4K2A K/O cells.

The production of PI(4,5)P2 dissociated PLEKHM1 from late
endosomes/lysosomes

It has been reported that PLEKHM1, a Rab7 effector protein, tethers

autophagosomes with lysosomes (McEwan & Dikic, 2015).

PLEKHM1 is a multivalent adaptor protein that possesses two PH

domains and interacts with both LC3/GABARAP proteins and

▸Figure 4. Increased level of PI4P in Rab7 endosomes is associated with PI(4,5)P2 production.

A Representative confocal images of HEK293-AT1 cells, which show that treatment with OSW1 (20 nM), a drug that inhibits the cholesterol-PI4P transport protein,
OSBP, causes accumulation of PI4P in the Golgi and in the endosomes (upper panels). Note that the accumulation is much reduced in the endosome but less so in
the Golgi in the PI4K2A K/O cells. Scale bars: 20 lm.

B Quantification of these changes by BRET analysis. The PI4P-Rab7 BRET sensor construct was transfected into the respective cell lines and the cells treated with OSW1
(20 nM) for the indicated times. The BRET ratios were expressed relative to those of DMSO-treated cells.

C Detection of endosomal PI(4,5)P2 in cells pretreated with OSW1 for 1 h in serum-free medium using confocal microscopy and the PLCd1PH-GFP PI(4,5)P2 reporter.
Angiotensin II (AngII, 100 nM; a Gq and PLC-activating agonist) was used to liberate the PLCd1PH-GFP PI(4,5)P2 reporter from the PM, which was necessary to detect
the endosomal PI(4,5)P2. The signal is transient as the AngII receptors show desensitization. Note the reduced signal in the two PI4K2A K/O clones. Scale bars: 20 lm.

D Quantification of the same changes by BRET analysis in wild-type cells using the PI(4,5)P2 sensor with Rab7-Q67L-targeting. Note the transient signal increase after
AngII stimulation only in cells treated with OSW1.

E This increase is barely detectable in the PI4K2A K/O cells.

Data information: (B, D, E) Means � SEM are shown from three experiments performed in triplicates. The values in (D) and (E) were measured in the same 96-well plate
at the same time.
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members of the HOPS (homotypic fusion and protein sorting)

complex (McEwan & Dikic, 2015). Having seen that PI(4,5)P2
production upon PIP5Kc recruitment promotes Rab7 inactivation,

together with the role of PI4K2A in this process, we wanted to

examine whether PLEKHM1 association with Rab7 endosomes is

altered by manipulations of PI(4,5)P2 levels and whether it is

affected in PI4K2A K/O cells. For this, we recruited FKBP-fused

PIP5Kc (Suh et al, 2006) to Rab7 compartments using the rapa-

mycin system and monitored PLEKHM1 association with the Rab7

compartment using confocal imaging and BRET analysis. First, wild-

type or PI4K2A K/O cells were transfected with plasmids encoding

CFP-FKBP-PIP5Kc, iRFP-FRB-Rab7, and PLEKHM1-GFP. Cells were

examined by confocal microscopy and were subjected to rapamycin

treatment to generate PI(4,5)P2 in the Rab7 compartment. This treat-

ment induced PLEKHM1-GFP dissociation from the Rab7 compart-

ment (Fig 7A). PI4K2A K/O cells showed much smaller release of

PLEKHM1-GFP after rapamycin treatment (Fig 7B). To have a quan-

titative assessment of these changes, we used BRET analysis. We

constructed a BRET construct encoding PLEKHM1-fused to Sluc and

Venus fused to Rab7 to measure PLEKHM1 level on Rab7-positive

membranes (Fig 7C). Consistent with the confocal data, PI(4,5)P2
generation released PLEKHM1 from the endosomes as indicated by

the drop in the BRET signal (Fig 7C, blue trace). No change was

observed when the kinase-dead PIP5Kc was recruited to the

membrane (Fig 7C, red trace). In both PI4K2A K/O lines, the disso-

ciation of PLEKHM1 was greatly reduced (Fig 7C, green and yellow

traces). Similar results were obtained when the Rab7 interacting

Rubicon homology domain of PLEKHM1 (Tabata et al, 2010) was

used instead of the full-length protein in the BRET measurements

(Fig EV4A). Importantly, PI(4,5)P2 generation failed to release

PLEKHM1 from endosomes of cells expressing the Rab7-Q67L

mutant as the BRET acceptor (Fig EV4B). These results raised the

possibility that autophagosome–lysosome fusion requires the

cycling of PLEKHM1 in the Rab7 compartments and that PI(4,5)P2
exerts a control over this process.

The production of PI(4,5)P2 fails to dissociate RILP or Vps35 from
late endosomes/lysosomes

Next we examined whether generation of PI(4,5)P2 at the Rab7

compartment also dissociates other Rab7 effectors from late endo-

somes. For this, we used RILP, a strong Rab7 interactor that regulates

the transport of late endosomes/lysosomes along the microtubules

(Jordens et al, 2001) or Vps35 a member of the trimeric retromer

complex (Seaman et al, 2009). This was tested both by confocal

microscopy and BRET analysis. As shown in Fig EV4C, expression of

RILP-GFP caused a collection of Rab7-positive endosomes at the

juxtanuclear area and recruitment of PIP5Kc hardly affected its disso-

ciation. In fact, RILP association with Rab7 endosomes increased

when PI(4,5)P2 was produced in the endosomes (Fig 7D). This

finding suggested that strong association of RILP with Rab7 endo-

somes locks and sequesters a significant fraction of Rab7 in its GTP

form preventing access to the respective Rab7-GAP proteins and

when Rab7 is released from its remaining less avid effectors by PI

(4,5)P2 production, it is rapidly captured by RILP.

Expression of Vps35 showed only partial co-localization with the

Rab7-positive endosomes consistent with its primary role in retro-

grade trafficking and recruitment of the PIP5Kc had little if any

effect on its localization. The more quantitative BRET analysis

showed that in contrast to PLEKHM1, Vps35 failed to show any

change after PIP5Kc recruitment. This was not unexpected given the

localization of Vps35 only to a small fraction of Rab7 endosome.

These results suggested that strong binding of some Rab7 effectors

can either prevent PI(4,5)P2 to cause Rab7 GTP hydrolysis or the PI

(4,5)P2-regulated process is selective to influence some but not all

Rab7-controlled pathways.

Multiple Rab7 GAP proteins affect autophagosome maturation

These results suggested that PI(4,5)P2 affects the GDP-GTP cycling

of Rab7 in late endosomes yielding more active Rab7 when PI(4,5)

P2 levels are reduced. Conversely, increased PI(4,5)P2 production

caused Rab7 inactivation, which indicates either activation of a

Rab7 GAP protein, or inactivation of the Rab7 GEF protein. It has

been well documented that many GAP proteins mostly acting on Arf

proteins are activated by PI(4,5)P2 (Roy et al, 2016). On the other

hand, to our knowledge no study has reported inositol lipids inhibit-

ing a GEF protein. For this reason, we explored whether any of the

known Rab7 GAP proteins would be regulated by PI(4,5)P2. There

are a large number of candidate proteins that belong to the TBC1D

family that possess GAP activity against Rab proteins (Frasa et al,

2012). Some of these proteins, such as Armus/TBC1D2A (Frasa et al,

2010; Jaber et al, 2016) or TBC1D15 (Yamano et al, 2014), have been

shown to act on Rab7 and play important roles in autophagy and also

◀ Figure 5. PIP5Kc is the primary source of PI(4,5)P2 in late endosomes and LC3 accumulation detected in PI4K2A K/O cells.

A BRET experiment in parental HEK293-AT1 cells in OSW1-pretreated cells after RNAi-mediated knockdown of PIP5Kb or PIP5Kc. The BRET experiment was performed
the same way as described in the legend to Fig 4D (means � SEM from three experiments, each performed in triplicates). Note the reduced response in the PIP5Kc
knockdown cells and the slight reduction in the case of PIP5Kb knockdown.

B Areas below the curves calculated from the time of rapamycin addition for each of the three separate experiments shown in panel A (means � SEM, n = 3). One-way
ANOVA with Dunnett’s multiple comparisons was used for statistical analysis (*P = 0.0241; **P = 0.0088).

C These reductions are proportional to the reduction in PIP5Kc levels as assessed by Western blot analysis of cell lysates obtained from cells treated with siRNAs at the
same time.

D Increased appearance of GFP-LC3-positive vesicles in PI4K2A K/O cells and reduced acidification of the LC3-positive vesicles using the GFP-mCherry-LC3 reporter. Cells
were transfected with the indicated constructs for 1 day and observed by confocal microscopy. Scale bars: 20 lm.

E Quantification of the LC3-positive vesicles (n = 67, 34, 26, 13, 30, 27 for the various groups, respectively, from left to right). *** designates P < 0.0001 using unpaired
t-test. The same data set was also analyzed with the non-parametric Mann–Whitney U-test showing a P = 0.0004 and 0.0012 for #20 and #26 clones relative to
control, respectively.

F Co-localization analysis using the Pearson coefficient (n = 31, 21, and 14 cells analyzed for the different groups from left to right). *** designates P < 0.0001 using
unpaired t-test. The same data set was also analyzed with the non-parametric Mann–Whitney U-test showing a P value < 0.0001 for both groups.

Source data are available online for this figure.
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in the fission of healthy mitochondria (Wong et al, 2018). However,

in many cases, it is not clear which TBC1D protein(s) act on Rab7

and whether they affect functionally different Rab7 pools.

We selected a panel of TBC1D proteins (TBC1D9; TBC1D9B;

GRTP1; TBC1D7; TBC1D15; TBC1D25; TBC1D2 (Armus); TBC1D5;

TBC1D24) and performed knockdown experiments to test if they

could prevent the PI(4,5)P2-induced release of PLEKHM1. None of

these manipulations has identified any single TBC1D protein that

would be responsible for mediating this effect (not shown). We also

tested the localizations of the GFP-tagged versions of these proteins

and their impact on Rab7 distribution and found that only TBC1D9A

and TBC1D5 showed localization to endosomes and several of them

(TBC1D2, TBC1D5, TBC1D9B and TBC1D15) caused Rab7 endo-

somes to localize at the cell periphery (Fig EV5). The Drosophila

orthologue of TBC1D24 (Skywalker) has been shown to bind PI(4,5)

P2 (Fischer et al, 2016), and indeed, it showed prominent plasma

membrane and some endosomal localization (Fig EV5). Moreover,

generation of PI(4,5)P2 on Rab7 vesicles by the recruitable PIP5K

caused localization of TBC1D24 to Rab7 endosomes (Appendix Fig

S1A). A similar but more subtle appearance of TBC1D7 in the Rab7

compartment was detectable upon PI(4,5)P2 generation

(Appendix Fig S1B).

Finally, we investigated whether knockdown of any of these TBC1D

proteins had an impact on autophagosome–lysosome fusion. These

experiments showed that knockdown of several TBC1D proteins

(namely, TBC1D2, TBC1D7, TBC1D9A, TBC1D9B, and GRTP1) caused

fusion defects and TBC1D9B and TBC1D7 also showed strong tubula-

tion in a small fraction of cells (Appendix Fig S2).

Taken all these data together, it is unlikely that a single Rab7-

GAP protein would serve as the mediator of the robust PI(4,5)P2
effect. It is more likely that multiple TBC1D proteins control auto-

phagy flux, a conclusion also reached by previous studies that

analyzed their LIR domain-mediated interactions with Atg8/

GABARAP proteins (Popovic et al, 2012). Clearly more research will

be required to clarify these questions.

Discussion

This study was designed to explore the role(s) of endosomal PI4P-PI

(4,5)P2 generation in the control of trafficking pathways with special

emphasis on late endosome–lysosome function. The key findings

presented here identified a chain of events whereby PI4P synthe-

sized by PI4K2A in late endosomes is converted to PI(4,5)P2 which,

in turn, causes Rab7 inactivation and the release of PLEKHM1, an

adaptor protein critical for autophagosome–lysosome fusion

(McEwan et al, 2015). This newly recognized connection between

PI4K2A, PI(4,5)P2, Rab7, and PLEKHM1 uncovers a molecular

sequence by which PI4K2A can be linked to regulation of auto-

phagic flux and may help us understand some earlier findings that

showed the functional importance of type-II PI4Ks in early and late

endosomes (Minogue, 2017).

A recent study showed that PI4K2A was recruited to autophago-

some membranes by direct interaction with GABARAP and it was

necessary for autophagosome–lysosome fusion (Wang et al, 2015).

Moreover, in subsequent studies, co-trafficking of GABARAP and

PI4K2A was also reported (Chen et al, 2018). Although these studies

suggested a direct role of PI4P or the PI4K2A protein itself in the

control of these trafficking steps, several studies have shown that PI

(4,5)P2 also controls lysosomal degradation of integral membrane

proteins (Sun et al, 2013; Schill et al, 2014; Tan et al, 2015). PI(4,5)

P2 was found to regulate autophagy initiation (Tan et al, 2016) and

lysosome reformation from autophagosomes (Rong et al, 2012). The

Tan study has established a physical connection between the

PIP5Kci5 isoform and the ATG14 protein and showed that PI(4,5)P2
binding to the C-terminal Barkor/ATG14(L) autophagosome-

targeting sequence of ATG14 promotes its assembly with Vps34 and

Beclin1 and hence is critical for autophagosome initiation (Tan et al,

2016). Our studies revealed an additional role of PI4K2A, PIP5Kc,
and PI(4,5)P2 at the level of the Rab7 GTPase, namely the control of

a late step in autophagosome maturation and fusion with lyso-

somes. Our findings were in agreement with those of Wang et al

(2015) regarding the defect in autophagosome–lysosome fusion in

PI4K2A-depleted or PI4K2A-deleted cells, but also suggested that PI

(4,5)P2 is the ultimate regulatory lipid in the process. Our studies

concluded that down-regulation of PIP5Kb is not responsible for

endosomal PI(4,5)P2 while depletion of PIP5Kc had a strong effect

in our studies. This was in agreement with previous reports regard-

ing the lack of PIP5Kb involvement (Wang et al, 2015), and that a

specific isoform of PIP5Kc, PIP5Kci5, identified by the Anderson

group (Sun et al, 2013; Schill et al, 2014) is the PIP5K that converts

PI4P to PI(4,5)P2 in the late endosome.

Notably, we found no effect of acute PI(4,5)P2 generation in late

endosomes on RILP- or Vps35-Rab7 association contrasting the

strong effect on PLEKHM1. This may reflect the fact that not all Rab7

effectors are equally regulated by PI(4,5)P2 in late endosomes. Curi-

ously, we found no obvious difference in lysosome distribution in

our PI4K2A K/O cells even though Rab7 and PLEKHM1 were found

important in lysosomal positioning (Mrakovic et al, 2012; Fujiwara

et al, 2016; Willett et al, 2017). Several other trafficking steps that

involve Rab7 GTPases were shown previously to be controlled by

PI4P. For example, the retrograde transport of CI-M6PR was impaired

in PI4K2A knockdown cells (Wang et al, 2003) and it required PI4P-

mediated recruitment of the sorting nexin, SNX6 (Marquer et al,

2016). It was also reported that PI4P allowed release of retromer

cargoes from their dynein motors at the TGN (Niu et al, 2013). In the

TGN, the retromer-specific Rab7 GAP protein, TBC1D5, was found to

control Rab7 distribution and function (Jimenez-Orgaz et al, 2018).

Interestingly, we found no obvious difference in the distribution of

CI-M6P receptor in the PI4K2A K/O cells (Appendix Fig S3A). Simi-

larly, siRNA-mediated knockdown of PI4K2A was shown to cause a

defect in EGF-receptor degradation (Minogue et al, 2006), yet we

found no problem with EGF-receptor degradation in the PI4K2A K/O

cells (Appendix Fig S3B). These apparent discrepancies reflect a

significant level of plasticity and adaptation of the cells that have to

live without PI4K2A and that siRNA-mediated knockdown and total

gene inactivation may result in different phenotypic outcomes. This

adaptation may also explain why the PI4K2A gene-trap mice develop

spinocerebellar degeneration only at a later stage in life (Simons

et al, 2009). It is also notable that PLEKHM1 K/O mice have a

restricted phenotype mostly affecting bone density and osteoclast

function (Fujihara et al, 1993) and human studies also pointed to

osteoclast dysfunction in individuals with PLEKHM1 mutation with-

out a more generalized phenotype (Bo et al, 2016).

A puzzling question that is raised by these results is the apparent

need of PLEKHM1 to be released from the bulk Rab7 compartment
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by the PI(4,5)P2-dependent process. This finding is counterintuitive

given the proposed role of PLEKHM1 to tether autophagosomes to

lysosomes. Our results would argue that PLEKHM1 cycling is impor-

tant for its function, but we cannot rule out that PI(4,5)P2 and Rab7-

regulated effectors other than PLEKHM1 are equally or even more

important in the control of autophagosome–lysosome fusion. The

complexity of these processes and their PI(4,5)P2 regulation is high-

lighted by recent studies showing that PI(4,5)P2 produced from PI5P

by type-II PIP-kinases (also called PI5P 4-kinases) is also important

for clearance of autophagosomes during starvation (Lundquist et al,

2018). In another study, PI5P was found to control autophagosome

maturation under conditions when the Vps34/PI3P canonical path-

way is inactivated (Vicinanza et al, 2015).

It is important to note that few effector proteins or mechanism

have been identified that would mediate the effects of inositol lipids,

PI(4,5)P2 in particular, in autophagosome–lysosome fusion. Our

studies show for the first time a PI(4,5)P2 regulation of Rab7 cycling

in an intact cell and point to the possible need of PI(4,5)P2 to activate

a Rab7 GAP protein. While our efforts to identify the GAP protein(s)

mediating this effect were unsuccessful, the strong effect of PI(4,5)P2
on Rab7 cycling can facilitate further research in that direction.

If PI(4,5)P2 is an important regulator of Rab7 cycling, it is

expected that a PI(4,5)P2 phosphatase is also part of this regulatory

loop. OCRL, one of the PI(4,5)P2 5-phosphatases, is activated in the

lysosome during autophagosome–lysosome fusion and its deple-

tion results in PI(4,5)P2 accumulation and inhibition of the Mucol-

ipin 1 channel and hence defective autophagosome–lysosome

fusion (De Leo et al, 2016). Interestingly, while studies in OCRL-

depleted cells reported increased LC3-positive puncta, knockdown

of either PIP5Ka or PIP5Kb was able to reverse this phenotype,

suggesting that the OCRL-controlled PI(4,5)P2 pool might originate

from different PIP5Ks (De Leo et al, 2016). Therefore, the OCRL

function may also be related to the clathrin and PIP5Kb-dependent
reformation of lysosomes (Rong et al, 2012) for which a different

PI4K, PI4KB appears to provide the PI4P lipid precursor (Sridhar

et al, 2013). These data together suggest that PI4P and PI(4,5)P2
may control more than one step in the autophagy pathway using

different lipid kinases and phosphatases (also see discussion

above). In this context, it is important to state that we found no

difference in the level of OCRL between the PI4K2A K/O and

parental cells (T. Baba and T. Balla unpublished observation).

Whether other 5-phosphatase enzymes such as the PI(4,5)P2 and

PI(3,4,5)P3 5-phosphatase, SKIP/INPP5K found in the ER (Gurung

et al, 2003) serves as a regulator of PI(4,5)P2 in endosomes remain

to be investigated.

In summary, the present studies have identified a role of PI4K2A

and PIP5Kc in the control Rab7 cycling that affects PLEKHM1 asso-

ciation with late endosomes and autophagosome–lysosome fusion.

Importantly, this control is exerted with localized production of a

small pool of PI(4,5)P2, presumably acting on Rab7 GAP proteins

and displays selectivity among different Rab7 effectors (see

summary model in Appendix Fig S4). The discrepancy between

reported defects in RNAi-mediated knockdown of PI4K2A in

cultured cells that are not featured in our PI4K2A K/O cells reminds

us that cells show resilience and adaptation during long-term gene

inactivation. The remarkable assortment of checkpoints regulated

by diverse phosphoinositides along the autophagy pathway under-

scores the unique importance of these lipids in eukaryotic cells.

Materials and Methods

Antibodies and chemicals

Rabbit polyclonal antibody to PI4K2A was a kind gift from Dr. Pietro

De Camilli (Yale School of Medicine, New Haven, CT). Rabbit poly-

clonal antibodies against PI4K2B (cat. no. HPA004099-100UL) and

GFP (cat. no. A11122) were purchased from Sigma-Aldrich (St.

Louis, MO) and Thermo Fisher Scientific (Waltham, MA), respec-

tively. A mouse monoclonal antibody against a-tubulin (cat. no.

2144S), rabbit monoclonal antibodies against Rab7 and LC3 (Cat. no.

9367S and 4267S, respectively), and a rabbit polyclonal antibody

against PIP5K1C (cat. no. 329S) were obtained from Cell Signaling

Technology (Danvers, MA). Mouse monoclonal antibody against

PI4KB (cat. no. 611816) was from BD Transduction Laboratory (San

Jose, CA). Mouse monoclonal antibody against the CI-M6PR (cat.

no. ab2733) was from Abcam (Cambridge, MA). Goat anti-mouse

IgG conjugated with Alexa 488 and Transferrin from human serum

conjugated with Alexa Fluor 594 were obtained from Thermo Fisher

Scientific. Rabbit polyclonal antibodies to PIP5K1A (cat. no. 15713-

1-AP) and PIP5K1B (termed AB1; cat. no. 12541-1-AP) were from

Proteintech (Rosemont, IL). Another PIP5K1B antibody (termed

AB2) was a kind gift from Dr. Richard A. Anderson (University of

Wisconsin-Madison, Madison, WI). Mouse HA antibody (cat. no.

MMS-101P) was from COVANCE (Denver, PA). Rapamycin and

wortmannin were purchased from Calbiochem (Burlington, MA).

GSK-A1 inhibitor was described previously (Bojjireddy et al, 2014).

VPS34-IN1 and PIKIII were obtained from Selleckchem (Houston,

TX). PIK93 was from Sigma-Aldrich. LysoTracker Red DND-99 was

purchased from Thermo Fisher Scientific.

DNA constructs and siRNAs

The source of DNA constructs used is listed in Appendix Table S1.

GFP-VPS35, GFP-RILP, humanPIP5Kb, and TBC1D proteins were

created by inserting the coding region of the respective cDNAs ampli-

fied by PCR into the SmaI site in the pEGFP-C1 vector. The Sluc-

P4M2X-T2A-Venus-Rab7 plasmid was created in multiple steps. First,

a Venus-Rab7 construct was made using the iRFP-FRB-Rab7 (described

in Hammond et al, 2014) by replacing the iRFP-FRB part of this

construct with mVenus (from pmVenus-C1) using the NheI-HindIII

fragments of the respective plasmids. In the second step, the Sluc-

P4M2x-T2A sequence was created by PCR using a forward primer

containing a NheI site and a reverse primer containing the T2A

sequence and an AgeI site. The L10-Venus-T2A-Sluc-P4M2x plasmid

(described in Toth et al, 2016) was used as template after removing an

internal NheI site form this original construct by mutagenesis. The PCR

fragment was cloned into TOPO vector and the NheI-AgeI digested

insert was placed in the mVenus-Rab7 plasmid digested with

NheI-AgeI to get the final construct. The other P4M2x-Sluc-T2A-Rab

constructs were generated by replacing the Rab7 with the other Rab

versions using HindIII/XbaI (for Rab5) and HindIII/BamHI (for

Rab11) restriction digests. To obtain Sluc-P4M2x-T2A-Venus-Rab4,

Rab7 cDNA was replaced with Rab4 in Sluc-P4M2x-T2A-Venus-Rab7

probe using PvuI and SalI site. BRET sensors containing FYVE

domain, PLCd1-PH, PLEKHM-full length, PLEKHM1-RH domain,

Vps34, and RILP were constructed by replacing the P4M2x in Sluc-

P4M2x-T2A-Venus-Rab7 or Sluc-P4M2x-T2A-Venus-Rab5 (in the case
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of FYVE domain) with the respective fragments using PCR products

and T4 polynucleotide kinase for blunt ligation. Mutagenesis was

performed using primers listed in Appendix Table S3.

siRNA-SMARTpools purchased from GE Dharmacon are listed in

Appendix Table S2. PI4K2B siRNA (offset 892 of AY_065990) and

control siRNA (Catalog number 1027281) were obtained from

QIAGEN.

Cell culture and transfection

HEK293 cells stably expressing the AT1a rat AngII receptor (Balla

et al, 2007) were maintained in Dulbecco’s modified Eagle’s

medium (DMEM—high glucose) containing 10% FBS and 1% peni-

cillin-streptomycin. The cell line has been regularly tested for Myco-

plasma contamination using InvivoGen mycoplasma detection kit

each time after thawing and treated with Plasmocin prophylactic

(InvivoGen) at 500 lg/ml for 1 week. The subsequent passages

were maintained at 5 lg/ml of Plasmocin. Lipofectamine 2000 and

Lipofectamine RNAiMAX were used for plasmid and siRNA trans-

fection, respectively, according to manufacturer’s protocols.

Production of PI4K2A K/O cells with CRISPR/Cas9 system

Three targeting sequences were designed with Optimized CRUSPR

Design (http://crispor.tefor.net) from exon 1 sequence in PI4K2A

gene. The target sequences were inserted into a modified plenti-

CRISPR v2 plasmid (Jones et al, 2017) with BsmBI site. This plasmid

was used straight (not in the form of a virus) for transfection

and puromycin selection. Gene editing efficiency of the three gRNAs

was tested with T7 Endonuclease I (New England Biolab) digestion

of PCR fragments containing the target sequence, and one of

the gRNAs was chosen to create PI4K2A K/O cells: 50-GGCCTGC
GCCGCCACGGTTT-30. 5 × 105 HEK293-AT1 cells were seeded into a

6-well plate and transfected with 1 lg of the target plasmid the next

day. After incubation overnight, the cells were cultured with 15 lg/
ml puromycin in the media for 5 days. The cells further were seeded

at very low density into 10-cm dishes and cultured for 11 days in the

medium without puromycin to grow colonies. Thirty-four colonies

were isolated and scaled up until each clone was confluent in 6-well

plates. The clones were screened with Western blotting analysis

using the anti-PI4K2A antibody. Genomic DNA was prepared from

selected clones and used as a template to generate PCR products,

which were then cloned into the PCR2.1 TOPO plasmid for

sequencing.

BRET measurements

2,500 or 5,000 cells were seeded to white 96-well plates and

cultured overnight. Cells were then transfected with 100 ng of a

BRET sensor using Lipofectamine 2000 according to the manufac-

turer’s protocol. If necessary, additional plasmids, such as those for

FKBP/FRB dimerization system, were transfected together with the

BRET sensor. Twenty-four hours after transfection, the medium was

replaced, and cells were preincubated with 50 ll of modified Krebs-

Ringer buffer (120 mM NaCl, 4.7 mM KCl, 0.7 mM MgSO4, 10 mM

HEPES pH 7.3, 10 mM D+ glucose, 2 mM CaCl2, with a final pH

adjusted to 7.4) at room temperature for 30 or 60 min. At that point,

40 ll of coelenterazine h (final concentration 5 lM) in the same

buffer was added to the cells, and both Venus fluorescence and Sluc

luminescence were monitored with a Tristar2 LB 942 Multimode

Microplate Reader (Berthold Technologies) customized with emis-

sion filters (540/40 nm and 475/20 nm) for base line measurement

for 5 min. The plates were removed for the addition of various treat-

ments in 10 ll volume and measurements continued (one per 30–

50 s) for 30 or 60 min.

Live-cell imaging

300,000 cells were seeded into 30-mm glass bottom culture dishes and

transfected with the indicated plasmids using Lipofectamine 2000.

Next day, the media was replaced with 1 ml modified Krebs-Ringer

buffer and the cells were observed at room temperature with a Zeiss

confocal microscope (LSM710 or 780, Carl Zeiss MicroImaging).

GST-R7BD pull-down assay

BL21 Escherichia coli cells that were transformed with GST-mR7BD

were cultured in 250 ml LB with 100 lg/ml Amp at 37° for 2.5–3 h.

GST-mR7BD expression was induced with 0.5 mM IPTG for 3 h at

30°C. The cells were collected and washed with cold PBS once. Cells

were then suspended and sonicated in 5 ml of lysis buffer [25 mM

Tris–HCl (pH 7.4), 625 mM NaCl, 0.1% Triton X-100, 1 mM DTT

with a protease inhibitor cocktail (Sigma)]. After centrifugation at

4,000 × g for 30 min, the supernatant was added to 190 ll of a pre-

equilibrated 80% slurry of Glutathione-Sepharose 4B (GE Health-

care) and incubated for 30 min at room temperature. The beads

were washed with the cold lysis buffer (7 ml) three times, and

150 ll of lysis buffer was added to the beads. Concentration of the

protein attached to the beads was measured using BCA protein

assay kit (Thermo Fisher Scientific). For preparing WT and PI4K2A

K/O cell lysates, those cells (from a 6 cm Culture Dish) were lysed

with binding buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2,

1% Triton X-100 with a protease inhibitor cocktail). 300 lg of

lysates from the HEK293-AT1 cells was incubated with 30 lg of the

beads overnight at 4°C. The beads were washed with the binding

buffer without inhibitors three times (1 ml), and equal volume of 2×

sample buffer was added. The samples were boiled at 72°C for

10 min and subjected to Western blotting.

EGFR degradation assay

500,000 cells were seeded to 6-well plate and cultured overnight in

the culture medium including 10% FBS. The cells were serum-

starved with DMEM-high glucose without FBS overnight. After the

starvation, the cells were incubated with 100 ng/ml of EGF in the

starvation medium for 0, 1, and 3 h and lysed. The lysates were

subjected to Western blotting with anti-EGFR antibody.

Immunocytochemistry

Wild-type or PI4K2A K/O cells cultured in 30-mm glass bottom

culture dishes were washed with PBS once and fixed by 4%

paraformaldehyde for 10 min at room temperature. The fixed cells

were incubated in permeabilization buffer (0.5% bovine serum

albumin, 0.2% saponin) for 30 min at room temperature. Primary

antibody was diluted with the permeabilization buffer and reacted
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with the antigen in the cells overnight at 4°C. After three washes

with 1 ml PBS, the cells were stained with secondary antibody

(1:1,000) for 60 min at 37°C or room temperature. After three more

washes with PBS, a round coverslip was mounted on top of the cells

and sealed using a drop of Mounting medium (Southern Biotech).

Image analysis and statistics

Confocal images were imported to Adobe Photoshop for cropping and

adjustments to use the whole dynamic range. No changes in gamma

were allowed. For counting particles, images were imported into FIJI,

and after thresholding, particles were counted using the Analyze Parti-

cles module. Coloc 2 in FIJI was used for Pearson’s correlation coeffi-

cient. For statistical analysis, the two-sample t-test was used and

significant difference was considered with P < 0.05 using the two-tail

method. In cases where the F-test showed significantly different varia-

tions, the non-parametric Mann–Whitney U-test was also performed.

Expanded View for this article is available online.
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